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Smooth and Stable
Whether you are framing, filling or finishing, Target Detachable Coils deliver  
consistently smooth deployment and exceptional microcatheter stability.  
Focused on design, Target Coils feature a host of advantages to ensure the  
high-powered performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.
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Target® Detachable Coil  

See package insert for complete indications, 
contraindications, warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly obstruct or occlude 
blood flow in vascular abnormalities of the neurovascular and peripheral 
vessels.
Target Detachable Coils are indicated for endovascular embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous malformations 

and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: allergic reaction, 
aneurysm perforation and rupture, arrhythmia, death, edema, embolus, 
headache, hemorrhage, infection, ischemia, neurological/intracranial 
sequelae, post-embolization syndrome (fever, increased white blood cell 
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure, 
vessel perforation, dissection, trauma or damage, vessel rupture, vessel 
thrombosis.  Other procedural complications including but not limited to: 
anesthetic and contrast media risks, hypotension, hypertension, access 
site complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) process. Do not 

use if sterile barrier is damaged. If damage is found, call your Stryker 
Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. Reuse, 
reprocessing or resterilization may compromise the structural integrity 
of the device and/or lead to device failure which, in turn, may result in 
patient injury, illness or death. Reuse, reprocessing or resterilization 
may also create a risk of contamination of the device and/or cause 
patient infection or cross-infection, including, but not limited to, the 
transmission of infectious disease(s) from one patient to another. 
Contamination of the device may lead to injury, illness or death of the 
patient.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

• This device should only be used by physicians who have 
received appropriate training in interventional neuroradiology or 
interventional radiology and preclinical training on the use of this 
device as established by Stryker Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel may suffer an 
allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral vasculature, 
arteriovenous malformations or fistulae models.

• The safety and performance characteristics of the Target Detachable 
Coil System (Target Detachable Coils, InZone Detachment Systems, 

delivery systems and accessories) have not been demonstrated with 
other manufacturer’s devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other accessories). 
Due to the potential incompatibility of non Stryker Neurovascular 
devices with the Target Detachable Coil System, the use of other 
manufacturer’s device(s) with the Target Detachable Coil System is not 
recommended.

• To reduce risk of coil migration, the diameter of the first and second coil 
should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable Coil 
System and to reduce the risk of thromboembolic complications, it 
is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous flush 
also reduces the potential for thrombus formation on, and crystallization 
of infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than the 

original coil may result in contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to, and stability 

inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

• The fluoro-saver marker is designed for use with a Rotating Hemostatic 
Valve (RHV). If used without an RHV, the distal end of the coil may be 
beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the coil without 
fluoroscopy.

• Do not rotate delivery wire during or after delivery of the coil. Rotating 
the Target Detachable Coil delivery wire may result in a stretched coil 
or premature detachment of the coil from the delivery wire, which could 
result in coil migration.

• Verify there is no coil loop protrusion into the parent vessel after coil 
placement and prior to coil detachment. Coil loop protrusion after coil 
placement may result in thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement and prior to 
coil detachment. Movement of the coil after coil placement may indicate 
that the coil could migrate once it is detached.

• Failure to properly close the RHV compression fitting over the delivery 
wire before attaching the InZone® Detachment System could result in 
coil movement, aneurysm rupture or vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is not under stress 
before detaching the Target Detachable Coil. Axial compression or 
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause 
the aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip once the coil 
has been detached involves risk of aneurysm or vessel perforation.

• The long term effect of this product on extravascular tissues has not 
been established so care should be taken to retain this device in the 
intravascular space.

Damaged delivery wires may cause detachment failures, vessel injury or 
unpredictable distal tip response during coil deployment. If a delivery wire 
is damaged at any point during the procedure, do not attempt to straighten 
or otherwise repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the order of a 

physician.
• Besides the number of InZone Detachment System units needed to 

complete the case, there must be an extra InZone Detachment System 
unit as back up.

• Removing the delivery wire without grasping the introducer sheath and 
delivery wire together may result in the detachable coil sliding out of the 
introducer sheath.

• Failure to remove the introducer sheath after inserting the delivery wire 
into the RHV of the microcatheter will interrupt normal infusion of flush 
solution and allow back flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the patient is required 
to visualize the fluoro-saver marker; monitor light alone will not allow 
sufficient visualization of the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully and smoothly 
without excessive force. If unusual friction is noticed, slowly withdraw 
the Target Detachable Coil and examine for damage. If damage is 
present, remove and use a new Target Detachable Coil. If friction or 
resistance is still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable Coil, verify under 
fluoroscopy that the coil moves with a one-to-one motion. If the coil does 
not move with a one-to-one motion or movement is difficult, the coil may 
have stretched and could possibly migrate or break. Gently remove both 
the coil and microcatheter and replace with new devices.

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not properly aligned.
 – Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone Detachment 
System.

• Increased detachment times may occur when delivery wire and 
microcatheter markers are not properly aligned.

• Do not use detachment systems other than the InZone Detachment 
System.

Stryker Neurovascular
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Fremont, CA 94538-6515

stryker.com/neurovascular
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Trevo® XP ProVue Retrievers 

See package insert for complete indications, 
complications, warnings, and instructions for use.

INDICATIONS FOR USE
The Trevo Retriever is intended to restore blood flow in the 
neurovasculature by removing thrombus in patients experiencing ischemic 
stroke within 8 hours of symptom onset. Patients who are ineligible for 
intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA 
therapy are candidates for treatment. 

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be 
attempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but are 
not limited to, the following: air embolism; hematoma or hemorrhage at 
puncture site; infection; distal embolization; pain/headache; vessel spasm, 
thrombosis, dissection, or perforation; emboli; acute occlusion; ischemia; 
intracranial hemorrhage; false aneurysm formation; neurological deficits 
including stroke; and death.

COMPATIBILITY
3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters 
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238).  4x20 mm 
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238). 
Compatibility of the Retriever with other microcatheters has not been 
established. Performance of the Retriever device may be impacted if a 
different microcatheter is used. The Merci® Balloon Guide Catheters are 
recommended for use during thrombus removal procedures. Retrievers 
are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

WARNINGS
• Contents supplied STERILE, using an ethylene oxide (EO) process. 

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:

 – Take care to appropriately size Retriever to vessel diameter at 

intended site of deployment. 
 – Do not perform more than six (6) retrieval attempts in same vessel 

using Retriever devices.
 – Maintain Retriever position in vessel when removing or exchanging 

Microcatheter.
• To reduce risk of kinking/fracture, adhere to the following 

recommendations:
 – Immediately after unsheathing Retriever, position Microcatheter 

tip marker just proximal to shaped section. Maintain Microcatheter 
tip marker just proximal to shaped section of Retriever during 
manipulation and withdrawal.

 – Do not rotate or torque Retriever.
 – Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function may be 
impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully. 
Before use and when possible during procedure, inspect device carefully 
for damage. Do not use a device that shows signs of damage. Damage 
may prevent device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant 
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause 
of resistance using fluoroscopy and if needed resheath the device to 
withdraw. 

• If Retriever is difficult to withdraw from the vessel, do not torque 
Retriever. Advance Microcatheter distally, gently pull Retriever back into 
Microcatheter, and remove Retriever and Microcatheter as a unit. If undue 
resistance is met when withdrawing the Retriever into the Microcatheter, 
consider extending the Retriever using the Abbott Vascular DOC 
guidewire extension (REF 22260) so that the Microcatheter can be 
exchanged for a larger diameter catheter such as a DAC® catheter. 
Gently withdraw the Retriever into the larger diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between guide 
catheter and Microcatheter and between Microcatheter and Retriever 
or guidewire.

• Do not attach a torque device to the shaped proximal end of DOC® 
Compatible Retriever. Damage may occur, preventing ability to attach 
DOC® Guide Wire Extension.
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INDICATIONS FOR USE: 
The HydroCoil® Embolic System (HES) is intended for the endovascular embolization of intracranial aneurysms and other neurovascular abnormalities such as arteriovenous 
malformations and arteriovenous fistulae. The HES is also intended for vascular occlusion of blood vessels within the neurovascular system to permanently obstruct blood 
flow to an aneurysm or other vascular malformation and for arterial and venous embolizations in the peripheral vasculature. The device should only be used by physicians 
who have undergone pre-clinical training in all aspects of HES procedures as prescribed by MicroVention. 
 
MICROVENTION, V-Trak, HydroCoil, HydroFrame, HydroFill and HydroSoft are registered trademarks of MicroVention, Inc. Scientific and clinical data related to this document 
are on file at MicroVention, Inc. Refer to Instructions for Use, contraindications and warnings for additional information. Federal (USA) law restricts this device for sale by or 
on the order of a physician. © 2015 MicroVention, Inc. 9/15



1  O.A. Berkhemer et al. A Randomized Trial for Intra-arterial Treatment for Acute Ischemic Stroke. N Eng J Med December 2014. 
2  MR CLEAN is the largest AIS Trial in which stent retrievers were used.

  http://www.mrclean-trial.org/

Stroke: Our Only Focus. Our Ongoing Promise.

of Patients in MR CLEAN 

Were Treated with a 

Trevo® Stent Retriever

First clinical evidence for intra-arterial 

treatment with stent retrievers

•  Largest of the randomized AIS trials2, with over 500 patients enrolled

•  The Trevo Retriever was the #1 device used in the MR CLEAN Trial
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Extremely soft profi le of The Barricade Finishing 

coil now in a complex shape

Excellent microcatheter stability for confi dent 

coil placement

Available in a size range of 1mm-5mm

MKTG-031    Rev. A

WWW.BLOCKADEMEDICAL.COM

MADE IN AMERICA

18 TECHNOLOGY DRIVE #169, IRVINE CA 92618
p: 949.788.1443  |  f: 949.788.1444

The Barricade Coil System is intended for the endovascular embolization of intracranial aneurysms and other neurovascular 
abnormalities such as arteriovenous malformations and arteriovenous fi stulae. The System is also intended for vascular occlusion of 
blood vessels within the neurovascular system to permanently obstruct blood fl ow to an aneurysm or other vascular malformation and 
for arterial and venous embolizations in the peripheral vasculature. Refer to the instructions for use for complete product information.
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EDITORIAL

MRI of Acute Stroke: What Went
Wrong?
X K.-O. Lövblad and X V.M. Pereira

The news of the recently published trials about the efficacy of

intra-arterial interventions for stroke lifted the spirits of all

neuroradiologists and the vascular neurology community.1-4 Fi-

nally, these trials proved our personal experience: Effective early

reperfusion of proximal occlusions can save brain parenchyma

and improve patient outcomes. Studies were focused on patient

selection and fast-treatment workflow to perform interventions

as early as possible. In most hospitals, the preferred imaging tech-

nique to select patients is CT with CTA and/or CT perfusion,

based more on local logistics than on imaging quality or pre-

defined standards. While we are no longer in the era of the early

stroke trials, in which imaging with negative findings (ie, CT with-

out hemorrhage) was the indicator for thrombolysis, we are still

early in the use of advanced imaging in acute stroke interventions.

It seems that just by identifying proximal occlusions, we have

improved the selection of patients despite the limitations of CT to

demonstrate early definitive lesions in acute stroke. While CT has

made great strides in recent years, with perfusion, dual-energy,

and other techniques improving and becoming a clear standard,

MR imaging techniques seem to have “lost it,” at least, in acute

stroke.

Despite the potential of MR imaging, such as the extreme sen-

sitivity of diffusion techniques,5,6 its capacity to image the whole

brain, and a whole armamentarium of techniques (FLAIR, SWI,

MRA, perfusion, and so forth), this potential did not convince

most centers to invest in or adapt their workflow to the use of MR

imaging over CT. CT evaluation criteria and scores for acute

stroke are undisputed. However, their assessment requires expe-

rience and can vary considerably among operators. MR imaging is

vastly superior in delineating lesion extent, making the differen-

tial diagnosis of other conditions, measuring the clot length, and

detecting potential “risky” lesions like microbleeds. DWI with or

without FLAIR can still demonstrate an early ischemic lesion

much better than CT.

So, what went wrong with MR imaging in stroke? In the era

of the new-generation devices and early and effective reperfu-

sion, has the clear identification of the stroke core lost its im-

portance? One opinion is that use of MR imaging in an emer-

gency setting disturbs the workflow, inhibiting effective

treatment. Others might say that without a clear benefit from

MR imaging, it is not worth the sacrifice in time to get better

image quality. Recent studies have revolutionized the field of

acute stroke treatment, but a significant proportion of patients

have inadequate reperfusion.1-4 How can we reduce or elimi-

nate the inadequate reperfusion? Can MR imaging– based pa-

tient selection be a solution in addition to the improvement of

health care systems, prehospital transportation, societal aware-

ness, and hospital workflow improvements?

We think that MR imaging can add more information on pa-

tient selection for acute stroke and should be the ultimate goal for

acute stroke triage imaging. DWI can define the early lesions,

though reversible DWI lesions have been described also.7,8 A re-

cent study described DWI-FLAIR mismatch as a potential param-

eter to consider in stroke selection, but its relevancy and validity

are still to be evaluated and proved.9 SWI may be helpful in iden-

tifying potential lesions preventing hemorrhagic transformation

and can precisely measure the clot length. MRA and MR perfu-

sion have already demonstrated their benefits in recent trials (Ex-

tending the Time for Thrombolysis in Emergency Neurological

Deficits–Intra-Arterial and Solitaire With the Intention For

Thrombectomy as PRIMary Endovascular Treatment [SWIFT

PRIME]).2 MR imaging allows better contrast with additional se-

quences such as SWI for bleeding, FLAIR for lesion identification,

and arterial spin-labeling for collateral flow analysis. All these

techniques would make MR imaging the ideal for acute imaging.

CT with all its advantages of being quick, easy to interpret, and

widely available produces much less valuable information for

acute stroke diagnosis than MR imaging at any stage of stroke

onset. Except for imaging time, there is no major advantage of CT

over MR imaging. This even extends to the determination of the

collateral circulation. CT is a great contributor to radiation expo-

sure during hospitalization, and given that these patients will re-

quire repeat imaging (at least �2 after the event), it is incompre-

hensible why MR imaging has not had a more important role in

the acute phase.

Will this be enough to justify the investment in MR imaging

for acute stroke? In addition to the practical aspects of patient

throughput and imaging time, MR imaging adds complexity to

the interpretation of images, especially in the differential diagno-

sis of stroke. While the literature tells us that hemorrhage can be

demonstrated very early, very often in untrained hands, CT is

preferred because the hematoma is clearly seen as a hyperdense

mass which is easily detected and recognizable.10

In the end, there will always be a balance between imaging

quality and treatment workflow. We cannot add too many se-

quences and have examinations that are long or slow down the

process of getting the brain reperfused. However, with a careful

selection of sequences, we should be able to better select patients

for treatment, reducing reperfusion and hemorrhagic complica-

tions and increasing effectiveness.

The major step of creating evidence for mechanical thrombec-

tomy in acute stroke is done. Now, we need to move forward and

look for how can we make treatment for acute stroke even better

and more cost-effective. Improving patient selection is an essen-

tial step in this direction. While MR imaging– derived techniques

seem to be more sensitive and safer than CT in acute stroke, there

is not a demonstrated benefit suggesting a change in stroke work-

flow in the centers using CT. We think this change needs to be

reconsidered for the acute management of patients with cerebro-
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vascular diseases, given the potential tremendous benefit possible

with MR imaging.

Disclosures: V.M. Pereira—UNRELATED: Consultancy: Principal Investigator for
Study of Tamoxifen and Raloxifene and SWIFT PRIME trials.* *Money paid to the
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REVIEWARTICLE

Current Applications ofMRI-Guided Laser Interstitial Thermal
Therapy in the Treatment of Brain Neoplasms and Epilepsy:

A Radiologic and Neurosurgical Overview
R. Medvid, A. Ruiz, R.J. Komotar, J.R. Jagid, M.E. Ivan, R.M. Quencer, and M.B. Desai

ABSTRACT

SUMMARY: Minimally invasive stereotactic tumor ablation is a viable option for the treatment of benign and malignant intracranial

lesions. Although surgical excision constitutes first-line therapy for various brain pathologies, it can cause irreversible neurologic deficits.

Additionally, many patients who may benefit from surgery do not qualify as surgical candidates due to multiple comorbidities. Recent

advancements in laser interstitial thermal therapy, namely the ability tomonitor ablation in real-time underMR imaging, have improved the

safety and efficacy of the procedure. MRI-guided laser interstitial thermal therapy is currently used as a minimally invasive treatment for

brain metastases, radiation necrosis, glioma, and epilepsy. This article will discuss the principles, suggested indications, complications, and

imaging characteristics of MRI-guided laser interstitial thermal therapy as they pertain to the treatment of brain pathology.

ABBREVIATIONS: GBM� glioblastomamultiforme; LITT� laser interstitial thermal therapy; MRgLITT�MRI-guided laser interstitial thermal therapy; MRTI�MRI
thermal imaging; RN� delayed radiation necrosis; SRS� stereotactic radiosurgery

Laser interstitial thermal therapy (LITT) is a stereotactically

guided percutaneous minimally invasive procedure, which

delivers light energy to target tissue via a fiberoptic catheter, re-

sulting in selective thermal ablation of malignant and benign le-

sions. LITT was described in 1983 by Bown1 and was first applied

in the treatment of brain lesions in 1990 by Sugiyama et al.2 Ac-

ceptance of the procedure has been slow due to initial technologic

shortcomings, which resulted in low efficacy and an unacceptably

high risk of thermal damage to the surrounding normal brain

parenchyma. Recent improvements have led to the development

of percutaneous MRI-guided laser interstitial thermal therapy

(MRgLITT), which enables monitoring of tissue ablation in real-

time. Multiple academic centers are now using MRgLITT as a

minimally invasive treatment for brain metastases, radiation ne-

crosis, gliomas, and epilepsy. Successful management of patients

undergoing MRgLITT requires interdisciplinary collaboration

among neurosurgeons, neuroradiologists, neurologists, anesthe-

siologists, radiation oncologists, and neuro-oncologists. This ar-

ticle will discuss the principles, suggested indications, complica-

tions, and imaging characteristics of MRgLITT as they pertain to

the treatment of brain pathology.

Background
Minimally invasive stereotactic tumor ablation is a viable option

for the treatment of benign and malignant intracranial lesions.

Surgical excision constitutes first-line therapy for many malig-

nant brain tumors followed by chemotherapy and/or radiation

therapy. Aggressive complete resection or surgical debulking of

newly diagnosed glioblastoma (GBM) improves survival,3 com-

pared with chemotherapy and radiation therapy alone.4,5 A prob-

lem arises when patients do not qualify for surgical resection due

to the presence of deep-seated lesions, low functional scores, co-

morbidities, or an inability to tolerate general anesthesia. In such

cases, survival is limited; this outcome underscores the need for

minimally invasive alternatives. In the case of inoperable brain

metastases, stereotactic radiosurgery (SRS) presents a viable min-

imally invasive option. SRS achieves an 80%–90% local control

rate over metastatic lesions6,7 but plays a limited role in the treat-

ment of glioma or medically intractable seizures. Metastatic re-

currence after SRS and whole-body radiation therapy is common,

with estimates of up to 46.8% at 1-year follow-up.8 Repeat use of

radiation therapy after recurrence is limited due to concerns

about cumulative adverse radiation effects, such as radiation

necrosis.

Delayed radiation necrosis (RN) is a known complication of

SRS, with reported rates ranging from 5% to 50%.9 The true in-

cidence of RN in the setting of prior SRS is unknown because of
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diagnostic difficulties in distinguishing RN and recurrence. Imag-

ing-wise, radiation necrosis and tumor recurrence can both ap-

pear as enlarging previously treated lesions with a variable in-

crease in internal enhancement or as a new thickening and/or

irregularity of a peripherally enhancing rim with surrounding

edema.10 Although commonly used modalities such as MR per-

fusion imaging, MR imaging spectroscopy, SPECT, and PET may

provide useful clues about the identity of a previously treated

enlarging lesion, their utility is limited. Current MR imaging and

MR spectroscopy concepts under investigation include lesion

quotient,11 T1/T2 mismatch,12 percentage signal recovery,13 rel-

ative cerebral blood volume,14 and multivoxel proton MR spec-

troscopy,15 but specificities and sensitivities are variable. Unfor-

tunately, the specificity of biopsy can also be low due to sampling

error.16 Definitive diagnosis is further limited because up to 33%

of enlarging lesions after treatment with SRS represent a combi-

nation of RN and recurrence rather than a pure form of either

entity.17 Given the common coexistence of RN and recurrence,

Rao et al18 postulated that an ablation technique such as LITT,

which treats both RN and recurrent metastatic lesions, may cir-

cumvent diagnostic difficulties by providing the same standard-

ized treatment for both types of lesions.

Another entity that could benefit from minimally invasive

treatment is epilepsy. One-third of seizures are refractory to

pharmacologic therapy. The success rate of additional phar-

macologic therapy after 2 failed regimens is �3%.19 In the

setting of medically intractable seizures, open resection of

well-defined epileptic foci has been shown to achieve a control

rate of up to 75%– 80%.20 However, many of the lesions are

deep-seated, requiring excessive dissection during resection,

thus increasing the risk of iatrogenic complications and resid-

ual permanent neurologic deficits. Minimally invasive proce-

dures such as SRS and radiofrequency ablation are currently of

limited utility in the treatment of epilepsy due to the inability

to visualize ablation in real-time.

The ideal minimally invasive procedure should reduce intra-

and postoperative morbidity and mortality, shorten hospital

stays, decrease health care costs, and offer effective treatment op-

tions to patients who are otherwise not eligible for open surgery or

other debulking treatments. To date, multiple modalities have

been used for stereotactic lesion ablation, including cryoablation,

radiofrequency, sonography, microwave, ionizing radiation, and

laser. Recent technologic advances in laser ablation have signifi-

cantly improved safety and efficacy by providing the ability to

monitor ablation in real-time. Other advantages include shorter

ablation times and sharper ablation zone boundaries. Both SRS

and LITT can treat difficult-to-access lesions, can be performed

with the patient under minimal sedation, and do not require dis-

continuation of ongoing systemic therapy. Although MRgLITT is

an invasive intracranial procedure, which requires a burr-hole

and possible general anesthesia, it provides a potential benefit

over the noninvasive SRS: MRgLITT delivers nonionizing radia-

tion to target lesions, thus avoiding long-term adverse radiation

effects and theoretically allowing retreatment of the same lesion.

However, the long-term effects of thermal necrosis have not yet

been clearly elucidated.

Physics of MRgLITT
During LITT, photons emitted from a fiberoptic laser are ab-

sorbed by tumor chromophores, organic molecules that absorb,

transmit, and reflect light. Light absorption leads to molecular

excitation and subsequent release of thermal energy within the

target tissue. Thermally induced irreversible cell damage occurs

between temperatures of 46°C and 60°C.21 Temperatures above

60°C result in instantaneous coagulation necrosis.22 The absorp-

tion coefficient determines the extent of photon absorption

within a target tissue. In general, the absorption coefficient of

pathologic lesions and coagulation necrosis is higher than that in

normal brain parenchyma, leading to preferential ablation of the

target tissue.23 There is a sharp temperature fall-off at the border

of the ablation zone,24 creating a sharp margin between viable and

nonviable tissue, which can be monitored with real-time MRI

thermal imaging (MRTI).

Proton resonance frequency is the most widely used tempera-

ture-sensitive MR imaging parameter for real-time MRTI.25 Pro-

ton resonance frequency– based MRTI is the basis of MRgLITT.

The physical mechanism of proton resonance frequency– based

MRTI depends on the presence of hydrogen bonds within a tis-

sue.26-28 As the temperature increases, the number of hydrogen

bonds decreases. This decrease leads to a more uniform distribu-

tion of electron clouds within a molecule. The more evenly dis-

tributed electron clouds are better able to shield the 1H nuclei

from the full force of the external magnetic field supplied by the

MR imaging machine. Thus, as the temperature increases, the

local magnetic field experienced by a 1H nucleus decreases due to

increased shielding by the surrounding electrons. The decrease in

the local magnetic field decreases the Larmour precession fre-

quency of the 1H nucleus, which, in turn, alters the phase of gra-

dient recalled-echo phase images.25 Measurements are obtained

by subtracting “thermal” fast-spoiled gradient recalled phase im-

ages (obtained after administration of thermal energy) from a

“reference” fast-spoiled gradient recalled phase image (obtained

at body temperature before any energy pulse is delivered).26,27

The phase difference, or phase shift, between the 2 images is

proportional to the overall temperature change. As such, proton

resonance frequency– based MRTI does not measure the absolute

temperature of a sample, but simply measures the temperature

difference between the sample and a designated reference temper-

ature image.25,28 Temperature information and time of ablation

can be incorporated into a mathematic model of thermal tissue

destruction (Arrhenius model) to provide a real-time quantitative

estimate of tissue necrosis,29 displayed in real-time as an orange

“damage zone” (Fig 1).

LITT Setup and Procedure
Two major LITT platforms are in use today. NeuroBlate (Mon-

teris Medical Corporation, Minneapolis, Minnesota), which re-

ceived 510(k) FDA clearance in May 2009, uses a 12-W 1064-nm

neodymium-doped yttrium aluminium garnet laser with a CO2

cooled side-firing probe.30 Visualase (Medtronic, Minneapolis,

Minnesota), which received FDA clearance in 2007, is the plat-

form used in our institution. The major components of the Visu-

alase system include a 15-W 980-nm diode laser, a disposable

saline-cooled diffusing laser applicator probe with a 1-cm-long
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1.65-mm diameter outer cooling catheter, and a computer work-

station, which communicates with MR imaging. MRTI generates

“thermal” images, which are then used to generate “damage” im-

ages (Fig 1). Treatment concludes when the “damage zone” in a

damage image covers the entire target area. The software allows

the programming of temperature limit points near the tip of the

probe and in the periphery of the lesion. If temperatures exceed

the programmed thresholds, the laser shuts down automatically.

Recommended temperature limit points are 90°C near the tip of

the probe as a safeguard against overheating, carbonization, and

vaporization and 50°C at the periphery to prevent damage to ad-

jacent normal brain tissue.31

The procedure can be performed with the patient under light

sedation or general anesthesia, depending on patient positioning

and preference. The preoperative MR imaging examination iden-

tifies the target lesion and entry site. Using intraoperative neuro-

navigation, we make a small burr-hole by using a twist drill. A

bone anchor is then placed into the skull in the exact target tra-

jectory identified by neuronavigation. The cooling catheter is ad-

vanced through the anchor to the desired target and fixed to the

bone anchor. The laser probe is then inserted into the cooling

catheter and locked into place. T2 imaging is performed to con-

firm the exact placement of the probe (Fig 1A). Fast-spoiled gra-

dient recalled phase images are obtained at the patient’s body

temperature to serve as a baseline for all intraprocedural thermal

measurements. Once the cooling system begins to circulate, a test

pulse of 3– 4 W for 30 – 60 seconds is administered to determine

the exact location of the distal 1-cm segment of the laser probe.

This is important because thermal energy is emitted from the

distal-most 1- cm segment of the laser fiber, and knowing its exact

location within the target lesion is crucial to ensuring the accuracy

of ablation. Ablation is performed by applying treatment doses

of 10 –15 W for 30 –180 seconds until the damage zone covers

the entire area of the target lesion. After completion of the

procedure, we remove the probe, catheter, and anchor and

close the small skin puncture site with a running Monocryl

stitch (Ethicon, Cincinnati, Ohio). The reported average hos-

pital stay varies, but most studies report 24 – 48 hours for cases

without complications.29,31-33

Imaging Protocol
On the day before the procedure, a contrast-enhanced T1WI fi-

ducial study is performed for neuronavigation purposes and to

provide a map of the surrounding vasculature. The neuroradiolo-

gist assesses change in lesion size, appearance, and enhancement.

Gradient recalled echo or susceptibility sequences are used to as-

sess acute intracranial hemorrhage, which may be confirmed on

follow-up CT. Acute intracranial hemorrhage is a contraindica-

tion to MRgLITT because of the risk of increased postprocedural

hemorrhage, edema, and the resultant increase in intracranial

pressure. Additionally, the presence of blood products can lead to

suboptimal lesion ablation due to the propensity of blood to ab-

sorb heat emitted from the laser probe.

On the day of the procedure, the patient is taken to the operating

room, where the probe is surgically advanced into the lesion as de-

scribed above. The patient is then transferred to the MR imaging

suite, where probe tip placement is confirmed. Intraoperative imag-

ing and ablation are performed using a head coil capable of accom-

modating the MR imaging calvarial bone anchor, cooling catheter,

and laser probe. Intraprocedural MRTI allows the neurosurgeon to

visualize ablation in real-time. This is particularly useful for lesions

located adjacent to fluid-filled structures with internal flow, such as

vessels or ventricles. Structures with internal flow are potential

sources of heat loss via a flow-induced heat sink effect, which can lead

to asymmetric ablation of adjacent target lesions. MRTI can detect

suboptimal heating within a segment of the lesion, thus prompting

the neurosurgeon to apply additional energy until ablation through-

out the entire lesion is achieved.

Immediate postprocedural contrast-enhanced T1WI is per-

formed to evaluate the effectiveness of ablation. An additional

contrast-enhanced study is performed 24 hours after the proce-

dure to better characterize the ablated lesion. Additionally, be-

cause MRgLITT-treated lesions evolve in a somewhat predictable

manner (discussed below), this study serves as a baseline for all

follow-up imaging. The role of the neuroradiologist is to be able to

recognize the normal temporal radiographic evolution of a

treated lesion and to differentiate it from disease recurrence. Spe-

cific imaging pearls are discussed in the following sections.

FIG 1. Once the location of the laser probe is confirmed, ablation can proceed. A, T2 image demonstrates a properly positioned laser probe
within a metastatic melanoma lesion. B, Heat map: during ablation, temperatures surrounding the laser tip are continuously updated and
depicted with various colors. C, Damage zone images: orange color depicts the area of tissue that has been successfully ablated (damage zone)
on the basis of the Arrhenius model of thermal tissue ablation.
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MRTI Artifacts
The accuracy of MRTI can be hindered by the following: 1) sus-

ceptibility artifacts from calcifications or pre-existing surgical

hardware, 2) the presence of fat, 3) misregistration artifacts due to

motion, and 4) magnetic field inhomogeneities. In general, if a

lesion cannot be adequately visualized, then ablation should not

be attempted. Large amounts of susceptibility artifacts adjacent to

a lesion are a relative contraindication to MRgLITT, though no

publications exist in support of this claim, to our knowledge. The

presence of intralesional calcifications has not been addressed in

the literature, but we have verbal confirmation from Visualase

representatives of successful treatment of partially calcified le-

sions at other institutions (in conversation with David Simon,

PhD, January 22, 2015). The presence of fat is a potential source of

susceptibility in proton resonance frequency– based MRTI be-

cause fat does not contain hydrogen bonds.27 The lack of hydro-

gen bonds in fat makes proton resonance frequency less suscepti-

ble to temperature change, thus leading to inaccurate temperature

measurements and susceptibility effects.26,27 This characteristic

implies that ablation of fat-containing lesions cannot be accu-

rately monitored with proton resonance frequency– based MRTI.

To our knowledge, there are no published reports on the use of

MRgLITT in the treatment of fat-containing lesions. Misregistra-

tion artifacts from motion can be prevented with mechanical im-

mobilization of the cranium, proper sedation, and stabilization of

the laser tip with a bone anchor. Magnetic field inhomogeneities

can be eliminated by subtracting baseline reference images from

thermal images.25

Imaging and Radiologic-Pathologic Correlation of Lesions
Treated with LITT
Ablated lesions demonstrate a thin peripheral rim of enhance-

ment, variable T1 and T2 central signal due to presence of blood

and protein products and surrounding edema on T1WI contrast-

enhanced images obtained 24 hours after treatment. At the mi-

croscopic level, these changes correspond to 5 histologically sep-

arate concentric zones (Fig 2).34 At the core is the probe track,

which may be filled with CSF or blood. The probe track is sur-

rounded by the central zone of coagulation necrosis, which con-

tains damaged cell membranes and stains positive for markers of

apoptosis. On 24-hour follow-up, the central zone may appear

hyperintense on T1 and hypointense on T2 because of the pres-

ence of subacute blood products and protein coagulation. Alter-

natively, it may appear hypointense on T1 and hyperintense on

T2, depending on the age of the blood products and relative con-

centration of protein.

The peripheral zone makes up the next concentric layer, which

contains thrombosed vessels and distended cell bodies. This area

undergoes delayed liquefaction necrosis and tends to enlarge dur-

ing the first 1– 40 days, followed by a continuous reduction in size

thereafter.35 On MR imaging, this layer

appears hypointense on T1 and hyperin-

tense on T2 due to edema. The periph-

eral zone contains a thin peripherally

enhancing rim on T1-weighted con-

trast-enhanced images, secondary to

blood-brain barrier damage. The pe-

ripheral rim gradually changes in cir-

cumference and enhancement in accor-

dance with changes in the entire

peripheral zone. It generally decreases

with time or may remain stable (Fig 3).

Residual enhancement persists on long-

term-follow-up, likely due to reactive

inflammatory/granulation tissue. Ac-

cording to Rao et al,18 most lesions re-

FIG 2. Concentric zones: T1 contrast-enhanced (T1C) and T2WI 24 hours after laser ablation of a
recurrent right cerebellar metastatic lesion in a 71-year-old female patient with history of breast
carcinoma: 1) probe track, 2) central zone, 3) peripheral zone, 4) peripherally enhancing rim, 5)
marginal zone. Note that the concentric zones appear as inverse images on T1C and T2 images.

FIG 3. T1 contrast-enhanced images demonstrating the normal evolution of a LITT-treated metastatic left cerebellar lesion, which recurred
after SRS in a 70-year-old female patient with history of ovarian adenocarcinoma. Note the expected increase in the size of the treated lesion
at 2-month follow-up and a steady decrease in size on subsequent follow-up.
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turn to pretreatment size within 16 weeks. The outermost layer of

the LITT lesion is the marginal zone, an area of reversible post-

surgical perifocal edema, which appears hypointense on T1 and

hyperintense on T2. This layer contains viable edematous tissue

and demonstrates axonal swelling without thrombosis. It in-

creases in size, reaching maximum dimensions at 1–3 days and

gradually decreases in size during the course of 15 days to 2

months (Fig 4). In some cases, the marginal zone may demon-

strate high T1 signal without corresponding susceptibility arti-

facts, likely due to the presence of myelin breakdown products.

Patients are instructed to return for follow-up 1 month after ab-

lation. Depending on imaging findings, clinical presentation,

and type of disease, subsequent follow-up may be performed

on a monthly basis or may be extended to longer intervals.

There are no official follow-up recommendations.

Recurrence
Serial follow-up performed �40 days after the procedure should

demonstrate a continuous decrease in the size of the ablated lesion

and stable or decreased enhancement (Fig 3). Overall, the entire

ablated lesion decreases to 50% of its original size within 93 days

of treatment35 and continues to decrease in size for 6 –15 months,

becoming more homogeneous in appearance. Peripheral en-

hancement that persists or gradually decreases in size is a sign of

the normal evolution of the ablated lesion. Any interval increase

in lesion size, heterogeneity, peripheral nodular enhancement,

restricted diffusion, CBF/CBV, and surrounding edema in a le-

sion treated �40 – 60 days prior should raise suspicion for recur-

rence (Fig 5).36,37 Recurrence usually occurs within the peripheral

rim of enhancement and presents as new or enlarging peripheral

enhancing nodularity (Figs 5) or simply as thickening of the rim

of enhancement (Fig 6). Comparison with prior images is vital in

monitoring tumor recurrence because normally evolving lesions

can demonstrate asymmetric enhancement similar to that of re-

curring lesions. Therefore, irregularly enhancing lesions require

close-interval follow-up. Any increase in size, enhancement, or

surrounding edema should be further assessed with adjunctive

techniques such as MR spectroscopy, perfusion imaging, or PET.

Clinical Applications
Studies during the past 20 years report the use of LITT to

treat a variety of brain lesions. The most studied lesions in-

clude glioma2,30,31,33,38-48 and metastases.2,18,29,32,40,41,44,49-51

Epilepsy51-55 and radiation necrosis50,56 represent a much smaller

subset of treated lesions reported in the literature. Additionally,

MRgLITT has been used to treat refractory cerebral edema57 and

tumors such as ependymoma, meningioma, primitive neuroecto-

dermal tumor, hemangioblastoma, and chordoma.31,58 The sur-

FIG 4. T2WI demonstrating the normal evolution of an LITT-treated left splenial low-grade astrocytoma in a 30-year-old male patient with a
history of type 1 neurofibromatosis. Note the expected increase in the size of the lesion andmarginal zone at 1-month follow-up and subsequent
decrease at 3 months.

FIG 5. Disease recurrence after treatment with LITT. T1 contrast-enhanced images in a 58-year-old man with GBM status post surgical excision,
chemoradiation, and SRS for a recurrent left parietal lobe lesion. The second recurrencewas treatedwith LITT. Note irregular peripheral nodular
enhancement at 1-month follow-up (white arrow), which progressively increases in size at 2 and 6 months. Findings are consistent with disease
recurrence.
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vival benefits of LITT after treatment of various brain lesions vary

from favorable to statistically insignificant. Evidence is limited

because to date, all studies consist of noncontrolled, nonrandom-

ized retrospective reports, case series, or case reports, thus predis-

posing to selection bias. Many of the studies mix multiple disease

entities to increase the number of enrolled subjects; this mixture

makes the evaluation of survival benefits for a given disease entity

difficult. Another major limitation is the use of variable inclusion

criteria by selecting patients with either recurrent, newly diag-

nosed, previously treated, or untreated tumors or a mixture of any

of the above. However, the above studies offer a plethora of evi-

dence on the safety profile of the procedure. The variable compli-

cations of MRgLITT will be addressed below after a brief discus-

sion of the 4 most common indications for the procedure:

gliomas, metastatic lesions, radiation necrosis, and medically in-

tractable epilepsy.

Gliomas
Gliomas are subdivided into multiple subtypes, of which GBM is

the most common primary brain neoplasm in adults. Median

survival of newly diagnosed patients after treatment with maximal

safe resection, radiation therapy, and adjuvant chemotherapy is

12–15 months.59 Survival decreases with inoperable deep-seated

lesions. GBM poses multiple treatment challenges due to its dif-

fusely infiltrative nature and strong resistance to therapy. As a

result, all GBMs recur, and median survival after recurrence is 3–5

months.60 Surgical resection increases survival but is not feasible

in cases of difficult-to-access tumors, thus the need for minimally

invasive surgical procedures. The use of SRS in newly diag-

nosed GBM demonstrated no survival benefit,61 while data on

MRgLITT are inconclusive. Local therapies, such as MRgLITT,

SRS, or open surgical resection, do not address the infiltrative

component of GBM and can only be used for palliative/salvage

therapy. Examples of MRgLITT-treated gliomas are provided

in Figs 4 and 5.

Metastatic Brain Tumors
Metastatic brain tumors are 10 times more prevalent than pri-

mary brain tumors, accounting for approximately 200,000 cases

of the total of 225,000 cases of brain tumors per year.32 The inci-

dence of brain metastases is increasing due to effective oncologic

treatments of primary malignancies, resulting in longer survival.

The first-line treatment for new brain metastatic lesions is radia-

tion therapy (with SRS, whole-brain radiation therapy, or both)

and surgical resection.29 Local recurrence within 1 year of treat-

ment is approximately 10% after resection and radiation therapy,

compared with 46% after surgical resection alone.62 Similar to

GBM, no consensus exists on the treatment of recurrent meta-

static brain lesions, and repeat use of radiation therapy is limited

due to concerns over adverse cumulative radiation effects. To

date, studies have shown that MRgLITT is a safe, minimally inva-

sive alternative. Further evidence is needed to determine whether

there are definitive survival benefits over currently accepted treat-

ments. Examples of treated metastatic lesions are provided in Figs

1–3 and 6.

Radiation Necrosis
Radiation necrosis is a common entity in neuro-oncology. Esti-

mated incidence varies between 5% and 10% for all radiation

therapy modalities, but the risk may be as high as 50% in the

setting of prior SRS, particularly at treatment doses between 16

and 22 Gy.9 RN, also known as delayed neurotoxicity, represents a

specific type of radiation injury and occurs at least 3 months after

radiation therapy. The process is irreversible, and approximately

85% of cases occur within 2 years of treatment.10 Histologically,

RN consists of a central zone of necrosis surrounded by a periph-

eral zone of altered astrocytes, which release large quantities of

proinflammatory factors such as hypoxia-inducing factor 1� and

FIG 6. LITT of radiation necrosis with subsequent disease recurrence
in a 68-year-old female patient with lung squamous cell carcinoma
status post surgical excision and SRS of ametastatic brain lesion in the
left parietal lobe, which subsequently resulted in radiation necrosis.
Medically intractable radiation necrosis was treated with LITT. Pre-
LITT imaging demonstrated an enhancing lesion in the left parietal
lobe on T1 contrast-enhanced (not shown) with significant vasogenic
edema on T2 images (dashed white arrow on T2 image labeled “pre”).
Dynamic imaging pre-LITT (not shown) did not demonstrate a signif-
icant increase in CBF or CBV. The patient was not treated with bev-
acizumab, and RN was favored over recurrence. Note a significant
decrease in vasogenic edema 1 month after treatment (dashed white
arrow), coinciding with symptomatic improvement. T2 images ob-
tained at 4-month follow-up demonstrate a significant increase in
peritumoral vasogenic edema. There is significant thickening of the
peripheral zone of enhancement (white arrow) on T1 contrast-en-
hanced images at 4 months compared with 1 month. Findings are
concerning for tumor recurrence within a treated RN lesion, which
was corroborated on PET CT (not shown).

AJNR Am J Neuroradiol 36:1998–2006 Nov 2015 www.ajnr.org 2003



vascular endothelial growth factor, inducing severe inflammation

and edema.63 First-line treatment is steroids to decrease

inflammation. A new effective non-FDA-approved treatment is

bevacizumab, a humanized mouse monoclonal vascular endothe-

lial growth factor antibody acting as vascular endothelial growth

factor inhibitor, though its use is limited due to high cost, in-

creased risk of deep venous thrombosis and pulmonary emboli,

and the need to stop other concurrent systemic therapy.9 Surgical

resection is reserved for medically refractory RN, but its role is

limited in the setting of deep or difficult-to-access lesions and in

patients with multiple comorbidities who are unable to tolerate

general anesthesia. LITT induces resolution of RN,50,56 but long-

term data are limited due to low numbers and lack of sufficient

long-term follow-up. The postulated mechanism of action of

LITT in the setting of RN is ablation of the peripheral zone of

altered astrocytes, thus terminating the proinflammatory signal-

ing cascade induced by vascular endothelial growth factor.9 Fig-

ure 6 demonstrates an example of MRgLITT-treated RN in which

metastatic disease subsequently recurred.

Epilepsy
Medically intractable focal epilepsy is generally treated with surgical

resection of epileptic foci. Given the deep location of many seizure

foci, surgical resection can be difficult and can leave patients with

persistent neurologic and cognitive deficits secondary to collateral

tissue damage. Available minimally invasive treatment options such

as SRS64,65 and RF ablation65 offer the potential benefit of decreasing

iatrogenic complications, but the inability to monitor ablation in

real-time diminishes their margin of safety. A pilot study by Curry et

al52 first demonstrated the feasibility of MRgLITT in the successful

treatment of medically intractable epileptic foci. To date, studies re-

port laser ablation of tuberous sclerosis, hypothalamic hamartoma,

mesial temporal sclerosis, cortical dysplasia, and periventricular nod-

ular hyperplasia with follow-up ranging from 2 to 13 months.51-54

Seven of a total of 9 patients remained seizure-free at 6- to 13-month

follow-up, depending on the study. The remaining 2 patients expe-

rienced seizure recurrence at 2 and 3 months after LITT and under-

went subsequent definitive open surgical treatment.52,54 This result

suggests that MRgLITT does not preclude future invasive therapy.

Given these findings, Esquenazi et al54 postulated that laser ablation

could be used as a first-line treatment for deep-seated medically in-

tractable epileptic foci and that surgical resection be reserved for pa-

tients who fail therapy with LITT. More recently, a report by Willie et

al55 showed that seizure-free rates for mesiotemporal epilepsy by us-

ing MRgLITT closely approximate those of open temporal lobecto-

mies while potentially improving postprocedural neurocognitive

outcomes. Figure 7 provides an imaging example of ablation of the

left hippocampo-amygdalar area to treat mesial temporal sclerosis.

Complications
Although the survival benefits and clinical outcomes of MRgLITT are

difficult to estimate on the basis of the currently available studies,

enough data are available to evaluate the safety profile of the proce-

dure. We performed an analysis of all LITT studies conducted on

human subjects to date with complications as an end point. We tal-

lied the different complications and calculated their rates. The most

common reported complication of LITT is transient neurologic def-

icit, accounting for 13% of all complications. Reported symptoms

include dysphagia, weakness, hemianopsia, or minor seizures. The

symptoms either resolved spontaneously or responded to steroid ad-

ministration within days to weeks.

The next most common complications include new pro-

gressive or permanent neurologic symptoms (3%), intracra-

nial hemorrhage (2.5%), infection (2.5%), and deep venous

thrombosis (2.5%). Life-threatening complications include in-

tracranial hemorrhage, ventriculitis, meningitis, and 1 case of

refractory intracranial hypertension after simultaneous use of

multiple probes to treat a large irregular lesion.31,33,48,51 Two

deaths have been reported, both in patients with GBM, one

from intractable intracranial hemorrhage and the other from

meningitis.48,51 Sloan et al33 suggested that pretreatment MRA

or CTA and fiber-tract imaging with DTI may be useful mo-

dalities in presurgical planning to identify and potentially

avoid critical vascular and white matter structures. Jethwa et

al58 recommended that LITT treatment of lesions of �3 cm

FIG 7. Mesial temporal sclerosis confirmed on preprocedural FDG-PET (black arrow), which showed decreased FDG uptake in the left hip-
pocampal/parahippocampal region. The lesion was not noted on prior contrast-enhanced MR imaging and did not demonstrate enhancement
(not shown). Intraprocedural T2 ablation map demonstrates the laser probe tip within the left medial temporal lobe (white arrow). T1 and T1
contrast-enhanced images 24 hours after LITT demonstrate an oval, rather than round, postablation lesion with signal characteristics similar to
those of contrast-enhancing lesions (see Fig 2). The elongated shape is due to sequential probe retraction during ablation to cover the entire left
hippocampo-amygdalar area.
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should be staged. Administration of high-dose preprocedural

steroids should be considered.31

CONCLUSIONS
LITT appears to be a safe palliative alternative for the treatment of

malignant high-grade gliomas and recurrent metastatic lesions.

While several life-threatening complications have been reported

in the setting of GBM, preliminary data suggest that their overall

incidence is acceptably low. Furthermore, the incidence of such

complications may be decreased with appropriate preoperative

imaging and as neurosurgeons overcome the steep learning curve

associated with the procedure. Because research on the use of

MRgLITT is in its infancy, indications and contraindications are

relative and are still being worked out. The most common post-

procedural complications of MRgLITT are non-life-threatening

and transient. LITT may also provide a safe curative option in

cases of radiation necrosis and in certain types of medically intrac-

table epilepsy.
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HEALTH CARE REFORM VIGNETTE

Multiple Procedure Payment Reduction: Health Policy Update
X B. Rehani, X J.A. Hirsch, X W.P. Dillon, X R.G. González, X M.H. Lev, and X P.W. Schaefer

ABSTRACT

SUMMARY: Multiple Procedure Payment Reduction currently applies to multiple diagnostic imaging services administered to the same

patient during the same day and entails a 50% decrease in the technical component and a 25% decrease in the professional component

reimbursement. This might change with time due to further legislation, so it is important to be up-to-date on these health policy

developments.

ABBREVIATION: MPPR�Multiple Procedure Payment Reduction

The Multiple Procedure Payment Reduction (MPPR) has been

a major challenge for radiology practice. Despite its criticality,

there is a continued need to increase awareness regarding its im-

plementation and resultant impact. This Health Care Reform Vi-

gnette aims to outline, in comprehensible terms, the effect of the

MPPR on neuroradiologists and the specialty of radiology at

large.

WHAT IS THE MULTIPLE PROCEDURE PAYMENT
REDUCTION?
MPPR is a per-day Centers for Medicare and Medicaid Services

reimbursement policy that applies across disciplines and across

different practice settings. Imaging MPPRs apply to multiple di-

agnostic imaging services administered to the same patient on a

single day. With an MPPR, Medicare fully reimburses the most

expensive procedure; however, the second and all subsequent

procedures are reduced by a specific percentage. Imaging-specific

MPPRs are traditionally applied to advanced diagnostic imaging

services, which the federal government defines as CT, MR imag-

ing, and sonography.

As a result of the Balanced Budget Act of 2005,1 the Centers for

Medicare and Medicaid Services, through the 2006 Medicare Phy-

sician Fee Schedule Final Rule,2 first applied an MPPR to the

technical component of advanced diagnostic imaging services.

The technical component of advanced diagnostic imaging repre-

sents reimbursement from Medicare for the cost of equipment,

nonphysician personnel, and medical supplies in the office set-

ting. In addition, the initial structure of the technical component

MPPR policy applied to contiguous body parts within specific

families of codes.

Congress and the Centers for Medicare and Medicaid Ser-

vices continued to expand the scope of the technical compo-

nent MPPR policy in subsequent years. In fact, the passage of

the Patient Protection and Affordable Care Act3 commonly

referred to as “Health Care Reform,” resulted in an increase

in the technical component MPPR from 25% to 50%. In addition,

the 2011 Medicare Physician Fee Schedule Final Rule expanded

the scope of the technical component MPPR policy so that it

applied to noncontiguous body parts, across different modal-

ities. Although a small amount of efficiencies exist within the

technical component when a single patient receives multiple

advanced diagnostic imaging services, during the same session,

on the same day, this amount is nowhere near 25%, to say

nothing of 50%. The decision of the Supreme Court to uphold

the constitutionality of the Patient Protection and Affordable

Care Act ensured that the 50% technical component MPPR

would remain in effect for multiple CT, MR imaging, and

sonography procedures, including those services delivered on

noncontiguous body parts across different modalities.

The concept of applying an MPPR to the professional compo-

nent of advanced diagnostic imaging did not come under serious

consideration by the federal government until 2011. The Medi-

care Payment Advisory Commission recommended that Con-

gress apply a professional component MPPR to advanced diag-

nostic imaging services. The Medicare Payment Advisory

Commission unanimously voted in favor of including the profes-
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sional component MPPR recommendation within the June 2011

Annual Report to Congress.4

In July 2011, the Centers for Medicare and Medicaid Ser-

vices, citing the June 2011 Medicare Payment Advisory Com-

mission recommendation, included provisions in the 2011

Medicare Physician Fee Schedule Proposed Rule to apply a

50% multiple-procedure payment reduction to the profes-

sional component of advanced diagnostic imaging services. As

a result of the effort of organized radiology, the Centers for

Medicare and Medicaid Services elected to lower the profes-

sional component MPPR reduction to 25% in the Medicare

Physician Fee Schedule Final Rule.5

Although the Final Rule included a cut of 25% rather than

50%, the policy was expanded in January 2013 so that it now

applied to 2 different physicians interpreting multiple images

from the same patient, during the same session, on the same

day.6,7 The progression is noteworthy. The Balanced Budget Act

of 2005 introduced the technical MPPR to address perceived effi-

ciencies in obtaining imaging of contiguous body parts. These

perceived efficiencies are likely overstated. The interpretive com-

ponent of advanced imaging enjoys very limited efficiencies when

a single reader provides these services8 as described above. It is

difficult to posit even a perceived efficiency when 2 different phy-

sicians, potentially in separate locations, interpret images of con-

tiguous body parts in the same patient.

WHAT IS A PRACTICAL EXAMPLE OF APPLICATION OF
MPPR?
As an example, a hypothetic patient presents to the emergency

department with symptoms of a stroke. With an imaging strategy

that helps to illustrate the MPPR point, a CT of the head/CT

angiography of the neck and head followed perhaps by an MR

imaging of the brain are performed on the same day. The MR

imaging of the brain, which is the most expensive procedure, will

be reimbursed at 100%; however, under the MPPR, the reim-

bursement of both the CTA and CT of the head will be decreased,

the technical component by 50% and the professional component

by 25%.

WHAT IS THE OBJECTIVE BASIS FOR MPPR?
It has been suggested that there is no scientific rationale behind

the application of a professional component MPPR, especially

because the radiologist is morally and professionally obliged to

spend an equal amount of time, energy, and expertise interpreting

multiple patient images, irrespective of technique or section of the

body under review. On a more objective basis, a June 2011 peer-

reviewed study published in Journal of the American College of

Radiology8 found that the gained efficiency in professional

component interpretations under the MPPR rules only ranged

from a minimum of 2.96% for CT to a maximum of 5.45% for

sonography.9

The patients who undergo multiple imaging studies in a single

session are often those with the most complex conditions seen by

radiologists. These include patients with stroke, severe trauma, or

suspicion of metastatic cancer. The effort required by radiologists

when interpreting multiple imaging studies on the same patient,

during the same session, on the same day, is often more intense,

rather than less. Per above, it is difficult to comprehend what

argument could be advanced to explain supposed efficiencies ob-

tained by different radiologists interpreting contiguous body

parts on the same day.

WHAT IS HR 4302?
HR 4302, the Protecting Access to Medicare Act, signed into

law in April 2014, included provisions specifically addressing

the 25% professional component Multiple Procedure Payment

Reduction. HR 4302/S. 1020, the Diagnostic Imaging Services

Access Protection Act, was bipartisan, bicameral legislation,

which temporarily prevented the impending 24% cut associ-

ated with the flawed sustainable growth rate formula from go-

ing into effect for 12 months. With respect to the professional

component MPPR, language was included in HR 4302 man-

dating that the Centers for Medicare and Medicaid Services

disclose the specific data that were used in the 2012 Medicare

Physician Fee Schedule Final Rule when the 25% reimburse-

ment decrease was initially proposed.9 Despite this being es-

tablished law, the specific data have not been shared with or-

ganized radiology or the public yet. More recently, HR 6, the

21st Century Cures Act (Section 4003), unanimously passed

out of the House Energy and Commerce Committee to repeal

the professional component payment reduction of MPPR.
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ORIGINAL RESEARCH

ADULT BRAIN

Nigrosome 1 Detection at 3TMRI for the Diagnosis of
Early-Stage Idiopathic Parkinson Disease: Assessment of

Diagnostic Accuracy and Agreement on Imaging Asymmetry
and Clinical Laterality

Y. Noh, Y.H. Sung, J. Lee, and X E.Y. Kim

ABSTRACT

BACKGROUND AND PURPOSE: In the early stages of idiopathic Parkinson disease, motor symptoms are usually asymmetric. We aimed

to assess the feasibility of nigrosome 1 detection at 3T MR imaging to analyze the agreement of its asymmetry and clinical laterality.

MATERIALS AND METHODS: High-resolution 3D multiecho imaging was performed at 3T MR imaging in 13 healthy subjects and 24

patients with idiopathic Parkinson disease confirmed by N-3-fluoropropyl-2-�-carbomethoxy-3-�-(4-iodophenyl) nortropane (18F-FP-CIT)

PET. The nigrosome 1 detection findings by using the MR imaging data were rated as “normal,” “possibly abnormal,” and “abnormal” by 2

independent reviewers. The degree of 18F-FP-CIT binding was visually assessed in the caudate nucleus and putamen on PET images. Clinical

laterality was evaluated by scores of the Unified Parkinson Disease Rating Scale, Part III. Asymmetry of the affected nigrosome 1 and the

degree of 18F-FP-CIT binding were analyzed for agreement with clinical laterality.

RESULTS: The diagnostic sensitivity, specificity, and accuracy of the nigrosome 1 detection at 3T MR imaging was 100%, 84.6%, and 94.6%,

respectively. Interrater agreements for the abnormality and asymmetry of nigrosome 1 were excellent (� � 0.863 and 0.835, respectively).

In patients with idiopathic Parkinson disease, the agreement of asymmetry between clinical laterality and nigrosome 1 detection was good

(� � 0.724). The degree of the 18F-FP-CIT PET binding showed fair agreement (� � 0.235) with clinical laterality.

CONCLUSIONS: The abnormality involving nigrosome 1 can be detected at 3TMR imagingwith an accuracy of 94.6%. The clinical laterality

is in high concordance with the laterality of the nigrosome 1 detection at 3T (� � 0.724).

ABBREVIATIONS: DAT�dopamine transporter; 18F-FP-CIT�N-3-fluoropropyl-2-�-carbomethoxy-3-�-(4-iodophenyl) nortropane; H&Y�Hoehn andYahr stage;
IPD� idiopathic Parkinson disease; MEDIC� multiecho data image combination; UPDRS III� Unified Parkinson Disease Rating Scale, Part III

Nigrosomes are calbindin-poor zones within the substantia

nigra pars compacta.1 The nigrosomes are primary subre-

gions of the substantia nigra pars compacta where dopaminergic

cells are lost in idiopathic Parkinson disease (IPD). Within the

nigrosomes, the maximal cell loss occurs in nigrosome 1, which is

the largest subgroup of the nigrosomes.2

Recently, a few researchers have tried to visualize the nigro-

some 1 area with 7T MR imaging and demonstrated its feasibility

as an imaging biomarker for the diagnosis of IPD.3-6 The results,

however, had a limited clinical utility because of low availability of

7T MR imaging. Hence, several studies have tried to translate

nigrosome 1 detection to 3T MR imaging, which is widely avail-

able.7-9 In the previous studies at 3T, however, patients were

confirmed as having IPD by clinical assessment, not by dopa-

mine-transporter (DAT) imaging such as N-3-fluoropropyl-2-

�-carbomethoxy-3-�-(4-iodophenyl) nortropane (18F-FP-CIT)

PET or SPECT, which is commonly used for an early diagnosis of

IPD.

In clinical practice, it is more difficult to diagnose an early

stage of parkinsonism than an advanced stage. Therefore, a con-

firmation by an imaging biomarker would be desirable in the

diagnosis of a patient in an early stage. If the nigrosome 1 detec-

tion at 3T MR imaging is available for the diagnosis of early-stage

IPD, it can minimize the need for the DAT PET or SPECT.

In early stages of IPD, motor symptoms are usually asymmet-

ric.10 Unilateral or asymmetric symptoms have been suggested to
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correspond to nigrostriatal degeneration in the contralateral

hemisphere.11 On the basis of this observation, we hypothesized

that the asymmetric dopaminergic cell loss in the substantia nigra

pars compacta reflects the contralateral symptoms in early-stage

IPD, and the cell loss can be visualized by the signal change in the

nigrosome 1 area at 3T MR imaging.

In this study, we investigated the feasibility of the nigrosome 1

detection at 3T MR imaging for the diagnosis of patients with

early-stage IPD with abnormal findings on DAT PET imag-

ing.12 Additionally, we assessed the agreement of asymmetry

between the nigrosome 1 detection and patient symptoms, and

the asymmetry between the DAT PET imaging and patient

symptoms.

MATERIALS AND METHODS
This study was approved by the institutional review board of the

Gachon University, Gil Medical Center. All patients and healthy

subjects gave written informed consent.

Participants
Twenty-four patients with IPD were recruited from the move-

ment disorder clinic at Gachon University Gil Medical Center

from March 2013 to July 2014 (mean age, 63.6 � 10.97 years; 14

men and 10 women). The clinical diagnosis was based on UK

Parkinson’s Disease Society Brain Bank Clinical Diagnostic Cri-

teria.13 All patients underwent 18F- FP-CIT PET for the initial

diagnosis. The severity of motor symptoms was evaluated by the

Hoehn and Yahr (H&Y) stages14 and Unified Parkinson Disease

Rating Scale, Part III (UPDRS III). We enrolled only patients with

IPD with H&Y stages between 1 and 2 (stages 1 and 1.5, 2 patients

each; stage 2, 20 patients). The UPDRS III ranged from 6 to 25

(mean, 13.5 � 6.19). The exclusion criteria included the follow-

ing: 1) atypical Parkinson disease (progressive supranuclear palsy,

multiple systemic atrophy, and corticobasal degeneration); 2) pa-

tients with dementia; 3) neurologic diseases other than Parkinson

disease; 4) other potential causes of parkinsonism such as struc-

tural lesions or metabolic derangement; 5) patients with infarc-

tion, hemorrhage, tumors, trauma, or severe white matter hy-

perintensity (deep white matter lesion of �25 mm and caps or

bands of �10 mm)15; 6) history of taking drugs that are known

to cause parkinsonism: antipsychotics, antiemetic drugs such

as metoclopramide, calcium-channel blockers such as fluna-

rizine, amiodarone, sodium valproate, lithium; and selective

serotonin reuptake inhibitors such as fluoxetine; and 7) MR

imaging contraindication due to metal foreign bodies/im-

plants or claustrophobia.

Thirteen age-matched healthy subjects were recruited (mean

age, 61.6 � 12.29 years; 4 men and 9 women). They were recruited

with the following inclusion criteria: 1) age older than 40 years; 2)

no history of neurologic or psychiatric diseases; 3) no family his-

tory of movement disorders; and 4) normal cognition without

subjective memory impairment (Mini-Mental State Examination

score of �26). All participants underwent the Mini-Mental State

Examination. The patients were assessed and scanned while med-

icated. Demographic and clinical characteristics of the partici-

pants are summarized in Table 1.

MR Image Acquisition
All participants underwent MR imaging on a 3T scanner with a

32-channel coil (Magnetom Skyra; Siemens, Erlangen, Germany).

Whole-brain sagittal 3D MPRAGE imaging was performed first

with the following parameters: TR, 1750 ms; TE, 4.32 ms; TI, 920

ms; matrix, 224 � 222; FOV, 307 � 309; acceleration factor, 2;

acquisition time, 3 minutes 35 seconds. Oblique axial 3D multi-

echo data image combination (MEDIC; proprietary sequence;

Siemens) imaging (multi-echo gradient-echo imaging that com-

bines each TE magnitude by the sum of squares) was performed

vertical to the longitudinal axis of the midbrain (Fig 1A). The

parameters for MEDIC were as follows: TR, 88 ms; minimum

and maximum TE, 11.1 and 66.9 ms, respectively (the number

of combined echoes, 6; echo spacing, 11.1 ms); flip angle, 10°;

echo-train length, 6; thickness, 1.5 mm; section number, 20;

matrix, 384 � 384; FOV, 192 � 192 (in-plane resolution, 0.5 �

0.5 mm); acceleration factor, 2; acquisition time, 4 minutes 45

seconds. Additionally, oblique coronal 3D MEDIC data were

acquired parallel to the longitudinal axis of the midbrain (Fig

1B) by using the same parameters as in oblique axial imaging

(Fig 1A).

Visual Rating of Nigrosome 1
The nigrosome 1 area on the MEDIC images was defined accord-

ing to the location that was described in the previous pathologic

study.2 In healthy subjects, the structure appeared symmetrically

with slight hyperintensity compared with the adjacent crus cere-

bri on the MEDIC images (Fig 1). On the oblique axial MEDIC

data, evaluation of the nigrosome 1 was performed on 3 sections:

an upper section at the lower tip of red nucleus and 2 successive

lower sections (Fig 1A). The oblique coronal MEDIC images were

also assessed on 3 sections: an anterior section at the anterior tip of

red nucleus and the other 2 successive sections posteriorly (Fig

1B). Both oblique axial and coronal images were displayed side by

side by using OsiriX Imaging Software (Version 5.9, http://www.

osirix-viewer.com). A neuroradiologist with 11 years’ experience

(E.Y.K.) and a neurologist (Y.N.) with 4 years’ experience inde-

pendently reviewed anonymized images without any clinical in-

formation. We compared the signal intensity of the central por-

tion of nigrosome 1 with that of the white matter lateral to the

decussation of the superior cerebellar peduncles. The nigrosome 1

Table 1: Demographic characteristics and imaging findings in
study populationa

IPD (n = 24)
Healthy Control
(n = 13) P Value

Age (yr) 63.6� 10.97 61.6� 12.29 .620
Female sex (%) 10 (41.7%) 9 (69.2%) .170
MMSE 27.5 (25.0–29.0) 29.0 (28.0–29.5) .036
Onset age (yr) 62.4� 11.59 –
Disease duration (mo) 9.0 (3.0–12.0) –
H&Y scale (1/1.5/2) 2/2/20 –
UPDRS I 1.0 (0–2.0) –
UPDRS II 6.75� 2.85 –
UPDRS III 13.5� 6.19 –

Note:—MMSE indicates Mini-Mental State Examination; UPDRS, Unified Parkinson
Disease Rating Scale, –, not applicable.
a Data are presented as mean � SD for normally distributed variables and median
(interquartile ranges) for non-normally distributed variables. The �2 test with Yates

continuity correction was used.
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images from the MEDIC imaging were classified into 3 grades:

“normal” (iso- or hyperintensity in the central portion of the

presumed nigrosome 1) (Fig 1), “possibly abnormal’” (hypoin-

tensity in �50% of the presumed nigrosome 1) (left nigrosome 1

on Fig 2), and “definitely abnormal” (hypointensity in �50% of

the presumed nigrosome 1) (right nigrosome 1 on Fig 2). Each

side was rated separately. Asymmetry was determined once any

difference was rated between the right and left nigrosome 1.

For a simplified statistical analysis, the subjects’ images were

reclassified as abnormal if any abnormality was determined on

either side of the nigrosome 1 area; a subject’s image was clas-

sified as normal when the bilateral nigrosome 1 was deter-

mined to be normal. Any discrepancy between the 2 readers

was resolved by consensus.

18F-FP-CIT PET Image Acquisition
All patients with IPD underwent 18F-FP-CIT PET imaging of the

brain 120 minutes after injection of 5-mCi (185 MBq) 18F-FP-

CIT at a PET/CT scanner (Biograph-6; Siemens, Erlangen, Ger-

many). Data were collected in a 3D scanning mode that examined

35 sections (thickness, 4.25 mm). Levodopa, dopamine agonist,

catechol-O-methyltransferase inhibitors, and monoamine oxi-

dase type B inhibitors were allowed because they are known to

have no significant influence on the DAT imaging.16 The median

FIG 1. Visual assessment of nigrosome 1 in MR imaging. On the oblique axial MEDIC imaging, the evaluation of nigrosome 1 (arrows) was
performed on 3 sections: an upper section at the lower tip of the red nucleus and the 2 successive sections (A). The oblique coronal MEDIC
imaging was also assessed on 3 sections: an anterior section at the anterior tip of the red nucleus and the 2 consecutive sections (B). In this
particular 71-year-old woman, the nigrosome 1 appears normal on both sides.

FIG 2. Degree of abnormality on MR imaging. Possibly abnormal and definitely abnormal were rated in the left (arrows) and right (open
arrows) nigrosome 1, respectively (A). Similar asymmetry was observed on 18F-FP-CIT PET. This 53-year-old woman has H&Y stage 2 and
UPDRS Part III (motor score) of 4 and 1 on the left and right, respectively, which is in concordance with asymmetry on both MR imaging
and 18F-FP-CIT PET.
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duration between MR imaging and PET was 4.5 months (inter-

quartile range, 2.25–10.75 months).

Visual Rating of 18F-FP-CIT PET
Visual analysis of 18F-FP-CIT binding to the caudate nucleus and

putamen was performed by a neurologist (Y.H.S.). No clinical

information was provided. Each side was rated separately. The

degree of DAT reduction was evaluated by dividing the putamen

into anterior and posterior halves along its longitudinal axis.17

“Normal” was defined as no discernible reduction of DAT avail-

ability in the striatal region (caudate nucleus and putamen). If the

reduction of DAT availability was limited in the posterior puta-

men, the availability was classified as “mild” reduction. When it

showed a decrease or absence up to the anterior putamen, it was

classified as “moderate” reduction. It was classified as “severe” if

the caudate nucleus was involved.18 Any difference between right

and left DAT availability indicated the presence of asymmetry. No

patients with IPD showed normal DAT availability in this study.

Quantification of the Laterality of Symptoms
The clinical laterality of motor symptoms was evaluated by using

the scores of UPDRS III, which was tested bilaterally. Scores of

resting tremor, rigidity, finger tapping, hand movement, and

rapid alternative movements of hand and leg agility were summed

in the right and left sides separately. When the score of one side

was higher than that of the other side by 2 points, the symptom

was defined as asymmetric.

Statistical Analysis
Comparisons of demographic and clinical data between patients

with IPD and healthy subjects were conducted by the Student t

test for normally distributed continuous variables and the Mann-

Whitney U test for non-normally distributed continuous vari-

ables. Categoric variables were evaluated by using a �2 test. Inter-

rater agreement was assessed by using � statistics: weighted k test

for the ratings and the Cohen � test for the 2 groups (normal or

abnormal findings). Agreement on the symmetry of MR imaging

or PET and clinical laterality was examined by using the Cohen �

test. Statistical significance was set at P � .05. Statistical analyses

were conducted by PASW Statistics 18 (IBM, Armonk, New York)

software.

RESULTS
Diagnostic Accuracy of IPD by Using Nigrosome 1
Detection in MR Imaging
No scan showed poor image quality or motion artifacts. When the

participants were dichotomized as having normal and abnormal

findings, 2 of 37 participants were rated differently by the 2 raters.

Of the 35 subjects, 26 were rated as having abnormal findings,

and 9 subjects were rated as having normal findings (Table 2).

The interrater agreement on the abnormality of nigrosome 1

findings was excellent (� � 0.863). After consensus agreement,

the 2 subjects with the rater discrepancies were classified as

having normal findings. With the 37 participants, the sensitiv-

ity and specificity were 100% and 84.6%, respectively. The

positive predictive value was 92.3% (24/26). The negative pre-

dictive value was 100% (11/11). Two of 13 healthy controls

were misclassified to the abnormal group (Fig 3). Diagnostic

accuracy was 94.6%.

Interrater Agreement on the Laterality of Nigrosome 1
The interrater agreement on the laterality was excellent (� �

0.835; 95% CI, 0.673– 0.997). For the grading system (normal,

possibly abnormal, and definitely abnormal findings), the

weighted � value for interrater agreement on the abnormality of

the left side was 0.711 (95% CI, 0.537– 0.886), while that of the

right side was 0.792 (95% CI, 0.648 – 0.936) (Table 2). Interrater

agreement of the affected side was slightly improved when pa-

tients were dichotomized (normal or abnormal findings): left

side, � � 0.754, and right side, � � 0.871.

Agreement on the Asymmetry of Nigrosome 1 and Clinical
Laterality
Of 24 patients with IPD, 4 showed no clinical asymmetry, whereas

the other 20 patients demonstrated asymmetry (left- and right-

side-dominant symptoms in 10 patients each). MR imaging

showed symmetric nigrosome 1 findings in 2 patients, whereas 22

patients had asymmetric nigrosome 1. The asymmetry in the af-

fected nigrosome 1 at MR imaging and clinical laterality were in

agreement in 19 of 24 patients (� � 0.724). Of 20 patients with

clinical asymmetry, the agreement of the asymmetry in the af-

Table 2: Interpretation of nigrosome 1 by 2 reviewers
Reviewer 1 Reviewer 2

Right Left Right Left

Normal (No.) 10 13 12 11
Possibly abnormal (No.) 7 5 2 3
Definitely abnormal (No.) 20 19 23 23

FIG 3. False-positive on MR imaging. In this 64-year-old healthy fe-
male subject, both reviewers interpreted the left nigrosome (arrows)
was as normal, whereas they called the right one (broken arrows)
abnormal.
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fected nigrosome 1 at MR imaging and clinical laterality increased

(� � 0.800). In the 18F-FP-CIT PET data, no asymmetry was

observed in 10 patients. The agreement of the asymmetry on the
18F-FP-CIT PET imaging and clinical laterality was fair (� �

0.235) (Fig 4). The agreement between the asymmetry in the ni-

grosome 1 MR imaging and that in the 18F- FP-CIT PET imaging

was fair (� � 0.304).

DISCUSSION
Our primary findings were as follows: First, we achieved a high

accuracy in the diagnosis of IPD by the detection of abnormality

in nigrosome 1 at 3T MR imaging. Second, we demonstrated that

the asymmetry of the affected nigrosome 1 and clinical laterality

evaluated with UPDRS III had good agreement.

By using 7T3-6 and 3T MR imaging,7,8 recent studies demon-

strated that nigrosome 1 can serve as a surrogate biomarker for

IPD. Schwarz et al7 obtained high-resolution 3D gradient re-

called-echo imaging (voxel size, 0.55 � 0.55 � 0.7 mm) in an

imaging plane parallel to the splenium-genu line at 3T. To im-

prove diagnostic confidence, we acquired both oblique axial and

coronal images by using 3D MEDIC imaging (voxel size, 0.5 �

0.5 � 1.5 mm) vertical and parallel to the longitudinal axis of the

midbrain on sagittal MPRAGE, respectively. SWI is well-known

for its higher sensitivity in delineating iron-containing pathology.

Its SNR, however, is relatively low. We tested SWI in healthy el-

derly subjects before conducting this study and found that both

higher SNR and higher spatial resolution are necessary to deter-

mine pathology involving nigrosome 1. These 2 factors are con-

flicting in MR imaging. To address this challenge, we acquired

data by using the MEDIC imaging with a relatively larger section

thickness. To minimize potential complications from the thicker

sections, we acquired coronal images. Using this technique, we

obtained the diagnostic accuracy of 94.6%. This result is between

the diagnostic accuracy of a prospective case-control study (84%)

and a retrospective cross-sectional study (96%) in the report by

Schwarz et al7 and is higher than that in the study by Cosottini et

al (86%).8

It is difficult to compare the diagnostic accuracy with that in

the previous studies because each study used its own imaging

sequence with different image thickness (PRinciples of Echo

Shifting by using a Train of Observations by Schwarz et al7 and

Susceptibility-Weighted ANgiography by Cosottini et al8) and en-

rolled patients had different severities: in our study, H&Y stage

range, 1–2, UPDRS III mean, 13.5. In the prospective study by

Schwarz et al, the severities were H&Y stage 1–3, UPDRS III,

32.57; in the study by Cosottini et al, they were H & Y stage 1–3,

UPDRS III, 18.3.8 Although our study subjects were in relatively

earlier stages, patients with H&Y stage 2 were the most numerous.

Thus, further studies are needed to determine the best imaging

method for nigrosome 1, with more patients with very early stages

or clinical suspicion of parkinsonism.

Our second finding was that the laterality of the nigrosome 1

(more affected on either the left or right) was in concordance with

the clinical laterality. This finding supports unilateral IPD corre-

sponding to neuronal nigrostriatal degeneration in the contralat-

eral hemisphere. As a previous study reported, abnormal findings

of nigrosome 1 in IPD do not imply that the nigrosome 1 was

completely lost.7 We observed that the nigrosome 1 in each hemi-

sphere often had different appearances. This observation agrees

with the finding that asymmetry of clinical features is common in

the patients with IPD. Many patients have unilateral motor defi-

cits at the time of onset of the IPD symptoms.14 Clinical asymme-

try may continue in late stages of the disease, with more marked

extrapyramidal symptoms on the initially affected body side.19

Although it has been reported that nigrosome 1 detection at

FIG 4. Asymmetry on MR imaging but not on 18F-FP-CIT in a 78-year-old woman with H&Y stage 2 and UPDRS of 4 and 2 on the right and left
shows that the left nigrosome 1 is more affected (arrows) than the right one (open arrows) (A), whereas 18F-FP-CIT PET shows relatively
symmetric findings (B).
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3T MR imaging may serve as a surrogate biomarker for the diag-

nosis of IPD in previous studies,7,8 and in our study, it may still be

challenging to determine the presence of subtle abnormalities of

nigrosome 1 by directly looking at structures. Instead, one may

compare the agreement between nigrosome 1 images and clinical

laterality to improve the diagnostic confidence. To further con-

solidate the usefulness of the nigrosome 1 detection for the early

diagnosis of IPD, however, a prospective study is needed.

In our study, the agreement on the laterality between 18F-FP-

CIT binding and clinical symptoms was fair. This finding may

suggest that 18F-FP-CIT PET shows nigrostriatal functional

changes that are earlier than structural changes observed in the

nigrosome 1 detection and may also support the dying-back phe-

nomenon. Alternatively, the nigrosome 1 detection might be

more sensitive for neuronal degeneration. One potential compli-

cation on the laterality results is the time delay (interquartile

range, 2.25–10.75 months) between the 2 imaging sessions. The

earlier imaging of 18F-FP-CIT PET may have resulted a lower

agreement on the laterality, though the delay was relatively short

considering the slow progression of the disease.

Although DAT PET or SPECT has been considered a criterion

standard for the diagnosis of IPD, such imaging studies increase

the medical costs and result in radiation exposure. In addition,

in the very early stages, the DAT PET technique could have limi-

tations in diagnosing Parkinson disease. A previous study re-

ported that compensatory upregulation of presynaptic dopami-

nergic nerve terminals in the early stages of Parkinson disease

could cause false-negative results and that dopaminergic medica-

tions might increase radiotracer uptake.20 Hence, a diagnostic

marker using MR imaging (especially the more widely available

3T MR imaging rather than 7T MR imaging) will be beneficial to

patients. As we have demonstrated in this study, the nigrosome 1

detection at 3T MR imaging can serve as a surrogate marker for

IPD in its early stage and may negate the need for 18F-FP-CIT PET

imaging, particularly when there is definite asymmetric abnor-

mality in nigrosome 1 at MR imaging and the patient shows clin-

ical laterality on the corresponding side.

A few limitations exist in this study. The number of study

subjects is small. Further study with more participants will be

needed to confirm the effectiveness of the nigrosome 1 detection

in routine clinical diagnosis. Another limitation is a relatively

large false-positive. Two participants (64 and 72 years of age)

showed false-positive results. According to a previous study, ni-

grosome 1 was not observed in 2% of the patients without IPD

older than 50 years of age, a finding that was similar to the rate of

prevalence of IPD in the elderly, indicating the possibility of un-

diagnosed IPD.7 We could not completely exclude the possibility

that the 2 healthy control subjects had presymptomatic Parkinson

disease because 18F-FP-CIT PET was not performed in healthy

control subjects. However, no preclinical symptom such as rapid

eye movement, sleep behavior disorders, anosmia, or autonomic

dysfunction was observed in these subjects. An alternative expla-

nation is that normal aging may also show changes in nigrosome

1. Further study with a large number of healthy elderly subjects is

needed to elucidate this question. Last, the optimization and stan-

dardization of a sequence for the visualization of nigrosome 1

should be sought to improve diagnostic accuracy. Although we

enrolled only patients with clinically well-established IPD, the

specificity of our study was lower (84.6%) than that in the studies

with 7T MR imaging (87.5%–96.2%).5,6,9 Thus, a more specific

imaging biomarker that could give confirmation to patients with

clinical suspicion of parkinsonism is still needed.21,22 On the basis

of our results of a relatively lower specificity than that of previous

studies, nigrosome 1 detection at 3T MR imaging should be fur-

ther improved to serve as a confirmatory test of IPD. The higher

specificity of 7T MR imaging in the diagnosis of IPD may be due

to its higher SNR and superb spatial resolution. It is difficult to

improve spatial resolution substantially at 3T. However, we could

improve the susceptibility effect without compromising SNR by

susceptibility weighting of each TE image, followed by combining

images afterward, which can be applicable to all 3T scanners with-

out dependence on vendor-specific sequences. In addition, as-

sessment of agreement on clinical laterality and imaging asymme-

try may help improve specificity. With such an effort, a more

specific and sensitive surrogate marker to detect the disease in the

preclinical stages could be developed.

CONCLUSIONS
Our study showed that abnormality involving nigrosome 1 can be

detected at 3T MR imaging with an accuracy of 94.6%, and its

asymmetry shows a high concordance with clinical laterality.
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ADULT BRAIN

Comparison of the Diagnostic Accuracy of DSC- and Dynamic
Contrast-EnhancedMRI in the Preoperative Grading

of Astrocytomas
T.B. Nguyen, G.O. Cron, K. Perdrizet, K. Bezzina, C.H. Torres, S. Chakraborty, J. Woulfe, G.H. Jansen, J. Sinclair, R.E. Thornhill, C. Foottit,

B. Zanette, and X I.G. Cameron

ABSTRACT

BACKGROUNDANDPURPOSE: Dynamic contrast-enhancedMR imaging parameters can be biased by poormeasurement of the vascular

input function. We have compared the diagnostic accuracy of dynamic contrast-enhanced MR imaging by using a phase-derived vascular

input function and “bookend” T1 measurements with DSC MR imaging for preoperative grading of astrocytomas.

MATERIALSANDMETHODS: This prospective study included48patientswith anewpathologicdiagnosis of an astrocytoma. PreoperativeMR

imaging was performed at 3T, which included 2 injections of 5-mL gadobutrol for dynamic contrast-enhanced and DSC MR imaging. During

dynamic contrast-enhanced MR imaging, both magnitude and phase images were acquired to estimate plasma volume obtained from phase-

derived vascular input function (Vp_�) and volume transfer constant obtained from phase-derived vascular input function (Ktrans_�) as well as
plasma volume obtained from magnitude-derived vascular input function (Vp_SI) and volume transfer constant obtained from magnitude-

derivedvascular input function (Ktrans_SI). FromDSCMR imaging, corrected relativeCBVwascomputed. FourROIswereplacedover the solidpart
of the tumor, and the highest value among the ROIs was recorded. A Mann-Whitney U test was used to test for difference between grades.
Diagnostic accuracy was assessed by using receiver operating characteristic analysis.

RESULTS: Vp_ � and Ktrans_� values were lower for grade II compared with grade III astrocytomas (P � .05). Vp_SI and Ktrans_SI were not
significantly different between grade II and grade III astrocytomas (P � .08–0.15). Relative CBV and dynamic contrast-enhanced MR imaging

parameters except forKtrans_SIwere lower for grade III comparedwith grade IV (P� .05). In differentiating low- andhigh-grade astrocytomas,we

foundnostatistically significantdifference indiagnostic accuracybetween relativeCBVanddynamic contrast-enhancedMR imagingparameters.

CONCLUSIONS: In the preoperative grading of astrocytomas, the diagnostic accuracy of dynamic contrast-enhanced MR imaging

parameters is similar to that of relative CBV.

ABBREVIATIONS: DCE� dynamic contrast-enhanced; Ktrans_� � volume transfer constant obtained from phase-derived vascular input function; Ktrans_SI� volume
transfer constant obtained from magnitude-derived vascular input function; rCBV� relative CBV; SI� signal intensity; VIF� vascular input function; Vp� plasma volume;
Vp_� � plasma volume obtained from phase-derived vascular input function; Vp_SI� plasma volume obtained frommagnitude-derived vascular input function

Conventional MR imaging by using gadolinium contrast en-

hancement has been reported to have high sensitivity but low

specificity in the preoperative grading of gliomas.1-4 The accuracy

of conventional imaging might be improved by adding perfusion-

weighted imaging. In clinical practice, DSC imaging remains the

most commonly used perfusion technique and provides semi-

quantitative measurements such as relative CBV (rCBV), which

can be influenced by the presence of susceptibility artifacts and

contrast leakage from tumor vessels.5,6

Dynamic contrast-enhanced (DCE)-MR imaging is an alter-

nate technique that can potentially provide absolute values of

plasma volume (Vp) and a measurement of vascular permeability

referred to as the volume transfer constant (Ktrans). This tech-

nique generally involves additional measurements and postpro-

cessing steps. Measurements of precontrast tissue T1 and the vas-

cular input function (VIF) in the brain are usually needed for

proper quantification of DCE-MR imaging.7,8 Recently, some au-

Received November 14, 2014; accepted after revision March 24, 2015.

From the Departments of Radiology (T.B.N., G.O.C., C.H.T., R.E.T., I.G.C., S.C.), Medi-
cal Physics (C.F., I.G.C.), Pathology (G.H.J., J.W.), Surgery, Division of Neurosurgery
(J.S.), Internal Medicine (K.P.), and Faculty of Medicine (K.B.), Ottawa Hospital, Uni-
versity of Ottawa, Ottawa, Ontario, Canada; and Department of Medical Biophys-
ics (B.Z.), University of Toronto, Toronto, Ontario, Canada.

Thisworkwas supported by an investigator-initiated research grant fromBayerHealthCare,
whodid not have any input in the formulation of this paper.

Paper previously presented as an abstract at: American Society of Neuroradiology
Annual Meeting and the Foundation of the ASNR Symposium, May 17–22, 2014;
Montreal, Quebec, Canada.

Please address correspondence to Thanh Binh Nguyen, MD, Department of Radiol-
ogy, Ottawa Hospital, 1053 Carling Ave, Ottawa, Ontario K1Y 4E9, Canada; e-mail:
thnguyen@toh.on.ca

Indicates article with supplemental on-line table. http://dx.doi.org/10.3174/ajnr.A4398

AJNR Am J Neuroradiol 36:2017–22 Nov 2015 www.ajnr.org 2017



thors have suggested that measuring changes in the phase of the

MR signal rather than its magnitude following gadolinium injec-

tion might provide a more accurate VIF because phase change

inside the vessel is linearly related to the concentration of contrast

agent.9-12 While measurement of precontrast tissue T1 is typically

included in DCE-MR imaging studies, an additional measure-

ment of tissue T1 postinjection (“bookend” method) might also

improve the reproducibility of perfusion values in gliomas.13,14

To our knowledge, there have been few comparative studies

between DCE and DSC imaging in patients with gliomas.15,16 The

main objective of our study was to compare the diagnostic accu-

racy of DCE-MR imaging with DSC-MR imaging in the preoper-

ative grading of astrocytomas at 3T by using a high-relaxivity

agent. For DCE-MR imaging analysis, we performed 2 different

methods: 1) using phase-derived VIF with bookend T1 measure-

ments; and 2) using magnitude-derived VIF without T1 mapping.

MATERIALS AND METHODS
Patient Population
All examinations were conducted in accordance with the guide-

lines for human research of The Ottawa Hospital, and written

informed consent was obtained from all participating subjects.

From March 1, 2011, to December 31, 2013, 70 consecutive pa-

tients presenting to our institution with a newly diagnosed brain

lesion compatible with a glioma were asked to participate in this

study. Following surgical resection or biopsy, histopathologic di-

agnosis was provided by an experienced neuropathologist by us-

ing the 2007 World Health Organization classification. Thirteen

patients were excluded due to the absence of a histopathologic

diagnosis or the presence of an alternate histopathologic diagno-

sis: no biopsy (n � 2), inconclusive biopsy (n � 1), oligodendro-

gliomas (n � 2), metastatic disease (n � 2), lymphomas (n � 2),

glioneuronal tumors (n � 2), meningioma (n � 1), and neuro-

sarcoidosis (n � 1). Nine patients with astrocytomas were sub-

sequently excluded for technical reasons: inadequate bolus in-

jection of contrast (n � 4), hemorrhage within glioblastoma

causing extensive susceptibility artifacts (n � 3), dynamic ac-

quisition not centered over the tumor (n � 1), and inadequate

VIF for the DCE acquisition (n � 1).

MR Imaging Acquisition Protocols
Conventional MR imaging was performed on a 3T scanner

(TimTrio; Siemens, Erlangen, Germany) by using axial T1 pre-

contrast (TR � 280 ms, TE � 2.51 ms, thickness � 3 mm), axial

FLAIR (TR � 9710 ms, TE � 93 ms, TI � 2580 ms, thickness � 3

mm), axial T2 (TR � 6910 ms, TE � 97 ms, thickness � 3 mm),

axial T1 Volume Interpolated Breathhold Examination (VIBE)

postcontrast (TR � 8.48 ms, TE � 3.21 ms, flip angle � 12°,

thickness � 1 mm), and coronal T1 postcontrast (TR � 280 ms,

TE � 2.51 ms, thickness � 4 mm) images.

DCE-MR imaging was performed by using a 3D FLASH se-

quence (TR � 6.5 ms, TE � 1.7/3.9 ms, flip angle � 30°, thick-

ness � 5 mm, 18 sections, temporal resolution � 3.5 seconds,

duration � 440 seconds). This pulse sequence generated phase

images in addition to the standard magnitude images. Both before

and after the dynamic scan, two 3D Volume Interpolated Breath-

hold Examination (VIBE) sequences with different flip angles

(TR � 20 ms, TE � 1.22 ms, flip angle � 4° and 25°, thickness �

5 mm, 18 sections) were acquired, which enabled calculation of

T1 maps.

In patients weighing between 50 and 100 kg, a fixed preloaded

dose of 0.05 mmol (equivalent to 5 mL) of gadobutrol (Gadavist

1.0; Bayer Schering Pharma, Berlin, Germany) was injected at 2

mL/s for DCE imaging. This also served to decrease the T1 effects

before a second injection of 0.05 mmol of contrast was performed

for the DSC perfusion imaging. In patients weighing �50 kg or

�100 kg, we used a dose of 0.05 mmol/kg.

The second injection of contrast agent was given 10 minutes

after the first injection at 4 mL/s. DSC imaging was performed by

using a T2* EPI gradient recalled-echo sequence (TR � 2380 ms,

TE � 54 ms, flip angle � 90°, thickness � 5 mm, 18 sections,

temporal resolution � 2.5 seconds, duration � 125 seconds).

Postprocessing of DCE Images
Two methods were used to process the DCE images.

Phase-Derived Vascular Input Function with Bookend T1

Correction. Voxelwise maps of tissue contrast concentration

with time were calculated by using pre- and post-DCE T1 maps

combined with the tissue signal intensity-versus-time curve.14

Phase analysis was used to estimate the arterial input function

from 1 section where the superior sagittal sinus ran approximately

parallel with the main magnetic field and perpendicular to the

section. A small ROI (2– 4 pixels) was drawn at the center of the

superior sagittal sinus, and the mean phase was measured as a

function of time. The phase-versus-time curve was converted to a

gadolinium-versus-time curve, which was then saved in a text file.

This step was performed off-line by using in-house software writ-

ten in IDL (Exelis Visual Information Solutions, Boulder, Colo-

rado) and is described in previous articles.10,13 The gadolinium-

versus-time curve was imported as the arterial input function in

kinetic modeling analysis software (nordicICE software, Version

2; NordicNeuroLab, Bergen, Norway) for a voxel-by-voxel esti-

mation of plasma volume obtained from the phase-derived vas-

cular input function (Vp_�) and the volume transfer constant

obtained from phase-derived vascular input function (Ktrans_�).

Postprocessing parameters were the following: noise level � 0,

spatial smoothing � off, vascular deconvolution � on, normalize

kinetic parameters � on, auto-detect arterial input function tis-

sue delay � on, hematocrit correction factor � 0.45.

Magnitude-Derived Vascular Input Function with No T1

Correction. DCE magnitude images were processed directly in

nordicICE to generate maps of plasma volume obtained from

magnitude-derived vascular input function (Vp_SI) and volume

transfer constant obtained from magnitude-derived vascular in-

put function (Ktrans_SI). The signal intensity (SI) was converted

to percentage change in signal intensity (relSI) by using the ex-

pression: relSI(t) � 100 � (S(t) � So)/So, where S is the SI at time

t and So is the baseline SI. The relative change in 1/T1 was esti-

mated from this relative change in signal intensity, which is as-

sumed to be linearly related to 1/T1 changes. The VIF was selected

from a small ROI placed in the superior sagittal sinus directly

from the DCE images. Signal conversion was set as SI to relSI(%).

Remaining postprocessing parameters were similar as for the
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analysis with phase-derived vascular input function and bookend

T1 correction.

Postprocessing of DSC Images
DSC images were processed by using singular value decomposi-

tion and deconvolution as implemented in nordicICE. MR signal

intensity was converted to a T2 relaxation rate. An automated

algorithm selected the most suitable pixels for VIF in a manually

defined ROI covering the middle cerebral artery contralateral to

the tumor. The SI was converted to relative change in R2 (ie,

R2* � 1/T2*) by using the standard expression: delR2(t) �

�ln(S(t)/So)/TE, where S is the SI at time t and So is the baseline

SI. Corrected rCBV maps were generated. Correction for leakage

in rCBV calculations was done by using preinjection of contrast

agent and linear fitting to estimate the T1 contamination caused

by extravasation of contrast agent.5 Postprocessing parameters

were set in nordicICE as the following: noise level � 0, spatial

smoothing � min, temporal smoothing � min, signal conversion

SI to delR2, vascular deconvolution � on, apply contrast agent

leakage correction � checked, detect both T1 and T2 leakage val-

ues � checked.

Image Interpretation
Two fellowship-trained neuroradiologists blinded to the histo-

pathologic diagnosis examined the structural images to determine

the preoperative grade of the tumor. We used radiologic criteria

described by Asari et al17 for grade II (nonenhancing mass, no

central necrosis, absent or mild edema), grade III (enhancing

mass, no central necrosis, mild or moderate edema), and grade IV

gliomas (enhancing mass, with cyst or necrosis, moderate or se-

vere edema). Axial T1-weighted postcontrast images were coreg-

istered to the parametric maps. Because areas of highest values could

vary between different parametric maps, a medical student traced 2

sets of ROIs: 1) 1 large “large tumor” ROI over the solid component

of the tumor for the section where the tumor was largest (identical

ROIs for all maps); and 2) 4 small “hot spot” ROIs (35 mm2) over the

areas of highest values, which could vary in location between maps.

For each parametric map, the mean pixel value inside each of the 5

ROIs was calculated. For the 4 small hot spot ROIs, the 3 ROIs with

the smallest values were discarded. Thus, for each parametric map,

we recorded 2 values: 1 large tumor value and 1 hot spot value. All

ROIs were verified by a neuroradiologist to ensure that inadvertent

placement on an adjacent vessel or on hemorrhage was avoided. For

DSC images, corrected rCBV values in tumors were normalized to

the contralateral white matter.

Statistical Analysis
All data were analyzed by using MedCalc for Windows (Version

12; MedCalc Software, Mariakerke, Belgium). There were 5 com-

ponents to the statistical analysis: 1) calculation of sensitivity and

specificity for each reader by using the conventional, nondynamic

contrast-enhanced MR images to grade gliomas; 2) assessment of

interreader reliability by using the � statistic; 3) tests for differ-

ences in hot spot DSC- and DCE-derived parameters, according

to grades by using Kruskal-Wallis and Mann-Whitney U tests; 4)

assessment of the diagnostic accuracy for each parameter in grading

gliomas by using receiver operating characteristic analysis; and 5)

correlation analysis between large tumor DSC- and DCE-derived

parameters by using a Spearman rank correlation coefficient.

RESULTS
Participants
From March 2011 to December 2013, we prospectively recruited

70 patients with a mass suspicious for glioma. Forty-eight patients

(25 men, 23 women) with a new histopathologic diagnosis of

astrocytomas and adequate DCE and DSC images were included

in the study. The mean age was 57 years (95% CI, 53– 62 years).

There were 9 patients with grade II astrocytomas, 11 patients with

grade III (including 3 oligoastrocytomas), and 28 patients with

grade IV. Thirty-two patients (5 grade II, 8 grade III, and 19 grade

IV) received steroids before MR imaging. The median time be-

tween imaging and surgery was 6 days. Thirteen patients under-

went a surgical biopsy (5 grade II, 3 grade III, and 5 grade IV), and

35 patients underwent a surgical resection.

Accuracy of Conventional Imaging for Distinguishing
Low- from High-Grade Gliomas
For the differentiation of low- (grade II) and high-grade gliomas

(grades III and IV), the sensitivity of contrast-enhanced MR im-

aging (95% for both readers) was higher than the specificity (56%

for reader 1 and 67% for reader 2). The interreader agreement was

moderate (weighted � � 0.56; 95% CI, 0.37– 0.75).

DSC- and DCE-Derived Parameters according to Tumor
Grades
Tumor grade is a factor influencing DSC- and DCE-derived pa-

rameters according to the Kruskal-Wallis test of independent

samples (P � .05). Post hoc pair-wise comparisons according to

the Mann-Whitney U test showed that median Vp_� and

Ktrans_� parameters were lower for grade II compared with grade

III astrocytomas (P � .05, On-line Table, Figure 1). Median

rCBV, Vp_SI, and Ktrans_SI values for grade II were not signifi-

cantly different from those of grade III astrocytomas (P � .08, P �

.15, and P � .11 respectively; On-line Table, Figure 1).

Among grade III astrocytomas, median Vp_�, Ktrans_�, and

Ktrans_SI values were lower for the 7 pure astrocytomas than for

the 4 astrocytomas with an oligoastrocytic component (P � .05).

No statistically significant difference was found for median rCBV

and Vp_SI values between the 2 groups (P � .07).

When comparing grade III with grade IV astrocytomas, median

Vp_�, Vp_SI, rCBV, and Ktrans_�values were significantly lower for

grade III compared with grade IV (P � .05), while Ktrans_SI values

were not significantly different between the 2 groups (P � .056).

Accuracy of DSC- and DCE-Derived Parameters for
Distinguishing Astrocytoma Grades
In differentiating low- from high-grade astrocytomas, the accu-

racy of Vp_�, Vp_SI, and Ktrans_� (area under the curve � 0.88,

0.81, and 0.84, respectively) seems to be a higher than that of

Ktrans_SI and rCBV (area under the curve � 0.77 and 0.78), but

this did not reach a statistically significant difference (Table 1).

When we excluded patients with grade III oligoastrocytomas, the

accuracy of various parameters was not affected. In differentiating

grade III from grade IV gliomas, there was no significant differ-
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ence in the accuracy among parameters (Table 2). When we ex-

cluded patients with grade III oligoastrocytomas, the specificity of

each parameter was increased.

Correlation Analysis between DSC- and DCE-Derived
Parameters
There was a moderate correlation between rCBV and Vp_� mean

values obtained from large tumor ROI (r � 0.54, P � .05, Table 3).

There was a weaker correlation between rCBV and Vp_SI (r �

0.44, P � .05). There was a good correlation between Vp_� and

Vp_SI (r � 0.77, P � .05) and between Ktrans � and Ktrans_SI (r �

0.82, P � .05).

DISCUSSION
Conventional imaging is not always accurate in differentiating

low- from high-grade gliomas, particularly in the presence of a

nonenhancing or poorly enhancing tumor.

DSC and DCE perfusion imaging have been reported to help

in the preoperative grading of gliomas. In the differentiation be-

tween low- (2) and high-grade (III and IV) astrocytomas and

between grade III and IV astrocytomas, we have found that the

diagnostic accuracies of DCE-derived Vp and Ktrans were similar

to those of DSC-derived rCBV regardless of the choice of the VIF

from magnitude or phase images. The diagnostic accuracies of

DCE-derived parameters in this study were in the range of previ-

ously published data from 2 studies, 1 by using a hot spot method

and 1 by using histogram analysis.13,18 The accuracy of DSC-de-

rived rCBV in this study was also similar to that in previous stud-

ies using hot spot analysis.1,19

Using the bookend T1 mapping and phase-derived VIF, we

also found that DCE-derived Vp and Ktrans were lower for grade II

than for grade III astrocytomas. This difference could not be ob-

served when we used a simpler DCE method by using MR signal

intensity only. In our study, this difference was due to the pres-

ence of oligoastrocytomas among grade II tumors because no dif-

ference was found when comparing grade II with grade III pure

astrocytomas. To our knowledge, the higher Ktrans and Vp values

seen in oligoastrocytomas relative to pure astrocytomas have not

been previously reported with DCE imaging. It is known that

DSC-derived rCBV is higher for oligoastrocytic and oligodendro-

glial tumors than for grade II and III astrocytic tumors.20,21 This

finding can be explained by the cortical location and the presence

of a “chicken wire” type of vascularity in oligodendrogliomas.21

In our study, the correlation between DSC-derived rCBV and

DCE-derived Vp was weak by using magnitude-derived VIF and

moderate by using phase-derived VIF. It is possible that DCE-

derived Vp and DSC-derived Vp are measuring slightly different

vascular processes. Because we used a T2*-weighted DSC imag-

FIG 1. A, Boxplot graph of parameters Vp_� (milliliters/100 g), Vp_SI
(milliliters/100 g), and rCBV (unitless) according to grades. B, Boxplot
graph of parameters Ktrans_� (minute�1) and Ktrans_SI (minute�1) ac-
cording to grades. The asterisk indicates P� .05.

Table 1: Diagnostic accuracy of DSC- and DCE-derived parameters in differentiating high- and low-grade astrocytomas using hot spot
ROIsa

AUC 95% CI
Cutoff
Value

Sensitivity
(%)

Specificity
(%) Oligoastrocytomas

Vp_� 0.88 0.68–1 1.15 90 89 Including
Vp_� 0.87 0.68–1 1.16 89 89 Excluding
Vp_SI 0.81 0.64–0.98 3.38 79 89 Including
Vp_SI 0.80 0.62–0.98 3.39 83 89 Excluding
rCBV 0.78 0.54–1 3.31 97 67 Including
rCBV 0.78 0.54–1 3.31 97 67 Excluding
Ktrans_� 0.84 0.66–1 0.0006 100 67 Including
Ktrans_� 0.84 0.66–1 0.0006 100 67 Excluding
Ktrans_SI 0.77 0.58–0.95 0.030 79 78 Including
Ktrans_SI 0.76 0.57–0.94 0.030 76 78 Excluding
a No statistically significant difference (P� .05) was found between area under the curve of different parameters.
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ing, rCBV is probably more sensitive than Vp to the presence of

large blood vessels in tumor. Further studies with histopathologic

correlation are needed. Measurement bias is another possible fac-

tor that could explain a weak correlation between the 2 methods.

For DSC-MR imaging, although we used a prebolus injection and

performed a linear fitting to reduce T1 and residual T2 effects, this

process might not completely overcome the decreased T2* effect

from contrast leakage into the extravascular compartment. For

DCE-MR imaging, Vp values have lower coefficients of variation

by using the phase method with bookend T1 measurements than

values obtained with magnitude-derived VIF. This could explain

why a better correlation was found between Vp and CBV by using

the phase method. Ludemann et al16 compared DCE- and DSC-

derived CBV values in intra-axial tumors with no baseline T1

measurements and found a borderline correlation (P value be-

tween 0.1 and 0.05). Haroon and al15 found a good correlation

(r � 0.667, P � .05) between DSC- and DCE-derived CBV in

intra-axial tumors by using a method with baseline T1

calculation.

Both DSC and DCE techniques provide similar measurements

of angiogenesis, which can help in the preoperative grading of

gliomas. There are certain advantages and disadvantages for each

technique. DSC perfusion imaging can provide semiquantitative

measurements of rCBV from the whole brain with high temporal

resolution and a short acquisition time (�2 minutes). The single-

shot gradient-echo EPI sequence, which is the standard sequence

for DSC perfusion, can have susceptibility artifacts at tissue inter-

faces. Three patients in our study had to be excluded due to the

presence of significant intratumoral hemorrhage causing suscep-

tibility artifacts and obscuring adjacent enhancing tumor tissue.

Tumors located in the brain stem and near the skull base might

also be obscured. Susceptibility artifacts are more important at 3T

but can be reduced by the use of a spin-echo EPI sequence, which

we did not use in our study. Another limitation is that rCBV is

dependent on field strength, sequence parameters, and relaxivity

of the contrast agent used.22,23 A preinjection of contrast is also

desirable to decrease T1 effects that could arise from contrast

extravasation and could cause an underestimation of rCBV.5

DCE imaging can provide absolute measurements of plasma

volume and Ktrans, which could be useful as biomarkers for an-

giogenesis. However, it cannot provide the same spatial coverage

and temporal resolution compared with DSC imaging. There is

usually a compromise to be made between sufficient temporal

resolution and adequate spatial coverage for DCE acquisition

protocols. Another common limitation of DCE imaging is the

difficulty in obtaining an accurate VIF. This limitation can be

overcome by using phase images to derive the VIF.9-13 Phase mea-

surements are less biased by intensity changes from inflow and

relaxation effects. Magnitude-derived vascular input functions

can underestimate the contrast concentration measurement dur-

ing the first pass (if �5 mmol/L), especially when a high-relaxivity

agent is used.9

One limitation of our study is the estimation of the precontrast

T1 map by using a variable flip angle technique with only 2 flip

angles. This approach is sensitive to B1 variation and could intro-

duce errors in the conversion of DCE signal to concentration.

However, the estimation of both pre- and postcontrast T1 maps

can reduce errors in the conversion of signal-to-contrast concen-

tration.24 A modified look-locker inversion recovery technique

would have improved T1 mapping (data not shown), but this

sequence was not available at the beginning of our study. Another

limitation of the study is the small sample size, which might not

provide enough power to reveal a statistically significant differ-

ence in the diagnostic accuracies between DSC and DCE param-

eters in differentiating low- from high-grade gliomas. The initial

sample size calculation for our study was based on the recruit-

ment of 35 patients with high-grade and 15 patients with low-

grade gliomas. However, we could only enroll 9 patients with

biopsy-proved low-grade gliomas, decreasing the power of our

study. A third limitation is the possibility of inaccurate histo-

Table 2: Diagnostic accuracy of DSC- and DCE-derived parameters in differentiating between grade III and grade IV astrocytomas using
hot spot ROIsa

AUC 95% CI
Cutoff
Value

Sensitivity
%

Specificity
% Oligoastrocytomas

Vp_� 0.79 0.60–0.97 1.88 86 73 Including
Vp_� 0.95 0.89–1 1.88 86 100 Excluding
Vp_SI 0.71 0.49–0.93 4.21 89 73 Including
Vp_SI 0.91 0.81–1 4.21 89 100 Excluding
rCBV 0.73 0.51–0.95 5.04 93 55 Including
rCBV 0.83 0.56–1 5.04 93 86 Excluding
Ktrans_� 0.75 0.57–0.94 0.023 86 64 Including
Ktrans_� 0.85 0.66–1 0.024 86 86 Excluding
Ktrans_SI 0.70 0.50–0.90 0.056 79 64 Including
Ktrans_SI 0.76 0.69–1 0.046 79 71 Excluding
a No statistically significant difference (P� .05) was between area under the curve of different parameters.

Table 3: Spearman coefficients of rank correlation (�) between DSC- and DCE-derived parameters obtained from identical large tumor
ROIsa

Vp_� Vp_SI rCBV Ktrans_� Ktrans_SI
Vp_� (95% CI) – 0.77 (0.63–0.87) 0.54 (0.27–0.70) 0.73 (0.56–0.84) 0.68 (0.49–0.81)
Vp_SI (95% CI) 0.77 (0.63–0.87) – 0.44 (0.17–0.64) 0.62 (0.45–0.79) 0.75 (0.59–0.85)
rCBV (95% CI) 0.54 (0.27–0.70) 0.44 (0.17–0.64) – 0.51 (0.26–0.69) 0.47 (0.22–0.67)
Ktrans_� (95% CI) 0.73 (0.56–0.84) 0.62 (0.45–0.79) 0.51 (0.26–0.69) – 0.82 (0.70–0.90)
Ktrans_SI (95% CI) 0.68 (0.49–0.81) 0.76 (0.59–0.85) 0.47 (0.22–0.67) 0.82 (0.70–0.90) –
a All correlations were statistically significant (P� .05).
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pathologic grading due to sampling error in the 13 patients who

had a only biopsy and not a surgical resection.

CONCLUSIONS
In differentiating between low- and high-grade astrocytomas and

grade III and IV astrocytomas, we found that DCE-derived Ktrans

and Vp parameters have the same diagnostic accuracy as DSC-

derived rCBV.
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ORIGINAL RESEARCH

ADULT BRAIN

Patterns of Tumor Contrast Enhancement Predict the
Prognosis of Anaplastic Gliomas with IDH1Mutation

Y.Y. Wang, K. Wang, S.W. Li, J.F. Wang, J. Ma, T. Jiang, and J.P. Dai

ABSTRACT

BACKGROUND AND PURPOSE: It is proposed that isocitrate dehydrogenase 1 (IDH1) mutation predicts the outcome in patients with
high-grade glioma. In addition, contrast enhancement on preoperative MR imaging reflects tumor biologic features. Patients with ana-

plastic glioma with the IDH1 mutation were evaluated by using MR imaging to determine whether tumor enhancement is a prognostic
factor and can be used to predict survival.

MATERIALS AND METHODS: A cohort of 216 patients with histologically confirmed anaplastic glioma was reviewed retrospectively.

Tumor contrast-enhancement patterns were classified on the basis of preoperative T1 contrast MR images. Tumor IDH1 status was
examined by using RNA sequencing. We used univariate analysis and the multivariate Cox model to evaluate the prognostic value of the

IDH1 mutation and tumor contrast-enhancement pattern for progression-free survival and overall survival.

RESULTS: In all 216 patients, IDH1mutationwas associatedwith longer progression-free survival (P� .004, hazard ratio� 0.439) and overall

survival (P � .002, hazard ratio � 0.406). For patients with IDH1 mutant anaplastic glioma, the absence of contrast enhancement was
associated with longer progression-free survival (P � .038, hazard ratio � 0.473) and overall survival (P � .043, hazard ratio � 0.436).

Furthermore, we were able to stratify the progression-free survival and overall survival of patients with IDH1mutation by using the tumor
contrast-enhancement patterns (P� .022 and 0.029, respectively; log-rank).

CONCLUSIONS: Tumor enhancement on postcontrast MR imaging is a valuable prognostic factor for patients with anaplastic glioma and

IDH1 mutation. Furthermore, the contrast-enhancement patterns could potentially be used to stratify the survival outcome of such
patients.

ABBREVIATIONS: AG � anaplastic glioma; GTR � gross total resection; �GTR � residual tumor; HR � hazard ratio; IDH1 � isocitrate dehydrogenase 1; KPS �
Karnofsky Performance Status Scale; PFS� progression-free survival; OS� overall survival

Anaplastic gliomas (AGs), classified as World Health Organi-

zation grade III, are aggressive brain tumors. They exhibit

morphometric heterogeneity on radiologic imaging, and their

clinical course varies substantially so that some patients succumb

to progressive disease within weeks while others survive for a de-

cade or more. The clinical characteristics, radiologic features, ge-

netic changes, and extent of resection all play important roles in

determining the prognosis of patients with AG.1-9 Interaction and

synergy may exist among these factors.

The presence of contrast enhancement on MR images, which

is based on pathophysiologic changes indicating the destruction

of the blood-brain barrier, is considered a specific radiologic fea-

ture of high-grade gliomas. Previous studies have revealed the

prognostic role of contrast enhancement in patients with

AG.5,8,10-12 Additionally, radiologic features such as enhance-

ment and multifocality correlate with the molecular characteris-

tics of malignant glioma.13

Mutation in the isocitrate dehydrogenase 1 (IDH1) gene at

R132 is an important molecular event and plays a significant role

in gliomagenesis. This genetic change is detected in approxi-

mately 50%–70% of anaplastic astrocytomas1,14,15 and in 70% of

anaplastic oligodendrogliomas.14-16 Furthermore, the presence of
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IDH1 mutations distinguishes tumors with markedly different

clinical presentations, concurrent molecular genetic alterations,

and overall natural history.1 For patients with AG, the occurrence

of IDH1 mutation is associated with gross total resection (GTR)

and longer overall survival (OS).17

Previous studies have demonstrated the correlation between

IDH1 status and the radiologic features of glioma, in that tumors

with IDH1 mutation are more likely to be larger, and cyst, edema,

and contrast enhancement are present.18 However, investigations

of the interactive and synergistic role of IDH1 mutation and tu-

mor contrast enhancement in predicting the survival of patients

with AG are rare. By classifying tumor contrast enhancement ac-

cording to the patterns observed, patients with anaplastic glioma

with IDH1 mutation were evaluated by using MR imaging to de-

termine whether tumor enhancement is a prognostic factor and

can be used to predict outcome survival stratification.

MATERIALS AND METHODS
Patients
In total, 216 adult patients diagnosed with AG who had under-

gone surgical treatment at our institution from February 2007 to

June 2010 were reviewed retrospectively. Patients were included

on the basis of the following criteria: 1) age 18 years or older, 2)

presurgical structural MR imaging scan available (T1-weighted,

T2-weighted, postcontrast T1-weighted), 3) pathology-con-

firmed AG based on the modified World Health Organization

grading system, and 4) no previous diagnosis of any brain tumor.

The histopathologic diagnosis was evaluated and confirmed by 2

independent neuropathologists blinded to the patients’ clinical

and radiologic information. According to the Response Assess-

ment in Neuro-Oncology criteria,19 GTR was defined as no visible

contrast enhancement on postoperative MR images within 72

hours after the operation in contrast-enhanced tumors or absence

of all abnormal hyperintense changes on preoperative MR images

for tumors not demonstrating contrast enhancement. In this

study, resections that were not GTR were considered residual tu-

mor (�GTR). The overall follow-up duration was 85 months,

which spanned March 2007 to April 2014. This study was ap-

proved by our institutional review board, and written consent was

obtained from all enrolled patients.

Imaging Acquisition
MR imaging was performed on Trio 3T scanners (Siemens, Erlan-

gen, Germany). It typically included axial T1-weighted (TR, 450

ms; TE, 15 ms; section thickness, 5 mm), T2-weighted fast spin-

echo (TR, 6000 ms; TE, 140 ms; section thickness, 5 mm), and

Gd-DTPA injection- enhanced (Beijing Beilu Pharmaceutical,

Beijing, China; 0.1 mmol/kg) axial T1-weighted images (TR, 450

ms; TE, 15 ms; section thickness, 5 mm), with a 24-cm FOV and

256 � 256 matrix size. Postcontrast images were acquired imme-

diately following injection of the contrast agent. The interval be-

tween contrast injection and the beginning of the contrast-en-

hanced T1-weighted image acquisition was maintained between

75 and 85 seconds. Postoperative MR images for determining the

extent of resection were obtained within 72 hours after resection,

and the radiologic parameters were maintained in accordance

with the preoperative scans.

Identification of Imaging Features
Tumor contrast enhancement was assessed by 2 experienced neu-

roradiologists (Q.C. and X.C., who have 14 and 12 years of expe-

rience, respectively, in diagnosis using brain MR imaging)

blinded to the patient clinical information. In cases in which the

types of enhancement identified by the first 2 neuroradiologists

were inconsistent, a third senior neuroradiologist (J.M., 25 years

of experience in brain disease diagnosis) re-examined the images

and determined the image to be used. “Contrast enhancement”

was defined as newly emerged unequivocal increased signal inten-

sity on the T1-weighted image following intravenous contrast ad-

ministration compared with noncontrast T1 images. “Nonen-

hancement” was defined as no apparent hyperintensity on

postcontrast T1-weighted images. Three contrast-enhancement

patterns were identified on the basis of the size and morphologic

features of the largest enhanced area on contrast-enhanced MR

images regardless of whether it was single or multifocal: nodular,

with the largest focal diameter of �1.5 cm; patchy, tumors with a

maximum diameter of enhancement of �1.5 cm; and ringlike,

cystic necrosis with peripheral enhancement (Fig 1). Multifocal

tumor enhancement was defined as �1 area of tumor enhance-

ment separated from the others on the postcontrast T1-weighted

image.

DNA Sequencing for IDH1Mutation
IDH1 mutation was determined by using DNA pyrosequenc-

ing, which we have described previously.20 Briefly, a QIAamp

DNA Mini Kit (QIAGEN, Hilden, Germany) was used to iso-

late genomic DNA from frozen tumor tissue samples. We then

analyzed the genomic region spanning the wild type R132 of

IDH1 by using pyrophosphate sequencing with 5	-GCTTGT-

GAGTGGATGGGTAAAAC-3	 and 5	-biotin-TTGCCAA-

CATGACTTACTTGATC-3	 primers. Duplicate polymerase

chain reaction analyses were performed in 40-�L reaction vol-

umes containing 1-�L of each 10-�mol/L forward and reverse

primer, 4 �L of 10� buffer, 3.21 �L of 2.5-mmol/L deoxy-

nucleotide triphosphates, 2.5-U HotStar Taq (Takara, Shiga,

Japan), and 2 �L of 10 �mol/L DNA. The polymerase chain

reaction conditions were as follows: 95°C for 3 minutes; 50 cycles of

95°C for 15 seconds, 56°C for 20 seconds, 72°C for 30 seconds; and

72°C for 5 minutes (Applied Biosystems GeneAmp PCR System

9700; Applied Biosystems, Foster City, California). Single-stranded

DNA was purified from the polymerase chain reaction products

and pyrosequenced with a PyroMark Q96 ID System (QIAGEN)

by using a 5	-TGGATGGGTAAAACCT-3	 primer and an Ep-

iTect Bisulfite Kit (QIAGEN).

Statistical Analysis
We used the �2 test for categoric variables to compare each clinical

and imaging feature between the IDH1 mutant and wild type

groups. The agreement between judgments of the enhancement

patterns assessed by the 2 radiologists was evaluated by using the �

consistency test. A � value of �0.81, 0.61– 0.80, and �0.60 was

considered excellent, good, and poor agreement, respectively. Ad-

ditionally, log-rank analysis of Kaplan-Meier data was performed

to compare the progression-free survival (PFS) and OS of the

cohort. Factors that were significant (P � .05) in univariate anal-
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ysis were entered into multivariate survival analysis on the basis of

the Cox proportional hazard ratio (HR) model. To identify the

prognostic value of IDH1 status and tumor contrast-enhance-

ment pattern in patients according to their interactive effects, we

subdivided patients into 4 subgroups according to these 2 indica-

tors. The respective prognostic values of the tumor contrast-en-

hancement pattern of the IDH1 mutant

and wild type groups were evaluated.

RESULTS
Patient Characteristics
The clinical and radiologic data of

the 216 patients with AG were re-

viewed (Table 1). Among these pa-

tients, 57 (26.4%) had anaplastic as-

trocytoma, 44 (20.4%) had anaplastic

oligodendroglioma, and 115 (53.2%)

had anaplastic oligoastrocytoma. Age at

diagnosis, preoperative Karnofsky Per-

formance Status Scale (KPS), and extent

of resection were significantly different

between patients with mutant and wild

type IDH1 (P � .001, �2 test). A total of

123 (56.9%) patients underwent GTR,

and 93 (43.1%) patients had residual

tumor.

Association between IDH1
Mutation and Tumor Enhancement
There was post-T1 contrast enhance-

ment in 173 (80.1%) tumors. Patients

with IDH1 mutation were less likely to

have MR imaging tumor enhancement

than patients with wild type IDH1

(67.9% versus 87.9%, P � .001). In ad-

dition, tumor contrast-enhancement

patterns were identified in the AGs with

enhancement. The � value for the agree-

ment of judgment of enhancement pat-

terns between the 2 evaluators was 0.96

(P � .012). Enhancement was nodular

in 26 (15.0%) cases, patchy in 62

(35.9%) cases, and ringlike in 85

(49.1%) cases (Table 1). However, there

was no significant difference between

the proportion of contrast-enhance-

ment patterns between tumors from pa-

tients with mutant and wild type IDH1

(P � .084) (Fig 2).

Association between Surgical
Resection and Tumor Enhancement
Of the tumors with contrast enhance-

ment, those with ringlike enhance-

ment patterns were more likely to un-

dergo GTR than tumors without

ringlike enhancement patterns, but

the difference was not statistically sig-

nificant (59.7% versus 46.9%, P � .113). Notably, patients

with mutant IDH1 and tumors with ringlike enhancement pat-

terns were also more likely to undergo GTR than patients with

mutant IDH1 and tumors without ringlike enhancement pat-

terns (65.3% versus 37.5%, P � .004). However, in patients

with wild type IDH1, GTR between tumors with and without

FIG 1. Tumor contrast-enhancement patterns in AG. Postcontrast T1-weighted images depict
the nodular (largest focal diameter of �1.5 cm), patchy (largest focal diameter of �1.5 cm),
and ringlike (cystic necrosis with peripheral enhancement) enhancement patterns.

Table 1: IDH1mutation status of patients with AG

Characteristics

IDH1 Status

P ValueaTotal (n = 216) Mutant (n = 84) Wild Type (n = 132)
Age (yr)
Median (range) 44 (18–87) 43 (18–71) 45 (18–87)
50 or older/50 or younger 77:139 23:61 54:78 .043
Sex
Male/female 135:81 49:35 86/46 .313
KPS

�80/�80 181/35 78/6 103/29 .004
Contrast enhancement
Yes/no 173/43 57/27 116/16 �.001
Pattern of enhancement
Nodular/patchy/ringlike 26/62/85 9/14/34 17/48/51 .084
Extent of resection
GTR/�GTR 123/93 56/28 67/65 .021
Histopathology
AA/AO/AOA 57/44/115 16/20/48 41/24/67 .135

Note:—AA indicates anaplastic astrocytomas; AO, anaplastic oligodendrogliomas; AOA, anaplastic oligoastrocytomas.
a Results of the �2 test.
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ringlike enhancement patterns was not significantly different

(47.8% versus 66.7%, P � .157).

Progression-Free Survival
There was tumor recurrence in 165 (76.4%) patients during

the follow-up period; the median PFS was 16.9 months (range,

3.1– 82.8 months). Univariate analysis showed that patients

with mutant IDH1 had significantly longer PFS than patients

with wild type IDH1 (P � .002, log-rank). Additionally, age at

diagnosis (P � .001), preoperative KPS (P � .004), and GTR

(P � .001) were significant prognostic factors for PFS (Table

2). In multivariate Cox regression analysis, wild type IDH1

(P � .004, HR � 2.277; 95% confidence interval, 1.303–3.968),

preoperative KPS � 80 (P � .015, HR � 2.158; 95% CI, 1.179 –

3.471), age at diagnosis older than 50 years (P � .018, HR �

1.857; 95% CI, 1.111–3.106), and �GTR (P � .028, HR �

1.598; 95% CI, 1.053–2.597) were associated with poor PFS

(Table 3).

Overall Survival
At the time of analysis, 69 patients (whose follow-up data were

available) were still alive; the median follow-up period was 22.9

months (range, 3.3– 86.4 months). In univariate analysis, IDH1

status (P � .004), age at diagnosis (P � .007), preoperative KPS

(P � .002), and extent of resection (P � .001) were prognostic

factors of OS (Table 2). These 4 factors remained significant in the

multivariate Cox proportional hazards analysis: Wild type IDH1

(P � .002, HR � 2.463; 95% CI, 1.389 – 4.386), age at diagnosis 50

years and older (P � .016, HR � 1.431; 95% CI, 1.342–2.434),

preoperative KPS � 80 (P � .026, HR � 1.836; 95% CI, 1.087–

3.402), and �GTR (P � .023, HR � 1.488; 95% CI, 1.210 –2.432)

were poor prognostic factors for OS (Table 3).

Prognostic Role of Tumor Contrast-Enhancement Pattern
for Patients with Mutant IDH1
In the mutant IDH1 group, patients with contrast-enhanced tu-

mors had significantly shorter PFS (median PFS, 15.9 months;

range, 2.6 –76.8 months) than those with nonenhanced tumors

(median PFS, 26.3 months; range, 2.7– 80.3 months) (P � .038,

log-rank) (Fig 3). Furthermore, the tumor contrast-enhancement

patterns allowed us to stratify the PFS of patients with mutant

IDH1. Patients with nodular enhancement patterns had signifi-

cantly longer PFS (median, 23.8 months) than those with patchy

(median, 17.6 months) (P � .042, log-rank) or ringlike enhance-

ment patterns (median, 14.7 months) (P � .010, log-rank). There

were no significant differences between the PFS of patients with

patchy or ringlike enhancement patterns (P � .273, log-rank) (Fig

4). In comparison, the tumor contrast enhancement patterns had

no prognostic value in patients with wild type IDH1 (P � .896,

log-rank).

Patients were subdivided into 4 groups according to IDH1

status and tumor contrast enhancement. Notably, among the 4

groups, patients with mutant IDH1 and nonenhanced tumor had

significantly longer OS than patients in the other groups (P �

.043, Fig 3). Tumor contrast-enhancement pattern played a prog-

nostic role in the OS of patients with mutant IDH1. In the mutant

IDH1 group, patients with nodular enhancement patterns had

significantly longer OS (median, 31.8 months) than those with

patchy (median, 27.1 months) (P � .025, log-rank) and ringlike

enhancement patterns (median, 20.3 months) (P � .012, log-

rank). There were no significant differences between the OS of

patients with patchy enhancement patterns and those with ring-

like enhancement patterns (P � .441, log-rank) (Fig 4). In com-

parison, tumor contrast enhancement patterns were not a prog-

nostic factor in patients with wild type IDH1 (P � .842, log-rank).

Prognostic Role of Extent of Resection for Patients with
Mutant IDH1 and Contrast Enhancement
In the mutant IDH1 and contrast-enhancement groups, patients

with GTR had significantly longer PFS (median, 19.2 months;

range, 2.1–75.8 months) than those with �GTR (median, 13.0

months; range, 3.0 –73.7 months) (P � .018, log-rank). Similarly,

for patients with mutant IDH1 and contrast-enhanced tumors,

GTR also predicted significantly longer OS than �GTR (P � .030,

FIG 2. Constitution of tumor contrast enhancements between AG
accompanied bymutant orwild type IDH1. The difference in contrast-
enhancement rate (asterisk) between tumors from patients with mu-
tant and wild type IDH1was significant (P� .001). There was no signif-
icant difference in enhancement-pattern distribution between
tumors from patients with mutant and wild type IDH1 (P � .135). CE
indicates contrast enhancement.

Table 2: Univariate analysis of survival outcomes for patients with AG

Characteristic

PFS OS

P Value HR 95% CI P Value HR 95% CI

Age 50 yr or older �.001 1.813 1.318–2.494 .007 1.729 1.134–2.421
Sex (male) .215 0.873 0.695–1.064 .415 0.914 0.612–1.283
Preoperative KPS� 80 .004 2.603 1.154–3.548 .002 2.872 1.270–3.341
Enhancement .570 1.200 0.641–2.247 .625 1.187 0.596–2.365
Enhancement pattern .150 1.107 0.964–1.271 .247 1.902 0.941–1.266
�GTR/GTR .001 1.734 1.237–2.429 �.001 1.926 1.346–2.758
Histopathology .086 0.855 0.715–1.022 .054 0.789 0.654–1.002
IDH1 wild type .002 2.364 1.362–4.098 .004 2.688 1.231–4.717
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log-rank). Nevertheless, GTR did not have prognostic power for

PFS and OS in the wild type IDH1 and contrast-enhancement

groups (PFS, P � .224; OS, P � .141, respectively; log-rank).

DISCUSSION
We combined clinical, radiologic, and specific genetic character-

istics to investigate the prognostic factors for a large cohort of

patients with AG, demonstrating that IDH1 mutation was an in-

dependent prognostic factor for patients with AG. Furthermore,

the tumor contrast-enhancement pattern identified from post-

contrast MR imaging was associated with the survival outcomes of

patients with mutant IDH1. To our knowledge, this is the first

investigation of the prognostic role of combined IDH1 mutation

and tumor contrast-enhancement pattern for predicting survival

in patients with AG.

Previous studies have demonstrated the impact of IDH1 mu-

tation on the clinical prognosis of patients with malignant gli-

oma.1 In patients with AG, it has been demonstrated that IDH1

mutation is a good prognostic marker and potential stratification

factor for anaplastic astrocytoma and anaplastic oligodendrogli-

oma.20,21 Consistent with these findings, the present study

showed that patients with mutant IDH1 had significantly longer

PFS and OS than those with wild type IDH1. The better prognosis

of patients with mutant IDH1 may be partly attributed to the

effect of IDH1 interaction with other clinical characteristics. First,

IDH1 mutation is frequent in diffuse low-grade gliomas but rare

in primary glioblastomas, and the survival outcome of patients

with low-grade glioma is generally better than that of patients

with glioblastoma.1,14,15,22 This variance of IDH1 mutation inci-

dence between low- and high-grade gliomas may contribute to

the association of IDH1 mutation with good prognosis. In addi-

tion, IDH1 mutation is more common in younger than elder pa-

tients.23 Because age is a widely reported significant prognostic

factor,2,4,6,18,24 the prognosis of patients with mutant IDH1 might

be good.

In this study, the frequency of IDH1 mutation between the 2

FIG 3. Kaplan-Meier plots of the series of 216 patients with AG showing the association between the PFS and OS according to combined IDH1
status and tumor contrast enhancement. Mutant IDH1with no contrast enhancement predicts better survival (PFS, P� .038; OS, P� .043). mut
indicates mutant; wt, wild type.

FIG 4. Kaplan-Meier plots showing that the tumor contrast enhancement pattern enabled stratification of the PFS and OS of patients with
mutant IDH1 (PFS, P� .022; OS, P� .029). Meanwhile, Kaplan-Meier plots show that the tumor contrast-enhancement pattern did not enable
stratification of the PFS and OS of patients with wild type IDH1 (PFS, P� .896; OS, P� .842).

Table 3: Multivariate analysis of survival outcomes
Predictor P Valuea HR 95% CI

PFS
Age 50 yr or older .018 1.857 1.111–3.106
Preoperative KPS� 80 .015 2.158 1.179–3.471
�GTR .028 1.598 1.053–2.597
IDH1 wild type .004 2.277 1.303–3.968
OS
Age 50 yr or older .016 1.431 1.342–2.434
Preoperative KPS� 80 .026 1.836 1.087–3.402
�GTR .023 1.488 1.210–2.432
IDH1 wild-type .002 2.463 1.389–4.386

a Cox proportional hazard regression analyses. A P value of .05 denoted significance.

AJNR Am J Neuroradiol 36:2023–29 Nov 2015 www.ajnr.org 2027



age groups (50 years and older and younger than 50 years of age at

diagnosis) was marginally significantly different (P � .043); these

results agreed with the previous ones. Furthermore, this and a

previous study25 found that GTR was more likely to be achieved in

AG with mutant IDH1 than in AG with wild type IDH1. There was

a higher rate of ringlike enhancement patterns in patients with

mutant IDH1; in addition, these patients were more likely to un-

dergo GTR than patients whose tumors did not have ringlike en-

hancement patterns, which could also have contributed to the

difference in survival outcome between the 2 subgroups.

On the other hand, previous studies have suggested that the

good prognosis of patients with mutant IDH1 is primarily due to

the less aggressive biologic behavior of tumors with mutant IDH1

compared with tumors with wild type IDH1.17,19,26 Because IDH1

mutation is considered an early genetic event in tumorigenesis

and may drive other genetic changes in tumor cells, tumors ac-

companied by IDH1 mutation may consequently have different

genetic characteristics compared with tumors unaccompanied by

the mutation, which may lead to their varied biologic features.

The intrinsic difference in the tumor biologic features may ex-

plain why the IDH1 mutation, though associated with other clin-

ical characteristics, was an independent prognostic factor for pa-

tients with AG. Other than IDH1 mutation, however, the

histopathologic subtypes in the present study did not have prog-

nostic value, indicating that the variety of tumor components

could not predict survival for patients with AG.

It has been reported that the radiologic features of glioma are

associated with IDH1 mutation. A recent study showed that IDH1

mutation status in glioblastoma can be predicted from the radio-

logic features derived from MR images.18 The study identified 4

subjective tumor characteristics observable on MR images: tumor

size, contrast enhancement, and the presence or absence of cyst

and satellite lesions, which were associated with IDH1 status;

these characteristics predicted the presence of IDH1 mutation

with 94% accuracy (by receiver operating characteristic analysis).

Another study demonstrated that IDH1-mutated gliomas were

predominantly located in a single lobe and were more likely to

have a unilateral growth pattern, sharp tumor margin, homoge-

neous signal intensity, and less contrast enhancement on MR im-

aging.27 In the present study, we also found that tumor contrast

enhancement was associated with IDH1 status. Tumors accom-

panied by mutant IDH1 were less likely to show contrast enhance-

ment on MR images compared with tumors without IDH1 muta-

tion. Most interesting, although there was no significant

difference in the contrast-enhancement patterns between tumors

accompanied by mutant or wild type IDH1, multivariate Cox

analysis identified the tumor contrast-enhancement pattern as an

independent prognostic factor in patients with mutant IDH1.

This result implies that the tumor contrast-enhancement pattern

may be a particularly important factor reflecting the biologic fea-

tures of tumors in the presence of IDH1 mutation.

The prognostic value of IDH1 status and tumor contrast en-

hancement was determined in patients with AG, considering their

interactive effects. Notably, among the 4 classifications based on

the 2 indicators, patients with mutant IDH1 and nonenhanced

tumor had significantly longer PFS and OS (Fig 3) than patients

who did not; there was no difference in survival time among the

other 3 groups. This indicates that IDH1 mutation and the ab-

sence of contrast enhancement may have synergistic effects in

reflecting tumor malignancy and predicting survival outcome.

Most interesting, tumor contrast-enhancement patterns were

identified as a prognostic marker that could be used to stratify PFS

and OS only for patients with mutant IDH1, but not for patients

with wild type IDH1. Specifically, patients with mutant IDH1 with

nodular enhancement patterns had longer PFS and OS than those

with mutant IDH1 with patchy or ringlike enhancement patterns

(P � .022). Tumor contrast enhancement reflects the degree of

destruction of the blood-brain barrier, which is induced by tumor

cell invasion. Therefore, the tumor contrast-enhancement pat-

tern may be strongly associated with the biologic features of a

tumor. A small area of tumor enhancement (nodular pattern)

possibly indicates lower grade malignancy compared with a rela-

tively large area of tumor enhancement (patchy or ringlike pat-

tern), which explains the present findings. Why the tumor con-

trast-enhancement pattern plays a more important role in

predicting the survival of patients with AG with mutant IDH1

compared with those with wild-type IDH1 remains to be

investigated.

In addition, the extent of resection in the enhanced tumors

could be used to stratify PFS and OS for patients with mutant

IDH1—that is, patients with GTR had longer PFS and OS than

patients with �GTR; but this finding was not true for patients

with wild type IDH1. As discussed above, there was a higher rate of

ringlike enhancement pattern in the tumors of patients with mu-

tant IDH1. Compared with tumors with nodular or patchy en-

hancement patterns, tumors with ringlike enhancement patterns

had a relatively clear border on postcontrast T1-weighted images,

which might facilitate surgical resection of the tumor bulk. On the

other hand, IDH1 mutation is common in diffuse low-grade glio-

mas and is more common in younger patients; these findings

indicate less aggressive behavior and contribute to effective resec-

tion of most of the tumor in patients with mutant IDH1.

Our study has some limitations. First, we retrospectively en-

rolled patients from a single institution; therefore, the prognostic

role of tumor contrast-enhancement patterns and IDH1 muta-

tion requires confirmation by a prospective multicenter investi-

gation. Second, due to the limited number of patients and the

similar distribution of IDH1 mutation in the 3 anaplastic glioma

subtypes, we did not separate patients by pathology for further

discussion. Third, due to the relatively suboptimal timing of the

postoperative scans, the potential presence of granulation tissue is

a confounder in the MR imaging. The interval from contrast agent

administration to image acquisition could also have influenced

the level of enhancement. Although the study was carefully con-

trolled, a slight discrepancy in the interval between contrast injec-

tion and scanning may still have been present among individuals.

Future studies should investigate the association between the ra-

diologic characteristics and survival of patients with tumors with

other gene mutations.

CONCLUSIONS
We retrospectively reviewed 216 patients with AG and identified

IDH1 mutation as a significant prognostic factor. In this study, we

found that the tumor contrast-enhancement patterns were asso-
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ciated with the survival outcome of patients with mutant IDH1.

Our results imply that there may be a synergistic effect between

radiologic morphology and the genetic features of a tumor in

determining prognosis, and this effect should be considered in

future investigations.
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Glioma Angiogenesis and Perfusion Imaging: Understanding the
Relationship between Tumor Blood Volume and Leakiness with

Increasing Glioma Grade
R. Jain, B. Griffith, F. Alotaibi, D. Zagzag, H. Fine, J. Golfinos, and L. Schultz

ABSTRACT

BACKGROUND AND PURPOSE: The purpose of this study was to investigate imaging correlates to the changes occurring during angio-

genesis in gliomas. This was accomplished through in vivo assessment of vascular parameters (relative CBV and permeability surface-area

product) and their changing relationship with increasing glioma grade.

MATERIALS AND METHODS: Seventy-six patients with gliomas underwent preoperative perfusion CT and assessment of relative CBV

and permeability surface-area product. Regression analyses were performed to assess the rate of change between relative CBV and

permeability surface-area product and to test whether these differed for distinct glioma grades. The ratio of relative CBV to permeability

surface-area product was also computed and compared among glioma grades by using analysis of variance methods.

RESULTS: The rate of change in relative CBV with respect to permeability surface-area product was highest for grade II gliomas followed

by grade III and then grade IV (1.64 versus 0.91 versus 0.27, respectively). The difference in the rate of change was significant between grade

III and IV (P � .003) and showed a trend for grades II and IV (P � .098). Relative CBV/permeability surface-area product ratios were the

highest for grade II and lowest for grade IV. The pair-wise difference among all 3 groups was significant (P� .001).

CONCLUSIONS: There is an increase in relative CBV more than permeability surface-area product in lower grade gliomas, whereas in

grade III and especially grade IV gliomas, permeability surface-area product increases much more than relative CBV. The rate of change of

relative CBV with respect to permeability surface-area product and relative CBV/permeability surface-area product ratio can serve as an

imaging correlate to changes occurring at the tumor microvasculature level.

ABBREVIATIONS: Ktrans� forward transfer constant; PCT� perfusion CT; PS� permeability surface-area product; rCBV� relative CBV

Gliomas have a complex and heterogeneous vasculature, rely-

ing on angiogenesis to maintain an adequate blood supply.1,2

Development of in vivo imaging methods capable of providing

insight into this process is critical for better understanding of

tumor biology and, more important, the changes occurring at the

microvasculature level. Perfusion imaging is one noninvasive

method that can provide information about tumor vasculature.

Two of the most commonly measured vascular parameters by

using perfusion imaging are tumor blood volume and tumor vas-

cular leakiness. It has been shown that both tumor blood volume

and leakiness correlate with different aspects of vascular histol-

ogy3 and, hence, may change at different rates as the tumor trans-

forms to a higher grade.4 Tumor blood volume (cerebral blood

volume) is known to be a surrogate marker of microvascular at-

tenuation and, hence, total tumor vascularity.5-11 On the other

hand, permeability surface-area product (PS) is a measure of leak-

age of contrast agent from the intravascular to extravascular com-

partment and is a measure of the leakiness of tumor vasculature.

Another commonly stated parameter of vascular leakage is the

forward transfer constant (Ktrans); because blood flow is usually

very fast in high-grade leaky brain tumors, Ktrans approximates

PS.12 PS has been shown to correlate with microvascular cellular

proliferation and, therefore, may be a surrogate marker for angio-

genesis.3,13 Both of these parameters have also been shown to

correlate very well with glioma grading.3,4,12,14,15 Low-grade glio-

mas start recruiting native vessels by co-option.16-18 However,

with increasing tumor growth and grade, metabolic demand in-

creases, leading to tissue hypoxia, which, in turn, induces angio-

genesis.16,17,19-21 Angiogenesis is a multifactorial complex cas-

cade of structural changes in native vessels and neovessels, which
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is dependent on a number of pro- and antiangiogenic signaling

pathways and molecules, the balance of which is tilted to proan-

giogenesis by a number of factors including hypoxia.22-24

The purpose of this retrospective analysis was to show how

relative CBV (rCBV) and PS changes occurring in different World

Health Organization grades of gliomas can provide an insight into

the glioma angiogenesis and, hence, would support the histologic

knowledge base already available through an in vivo imaging

technique, such as perfusion imaging. We hypothesized that

rCBV and PS changes occur at different rates in different grades of

gliomas and that the ratio of rCBV/PS will replicate how the vas-

culature changes and the “angiogenic switch” occur at the micro-

vascular level, which are in response to overexpression of proan-

giogenic stimuli as the gliomas transform from a lower grade to a

higher grade neoplasm.

MATERIALS AND METHODS
Study Population
Our study is Health Insurance Portability and Accountability

Act– compliant, and approval was obtained from the institutional

review board. The first author had control of the data and all other

information being submitted for publication. Seventy-six treat-

ment-naïve patients with glioma who underwent perfusion CT

(PCT) were included in this study (44 men and 32 women with an

age range from 22 to 81 years; mean age, 53 years). Of those pa-

tients, 45 had World Health Organization grade IV, 18 had grade

III, and 13 had grade II gliomas proved by histopathology. PCT

was performed between 1 and 7 days before surgery (surgical re-

section, n � 54; biopsy, n � 22). Before the PCT was performed,

37.7% of the patients with grade IV and 27.7% of those with grade

III were on a stable dose of steroids. All lesions were confirmed

histologically according to World Health Organization criteria by

a board-certified neuropathologist who was blinded to the PCT

results. Subsets of this patient population have been published in

the past with a research focus not presented in the current

article.3,14,15

CT Perfusion Technique and Perfusion Map Analysis
The CT perfusion tracer kinetics theory has been described well in

multiple previous publications.12,25-29 A low-radiation-dose non-

contrast CT head study was performed to localize the ROI before

obtaining a perfusion scan. For the perfusion scan, 50 mL of non-

ionic contrast was injected at a rate of 4 –5 mL/s through an IV line

by using an automatic power injector. At 5 seconds into the injec-

tion, a cine (continuous) scan was initiated with the following

technique: 80 kV(peak), 100 –120 mA, and 1 second per rotation

for a duration of 50 seconds by using a 64-section CT scanner

(VCT; GE Healthcare, Milwaukee, Wisconsin). After the initial

50-second cine scan, 8 more axial images were acquired, 1 image

every 15 seconds for an additional 2 minutes, thus giving a total

acquisition time of 170 seconds to assess delayed permeability.12

Eight 5-mm-thick axial sections were acquired, resulting in a total

coverage area of 4 cm and a mean effective radiation dose of 2.8 –

3.5 mSv. The superior sagittal sinus was used as the venous output

function, and the artery with the greatest peak and slope on time-

attenuation curves, as the arterial input function. An ROI was

drawn within the confines of a large vessel, and the automatic

function of the software selects the pixels with greatest peak and

slope on the time-attenuation curve for analysis. Perfusion maps

of CBV and PS were generated by using a 2-compartment model

(Advantage Windows workstation by using CT perfusion 3.0 soft-

ware; GE Healthcare) in all patients by a neuroradiologist with at

least 9 years of experience. ROIs were drawn manually on the PCT

parametric maps, including the whole solid and enhancing lesion

on multiple axial images covering the whole lesion. We drew

ROIs, taking care to exclude necrotic/cystic parts or calcified por-

tions of the lesion and to avoid any major cortical vessels.3,14,15

Corresponding contrast-enhanced MR images were also reviewed

in detail to avoid any necrotic/cystic regions while placing ROIs. A

second ROI was placed over the normal-appearing white matter

in the contralateral cerebral hemisphere and opposite pole as far

away from the tumor as possible. Mean absolute values of PS and

rCBV obtained by using normal-appearing white matter as the

denominator in each case were used for final analysis.

Vascular Leakiness: Permeability Surface-Area Product
PS characterizes diffusion of the contrast agent from the intravas-

cular compartment into the interstitial/extravascular space due to

a deficient blood-brain barrier and is used as a means of quanti-

fying the “leakiness” of the vasculature.12 Permeability is related

to the diffusion coefficient of contrast agent in the assumed water-

filled pores of the capillary endothelium. The diffusion flux of

contrast agent across the capillary endothelium is dependent on

both the diffusion coefficient and total surface area of the pores.

PS is computed from the impulse residue function, which de-

creases exponentially with time.

In physiologic terms, PS is the rate at which contrast agent

flows into the extravascular tissues and has the same dimensions

as flow (milliliters/100 g/minute). It is related to another com-

monly stated parameter of vascular leakage, Ktrans, by the

following:

Ktrans 	 E 
 F,

where Ktrans is the transfer constant with, again, the same dimen-

sions as flow (unit commonly used, minute�1).12

Statistical Analysis
Correlations (Pearson correlation coefficients) between PS and

rCBV were computed for patients within each of the World

Health Organization glioma grades (II, III, and IV) to assess the

association between the 2 measures. These individual correlations

were then compared among the 3 groups of patients by using

methods developed for testing independent correlation coeffi-

cients to investigate any potential differences in associations.30

Beyond associations, we were interested in assessing a measure of

the rate of change of rCBV with respect to PS within each of 3

glioma groups. Regression methods were used to assess these rates

of change with a regression model computed for the each of the

glioma groups by using rCBV as the dependent variable and PS as

the independent model. Within the regression analyses, the

slopes, which are a measure of the rate of change, for the 3 glioma

groups were compared. In addition to the rate of change deter-

mined by regression methods, we considered the ratio of rCBV to

PS as a measure of the relationship between the 2 imaging mea-
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sures and a patient. This new measure was computed for each

patient by dividing the rCBV measures by PS. The differences in

these ratios for the 3 glioma groups were compared by using anal-

ysis of variance methods with pair-wise comparisons. All testing

was done at the .05 level. Data analyses were conducted by using

SAS, Version 9.2 (SAS Institute, Cary, North Carolina).

RESULTS
Correlation between rCBV and PS for Different Glioma
Grades
rCBV was positively correlated with the PS for all 3 glioma

groups (P � .05 for all, Table 1). The correlations were high for

grade II and III glioma groups (r � 0.71 and r � 0.822, respec-

tively) and moderate for the grade IV glioma group (r �

0.467). Comparisons of the correlations (associations) of PS

with rCBV between grade III and IV was significantly higher

than between grade II and III or grade II and grade IV. How-

ever, the differences in the correlations between grade II and

grades III and IV (Table 1) were not significant (P � .499 and

P � .279, respectively).

FIG 1. A–C, Scatterplots showing different rates of change of rCBV for PS with inset sketches showing how they correspond to different stages
of angiogenesis for glioma grades II, III, and IV, respectively. D, A combined scatterplot for all glioma grades showing different rates of change
of rCBV for PS. Inset sketches adapted with permission from Nat Rev Cancer 2003;3:401–10.

Table 1: Correlation with PS

Group

rCBV

No. Corr P Value
Grade II 13 0.710 .006
Grade III 18 0.822 �.001
Grade IV 45 0.467 .001
Comparisons II vs III, P� .499

II vs IV, P� .279
III vs IV, P� .029

Note:—Corr indicates correlation.

Table 2: Regression models
Group Regression Model for rCBVa

Grade II rCBV� 0.48
 2.21� PS
Grade III rCBV� 0.91
 1.32� PS
Grade IV rCBV� 2.59
 0.38� PS
a rCBV� Intercept
 Slope� PS.

Table 3: P Value for comparing intercepts and slopes among
glioma groups

Group
Comparison

rCBV

P Value for Intercept P Value for Slope
Grade II vs III .565 .423
Grade II vs IV .004 .095
Grade III vs IV �.001 .001
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Rate of Change of rCBV with Respect to PS
The rate of change (ie, slopes) of rCBV with respect to PS (Fig 1)

was highest for the grade II gliomas and lowest for the grade IV

gliomas, with grade III gliomas falling between the other 2. The

rate of change in rCBV with respect to PS was �2 for grade II

gliomas and �0.5 for grade IV gliomas (Table 2). The rate of

change of grade III gliomas was 1.3, and when we compared these

rates of change, the difference between grades III and IV was sig-

nificant (P � .001), while the difference between grades II and IV

showed a trend (P � .095). The difference in the rate of change

between grades II and III was not significant (P � .423) (Table 3).

rCBV/PS Ratios and Glioma Grade
As with the rate of change of rCBV with respect to PS, the average

rCBV/PS ratio was highest for grade II gliomas followed by grade

III and then grade IV gliomas (Fig 2). These averages ranged from

3.26 for grade II gliomas down to 1.41 for grade IV gliomas (Table

4). This linear decrease was significant between each adjacent gli-

oma group and between grade II and IV glioma groups (P � .001

for all).

DISCUSSION
In this study, we demonstrated the interplay between the 2 most

commonly measured tumor vascular imaging parameters (ie, tu-

mor blood volume [rCBV] and tumor vascular leakiness [PS])

and how this could help improve our understanding of tumor

angiogenesis and vascular phenotypes of different glioma grades.

We demonstrated that these 2 parameters are correlated but do

not necessarily increase in tandem with increasing glioma grade

(Fig 3) and, therefore, correlate with different aspects of tumor

vasculature and angiogenesis. Their relationship as assessed non-

invasively by imaging in the current study demonstrates that in

World Health Organization grade II gliomas, initially there is an

increase in rCBV more than PS, suggestive of increasing micro-

vascular density, but predominantly an increase in nonleaky ves-

sels, most likely due to vessel co-option and intussusception.

Whereas, in grade III and especially grade IV gliomas, PS increases

much more than rCBV, this suggests that the increasing number

of vessels now contains predominantly leaky vessels, which are

reflective of increased proangiogenic expression due to tumor

hypoxia. Grade III gliomas demonstrate an increase in both rCBV

and PS compared with grade II gliomas, and this probably repre-

sents a stage corresponding to “angiogenic switch,” in which

lower grade tumors cannot simply continue growing by recruiting

more native vessels and co-option and so also develop tissue hyp-

oxia, which turns on angiogenesis by increased expression of

proangiogenic stimuli and factors.

Interest in the concept of angiogenesis in tumor growth in-

creased in the early 1960s and has continued to expand during the

FIG 2. Bar chart showing the ratio of rCBV to PS (rCBV/PS).

FIG 3. World Health Organization grade III glioma. A, Representative postcontrast T1-weighted axial MR image shows a large solid tumor with
heterogeneous areas of enhancement. Corresponding CT perfusion CBV (B) and PS (C) maps showmarked heterogeneity in different segments
of the tumor (eg, ROI 5 shows markedly increased CBV) but not very high PS; and on the contrary, ROI 3 shows a marked increase of PS, but not
very high CBV. This case is an example of a markedly heterogeneous tumor (as seen on postcontrast MR images), and this markedly heteroge-
neous imaging appearance could be due to the underlying complexity of angiogenesis. Some of this heterogeneity could be explained by a very
complex interplay of CBV and PS, and these two parameters probably do not increase in perfect tandem.

Table 4: rCBV/PS ratio

Group No.

rCBV/PS

Mean SD

Grade II 13 3.26 0.98
Grade III 18 2.46 0.88
Grade IV 45 1.41 0.53
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past 5 decades, spearheaded by researchers such as Folkman1 and

Folkman et al.2 It has been shown convincingly that growth of

new capillary blood vessels or angiogenesis is required for growth

of solid tumors and metastasis.1,2,31-33 Tumor growth starts as an

avascular mass, especially in well-perfused tissues like brain and

lung.34,35 Tumor cells can grow along existing vessels without

invoking an angiogenic response. This process has been defined as

vessel co-option. Initial co-opted vessels undergo dramatic re-

gression as a host defense mechanism with tumor cell death in the

center of the tumor.16,17,20,36 However, the remaining tumor cells

are rescued by robust angiogenesis at the periphery of the tumor.

Angiogenesis has also been proposed to be required by in situ

tumors to convert from low metastatic activity or a quiescent

phenotype to an aggressive or invasive phenotype.37,38 This con-

version and acquisition of angiogenic properties have also been

referred to as “angiogenic switch.”39,40

Intussusceptive and sprouting angiogenesis are 2 known ma-

jor types of angiogenesis based on how the new vessels are

formed.41 Intussusceptive angiogenesis, also known as “splitting

angiogenesis,” involves formation of blood vessels by a splitting

process in which elements of interstitial tissues invade existing

vessels, forming transvascular tissue pillars that expand. This pro-

cess requires reorganization of existing endothelial cells and does

not rely on immediate endothelial proliferation or migration.

Sprouting angiogenesis is characterized by sprouts composed of

endothelial cells, which usually grow toward an angiogenic stim-

ulus such as vascular endothelial growth factor-A.42 Sprouting

angiogenesis can therefore add blood vessels to portions of tissues

previously devoid of blood vessels, particularly in response to tis-

sue hypoxia. It is probably difficult to differentiate these types of

angiogenesis apart from a very detailed and high-resolution his-

tologic assessment, and most likely these processes have a com-

plex relationship. However, it appears that sprouting angiogene-

sis is most likely associated with more immature and leaky

neovessels in response to tissue hypoxia and increased production

of vascular endothelial growth factor–related complexes.

This whole process of recruiting native vessels (co-option) to

the formation of neovessels (intussusceptive and sprouting angio-

genesis) is essential for tumor growth and can, in fact, occur as

gliomas transform from low to higher grades. Perfusion imaging

provides information about tumor vasculature noninvasively.

Two of the important vascular parameters assessed by in vivo

techniques include tumor blood volume and tumor vascular leak-

iness. Tumor blood volume has been shown to be a surrogate

marker of microvascular attenuation in various kinds of cancers

but is not able to differentiate native vessels and neovessels. Tu-

mor vascular leakiness, on the other hand, is a marker of predom-

inantly neovessels, which are leaky and immature and, therefore,

probably represent sites of active angiogenesis. It has been shown

to correlate with microvascular endothelial proliferation, in-

creased vascular endothelial growth factor expression,3 and also

proangiogenic gene expression.43 Tumor blood volume and leak-

iness measures are 2 different imaging parameters that have a

specific physiologic basis but result from a very complex multistep

process and, therefore to some degree, are interrelated.

One of the major limitations of the current study is its retro-

spective nature, apart from the small sample size, especially with

respect to grade II and III gliomas. A prospective study with a

larger sample size and ideally different histologic-grade tumor

specimens obtained from the same patient or multiple imaging

studies and tissue samples obtained with longitudinal analysis in

patients who show lower to higher grade malignant transforma-

tion (during multiple years of follow-up) will be needed to con-

firm our results and interpretation.

CONCLUSIONS
We have demonstrated that vascular changes and angiogenesis

occurring with increasing glioma grade can be evaluated nonin-

vasively by using in vivo perfusion imaging techniques. This find-

ing not only adds to our knowledge of angiogenesis but provides a

much deeper understanding of the physiologic basis of the com-

monly used vascular imaging parameters. It could make better

integration of these imaging parameters in routine clinical use

easier and, hence, take them another step closer to being potential

biomarkers, which would provide not only important diagnostic

and prognostic information but also useful predictive biomark-

ers, especially with the emergence of antiangiogenic therapy

regimens.
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ORIGINAL RESEARCH

ADULT BRAIN

Identification of the Corticobulbar Tracts of the Tongue and
Face Using Deterministic and Probabilistic DTI Fiber Tracking in

Patients with Brain Tumor
M. Jenabi, X K.K. Peck, X R.J. Young, N. Brennan, and X A.I. Holodny

ABSTRACT

BACKGROUND AND PURPOSE: The corticobulbar tract of the face and tongue, a critical white matter tract connecting the primary

motor cortex and the pons, is rarely detected by deterministic DTI fiber tractography. Detection becomes even more difficult in the

presence of a tumor. The purpose of this study was to compare identification of the corticobulbar tract by using deterministic and

probabilistic tractography in patients with brain tumor.

MATERIALS AND METHODS: Fifty patients with brain tumor who underwent DTI were studied. Deterministic tractography was per-

formed by using the fiber assignment by continuous tractography algorithm. Probabilistic tractography was performed by using a Monte

Carlo simulation method. ROIs were drawn of the face and tongue motor homunculi and the pons in both hemispheres.

RESULTS: In all subjects, fiber assignment by continuous tractography was ineffectual in visualizing the entire course of the corticobulbar

tract between the face and tonguemotor cortices and the pons on either side. However, probabilistic tractography successfully visualized

the corticobulbar tract from the face and tonguemotor cortices in all patients on both sides. No significant difference (P� .08) was found

between both sides in terms of the number of voxels or degree of connectivity. The fractional anisotropy of both the face and tonguewas

significantly lower on the tumor side (P � .03). When stratified by tumor type, primary-versus-metastatic tumors, no differences were

observed between tracts in terms of the fractional anisotropy and connectivity values (P� .5).

CONCLUSIONS: Probabilistic tractography successfully reconstructs the face- and tongue-associated corticobulbar tracts from the

lateral primary motor cortex to the pons in both hemispheres.

ABBREVIATIONS: CBT� corticobulbar tract; FA� fractional anisotropy; FACT� fiber assignment by continuous tractography

Precise localization of white matter fibers adjacent to brain tu-

mors, such as the corticospinal tracts, is important for presur-

gical planning to maximize resection of brain lesions and mini-

mize iatrogenic complications.1,2 Diffusion tensor imaging is a

rapidly growing technique to visualize the connectivity of white

matter networks insufficiently evaluated by other imaging modal-

ities.2-4 The DTI technique is based on the anisotropic diffusion of

water that preferentially occurs along the longitudinal axis of ax-

ons, which allows the delineation of white matter from the diffu-

sion patterns of water molecules.4,5

The DTI data can be reconstructed via tractography algo-

rithms to display the anatomic localization of the entire white

matter.4,6-13 The algorithms have been classified into 2 types: de-

terministic (streamline) and probabilistic. The fiber assignment

by continuous tractography (FACT) algorithm is a popular deter-

ministic method in which the propagation of tracking is primarily

determined by the principal eigenvector of fractional anisotropy

(FA) of each voxel. The measurement of FA is highly dependent

on the distributions and intactness of axonal membranes and my-

elin. However, FACT is unable to solve fiber-crossing problems.

The FA decreases in axonal regions with complex architecture due

to crossing fibers, intricate branching configurations, and modi-

fied tissue organization due to nearby tumors.1,3,12,14 One

method to overcome these problems is the probabilistic tracking

algorithms.6,9 The probabilistic approach considers multiple fiber

connectivity from large numbers of potential pathways to gener-

ate a connectivity map with the most probable connected voxels

between seed points.

Visualizing the corticobulbar tract (CBT) associated with the
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face and tongue by using FACT is a special challenge because of

the relatively small size of the CBT and the presence of prominent

crossing fibers—the longitudinal fasciculus.4,6,8 The CBT forms

part of the descending pyramidal tract, in conjunction with the

corticospinal tract. It originates from the primary motor cortex

and descends through the corona radiata and internal capsule into

the cerebral peduncles. The CBT then innervates the motor cra-

nial nerve nuclei in the brain stem to control the muscles of the

face, head, and neck. Studies based on single tensor deterministic

tractography have failed to identify the CBT fibers associated with

the face and tongue.12,15-18 There have been a few, relatively so-

phisticated, high-angular-resolution diffusion imaging– based

multitensor techniques with some success in extracting fibers

from wider areas of the primary motor cortex, including the face

and tongue areas15,17,18; however, high-angular-resolution diffu-

sion imaging– based techniques have not been applied to large

cohorts of patients with brain tumors. Multitensor techniques

also require long acquisition times, which are a limiting factor in

patients with brain tumors and neurologic deficits.

The purpose of this study was to compare the detection of the

CBT fibers associated with the face and tongue by using both

deterministic and probabilistic tractography in patients with

brain tumors. Given that the probabilistic approach allows the

visualization of a distribution of multiple fiber connectivity, we

hypothesized that probabilistic tractography will outperform de-

terministic tractography.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the local institutional

review board. Fifty consecutive patients 7– 80 years of age (20

males; mean age, 56.2 years; 30 females, mean age, 57.1 years),

with single unilateral tumors, who underwent DTI as part of their

standard of care during a 12-month period were studied. DTI was

performed whenever the margin of the enhancing tumor or peri-

tumoral FLAIR/T2 abnormality or both were within 2 cm of the

face and/or tongue motor cortex and/or descending CBT on an-

atomic images. In none of the cases did the tumor (defined as

abnormal enhancement or abnormal findings on FLAIR/T2) in-

volve the contralateral side. The tumors consisted of glioblas-

tomas (n � 17), metastases (n � 19), astrocytomas (n � 6), ana-

plastic astrocytomas (n � 3), oligoastrocytomas (n � 3),

oligodendroglioma (n � 1), and hemangiopericytoma (n � 1).

Among the 50 patients, only 6 received treatments before DTI.

Five had chemotherapy and radiation therapy, and 1 had chemo-

therapy only.

MR Imaging Acquisition and Analysis
DTI was performed on 3T magnets (Signa Excite, Signa HDx, and

Discovery 750HD; GE Healthcare, Milwaukee, Wisconsin) by us-

ing an 8-channel head coil. Data were acquired by using a single-

shot spin-echo echo-planar imaging sequence (TR/TE � 11,000

and 13,500/60 and 100 ms, matrix � 128 � 128 mm, section

thickness � 3 mm, b-value � 1000 s/mm2, FOV � 240 mm,

in-plane resolution � 1.8 � 1.8 � 3 mm with 25 noncollinear

gradient directions). Head motion and eddy current corrections

were applied to minimize artifacts; DTI&FiberTools (University

Hospital, Freiburg, Germany) DTI analysis software imple-

mented in Matlab (MathWorks, Natick, Massachusetts), was used

to analyze DTI data. Routine anatomic images including axial 3D

T1-weighted images by using a spoiled gradient-recalled-echo se-

quence (TR/TE � 22/4 ms, matrix � 256 � 256, flip

angle � 30°, section thickness � 1.5 mm, FOV � 240 mm), T2-

weighted images (TR/TE � 4000 ms/minimum full), and fluid-

attenuated inversion recovery images (TR/TE � 6000/140 ms,

matrix � 256 � 256, section thickness � 1 mm, FOV � 240 mm)

were obtained.

ROIs for CBT
The ROIs (mean number of voxels in the ROI � 28 � 9) were

manually drawn under the direct supervision of a board-certified

radiologist holding a Certificate of Added Qualification in Neu-

roradiology on the B0 images after inspection of the anatomic

images, FA maps, and color FA maps. First, the “hand knob” of

the primary motor cortex was identified.19 Next, an ROI for the

face was placed in the primary motor cortex lateral to the hand

knob in the axial and sagittal planes.16,19,20 The ROI for the

tongue was then placed at the lowermost portion of the primary

motor cortex just above the Sylvian fissure in the sagittal

plane.16,18 The ROI for the pons was placed at the ventral part of

the midpons through which the CBT travels, as manifested by 2

symmetric blue circles on the color FA maps to represent de-

scending tracts.19 Anatomic images in the sagittal, coronal, and

axial planes were used to confirm the final ROIs. The same seed

ROIs were used for both deterministic and probabilistic tractog-

raphy (Fig 1).

Deterministic Tractography
Deterministic tractography was performed by using the FACT4

algorithm implemented in DTI&FiberTools. Whole-brain white

matter masks were estimated and reconstructed by applying 2

thresholds to control the tracking area and minimize unwanted

noise: a start and a stop mask. The start mask was set to FA � 0.25,

and mean diffusivity � 1.6 � 10�3 mm2/s, and the stop mask was

set to FA � 0.1 and mean diffusivity � 2 � 10�3 mm2/s. The

maximum curvature of the tract was set to 60°. The whole-brain

mask was then used to extract specific tracts between individual

motor ROIs and the pons for each subject.

Probabilistic Tractography
Probabilistic tractography was performed by using DTI&Fiber-

Tools in an extended Monte Carlo simulation method similar to

the probabilistic index of connectivity method.6,7 Tracking areas

were defined as regions with mean diffusivity � 2 � 10�3 mm2

and FA � 0.1. The number of random walks was set to 100,000,

and the maximum fiber length, to 150 voxels with no revisit-

ing.7,11 The tracts were reconstructed by extraction of the most

probable connected voxels between 2 ROIs. First, the visiting

connectivity maps were generated for each ROI.7 For each vis-

iting map, the frequency of a voxel reflects the degree of con-

nectivity to the ROI. Second, the visiting maps from the 2 ROIs

were combined to create a probability connectivity map that

contains all voxels connecting to both ROIs. The probabilistic

connectivity map represents the voxels with the highest likeli-

hood of connecting any 2 selected ROIs. Visiting maps gener-
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ated from the motor ROIs were separately combined with vis-

iting maps from the pons ROI to produce 4 “probabilistic

connectivity maps” for each subject, named as the following

probabilistic connectivity maps: face ipsilateral to tumor, face

contralateral to tumor, tongue ipsilateral to tumor, and tongue

contralateral to tumor.

Quantification of Probabilistic Connectivity
Within the connectivity probabilistic maps, the voxels with the

most connectivity were extracted by generating histograms of the

connectivity between seed regions and applying a threshold

(0.001– 0.5) to define the areas of highest connectivity.11 The

number of voxels was then determined by counting voxels within

each probabilistic connectivity map and normalizing them to the

sum of their corresponding ROIs as shown below:

Number of Voxels 	 Number of all Counted Voxels

in each Connectivity Map/(Motor ROI � Pons ROI).

The degree of connectivity of the probabilistic map or PIBI

(probability index of forming part of the bundle of interest)7 pro-

vides a measure of the strength of tract connectivity. It represents

the probability that a voxel belongs to the white matter pathway

connecting both ROIs.7 For each map, the mean value of the PIBI

has been used to determine the degree of connectivity.

Volumetric Measurements
An averaged FA value of each probabilistic connectivity map was

measured on the tumor and contralateral sides of each patient.

The enhancing tumor was manually segmented on the contrast

T1-weighted images by a neuroradiologist (with �10 years of

experience) and transferred to the FA and B0 maps. The volume

of the enhancing tumor and volumes of the connectivity maps

were used to generate 3D volume-rendering images. Determina-

tions of possible displacement (deviation of the tract route) and

disruption (P � .05; �95% decrease in the tract volume or inter-

ruption of tract route) were made by comparing the connectivity

map on the tumor side with that of the normal side.

Statistical Analysis
Patients were stratified into 2 groups according to tumor distance

from the primary motor cortex and/or CBT based on anatomic

images. The margin of the enhancing tumor and/or peritumoral

FLAIR/T2 abnormality (n � 23, �1 cm and n � 27, �1 cm and

�2 cm; �1 cm versus �1 cm and �2 cm) comparisons were

made for the number of voxels, degree of connectivity, and the FA

value of each connectivity map for both sides within each patient

and across patients by using groups consisting of tumor and con-

tralateral sides. Comparisons were also made between primary

and secondary tumor types, to examine the differences from

which possible infiltrative growth patterns are known to occur in

primary tumors. The data were analyzed by using independent

paired t tests with statistical significance set at P � .05.

RESULTS
Deterministic Tractography
The entire course of the CBT between the face motor area and

the pons or between the tongue motor area and the pons was

not identified by using FACT tractography in any case on ei-

ther the tumor or ipsilateral side. Instead, FACT tractography

consistently terminated in regions adjacent to the tumor

and/or areas with peritumoral abnormality with low FA

(�0.25) as denoted by orange arrows (Fig 2A). Tracts from

seeds placed in the primary motor cortex (terminated before

the internal capsule) and tracts from seeds placed in the pons

traveled through the internal capsules and terminated at the

level of the corona radiata before the expected lateral curves

toward the face and tongue seeds (Fig 2A).

Probabilistic Tractography
On the other hand, probabilistic tractography successfully iden-

tified the CBT pathways from the face and tongue motor to the

pons in all patients on both tumor and normal sides. The results of

probabilistic tractography for 2 patients with tumor on different

sides are shown in Fig 2B, -C.

Patients with Tumors Located Less Than 1 Centimeter
from the Anatomic Location of the Corticobulbar Tract
Within patients, although the tumor side trended toward an in-

creased mean number of voxels (face, 
16% and tongue, 
2%)

and mean connectivity values (face, 
15% and tongue, 
15%),

as summarized in Table 1, no significant differences were ob-

served between the tumor and normal sides in the number of

FIG 1. The location of ROIs for 1 patient with a right-handed tumor: Four seed ROIs in the precentral gyrus (primary motor cortex) of both
hemispheres at the level of tongue and face homunculus and another in the pons were selected. Face and tongue ROIs are located in the
ipsilateral and contralateral primary motor cortex associated with the face and tongue, respectively. The ipsilateral or contralateral sides
are in reference to the location of the tumor.
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voxels or degree of connectivity along

each connectivity map (P � .13). For

each patient, the tumor side showed sig-

nificantly lower FA values of the proba-

bility maps of both face and tongue

compared with the ipsilateral side (P �

.001 and P � .003, respectively). The

mean FA value across patients was also

lower on the tumor side (face, �11%

and tongue, �11%), as summarized in

Table 1.

Patients with Tumors Located
More Than 1 Centimeter and Equal
to or Less Than 2 Centimeters from
the Anatomic Location of the
Corticobulbar Tract
Across patients, the tumor side showed a

trend toward increased mean voxel

number (face, 
26% and tongue, 
7%)

(Table 2) and face connectivity values

(
23%), but decreased tongue connec-

tivity values (�6%) (Table 2); however,

these differences were not significant

(P � .08). In addition, the probabilistic

connectivity map of the face and tongue

on the tumor side had lower mean FA

values of the connectivity maps (face,

P � .03, and tongue, P � .016) (Table 2).

Types of Tumors
When tumor type was stratified as pri-

mary tumors (n � 31) versus secondary

tumors (n � 19), no significant differ-

ences were observed among tracts in

terms of the mean FA (P � .6), number

of voxels (P � .2), or connectivity values

(P � .1) (On-line Table).

Clinical Visualization
Visual inspection showed continuous

connectivity maps for the face and

tongue motor tracts from the primary

FIG 2. FACT and probabilistic fiber tractography results obtained from 2 patients: 1) a 56-year-old
man with glioblastoma, and 2) a 63-year-old woman with brain metastasis (adenoid cystic carci-
noma), A, The FACT algorithm was not capable of extracting fibers between the pons and face
motor or pons and tongue motor. The FACT tracts were not continuous in areas where the CBT
crosses the much more prominent superior longitudinal fasciculus (orange arrow). B, The prob-
abilistic method was successful in identifying the CBT pathways from the face and tonguemotor
areas to the pons. C, The probabilistic connectivity of the face and tongue at the level of internal
capsule. Colors represent the degree of connectivity: from 0.001 in blue to 0.5 in red.

Table 1: Data for patients with tumor<1 cm from the corticobulbar tract

Averaged over
Subjects� SD

Connectivity Map of Face Motor Connectivity Map of Tongue Motor

Tumor Nontumor P Value % Change Tumor Nontumor P Value % Change
No. of voxels 10.8555� 4.3837 9.3350� 2.9498 .1300 
16% 12.0866� 5.8446 11.8514� 4.3694 .8500 
2%
Degree of connectivity 0.6768� 0.3906 0.5884� 0.3662 .3500 
15% 0.6367� 0.347 0.6357� 0.349 .9900 
0.15%
FA value 0.4615� 0.0664 0.5211� 0.0352 .0000 �11% 0.4557� 0.0701 0.5104� 0.045 .0003 �11%

Table 2: Data for patients with tumor>1 cm from the corticobulbar tract

Averaged over
Subjects� SD

Connectivity Map of Face Motor Connectivity Map of Tongue Motor

Tumor Nontumor P Value % Change Tumor Nontumor P Value % Change
No. of voxels 10.9157� 4.7361 8.6965� 3.3798 .0800 
26% 13.6748� 7.1344 12.7478� 6.8817 .3900 
7%
Degree of connectivity 0.59� 0.4437 0.4799� 0.2992 .3200 
23% 0.6267� 0.3798 0.6645� 0.3687 .6400 �6%
FA value 0.4924� 0.0567 0.5191� 0.0338 .0296 �5% 0.4765� 0.0650 0.5118� 0.0537 .0158 �7%
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motor cortex to the pons. Separate pathways originating from

face and tongue seeds consistently converged at the level of the

internal capsule with decreasing connectivity values. Tumors

along the path of the probabilistic maps resulted in mass effect

and deflection of the maps, which appeared to wrap around the

tumor, but remained continuous (Fig 3).

DISCUSSION
We demonstrate that the probabilistic tractography method of

analysis of DTI data can successfully identify the CBT pathways

from the face and tongue regions of the primary motor cortex to

the pons in patients with brain tumors. This method is in contrast

to deterministic tractography, in which the CBT pathways could

not be identified, even on the side contralateral to the tumor. Our

results suggest that probabilistic tractography can be used to

visualize the CBT pathways, to guide neurosurgical planning,

and to minimize the risk of white matter damage during the

operation.

Preliminary effort to visualize the CBT motor pathways of the

face and tongue has been described by a few groups, but their

results were limited by the number of subjects studied. Akter et

al17 used multitensor tractography to detect face and tongue mo-

tor pathways in 5 healthy adults, but their techniques required

complicated data processing and a longer postprocessing time

compared with the usual single tensor tractography. A multiten-

sor tractography study with high-angular-resolution diffusion

imaging by Yamada et al18 depicted face and tongue motor path-

ways; however, the CBT tracts of the face were identified in only

70% of their patients. Another study15 described 2-tensor tractog-

raphy as the preferred method for detecting hand and face fibers

compared with single-tensor and probabilistic tractography in 2

controls and 1 patient. Kreher et al7 showed that probabilistic

fiber tracking could extract fibers of the entire motor cortex; how-

ever, they only demonstrated this in control adults and not in

patients with tumors. In this study, we compared the ability of

both the deterministic FACT and the probabilistic fiber tracking

methods to extract CBT pathways associated with face and tongue

motor in 50 patients with brain tumor.

In addition, we also compared the re-

sults on the basis of the distance between

the tumor margin and motor cortex.

We found that the number of vox-

els, a measure of the volume of the

probabilistic map of connectivity, was

increased on the side of the tumor (Ta-

bles 1 and 2). We postulate that this

increase in volume was due to deflec-

tion and stretching of the CBTs by

mass effect from the tumors and peri-

tumoral abnormalities. Similar results

have been described by Yeh et al,1 who

described altered morphology of the

corticospinal tract with stretching of

the tracts at the internal capsule. This

deflection of the CBT was seen near

the tumor in all cases.
The mean degree of connectivity of

probabilistic maps was also slightly

(15%) increased on the tumor side (Tables 1 and 2). Although this

increase was not significant, it may be because of compression of

the CBT due to mass effect, with subsequent increased fiber atten-

uation at tractography as discussed by Young et al.21 Similar to

that in other groups,1-4 FA was decreased in tracts associated with

brain tumors. This decrease in FA or increase in the degree of

connectivity is a primary limitation of tractography techniques,

which become less accurate due to uncertainties in determining

the principal directionality of each voxel. The increases in the

number of voxels occurred despite the decreased FA values; this

finding suggests that probabilistic tractography may be reliable in

visualizing important white matter tracts affected by brain

tumors.

Visualization of the normal CBT pathways for the face and

tongue shows a descending course from the lateral portions of the

primary motor cortex into the medial portions of the pons. This is

consistent with previous anatomic probabilistic tractography

studies that demonstrated alterations in the orientation of the

descending motor fibers.15,16 In particular, a study by Pan et al16

showed that the CBT fibers either cross or have crossed medial to

the CST fibers at the level of the posterior limb of the internal

capsule. These descending medial courses were also visible on the

tumor sides, though there were additional deflections caused by

tumor and peritumoral abnormalities.

This study may have the following limitations. First, we

relied on anatomic markers for placing the seed ROIs for the

face and tongue in the primary motor cortex. Although seed

ROIs drawn from voxels activated by functional MR imaging

can provide optimal localization of the correct locations, these

data were not available in our retrospective cohort. Second, the

probabilistic approach can sometimes introduce uncertainties,

especially when measuring characteristics of the fiber bundle

such as the length and degree of deflection by using the prob-

abilistic map of connectivity of the face and tongue on the

tumor side.7

FIG 3. Probabilistic-versus-FACT tractography of 2 patients. A, A 69-year-old man with glioblas-
toma located �1 cm from the CBT. B, A 67-year-old woman with brain metastasis from lung
carcinoma located �1 and �2 cm from the CBT. First row: probabilistic tractography results of
the connectivity maps of the face and tongue motor areas. respectively. Second row: probabi-
listic-versus-FACT tractography. Probabilistic connectivity is shown as multicolored maps, and
FACT is shown as green fiber projections. The FACT tract discontinuation is visible. Colors repre-
sent the degree of connectivity, from 0.001 in blue to 0.5 in red.
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CONCLUSIONS
Probabilistic tractography can successfully visualize the face- and

tongue-associated CBT pathways in patients with brain tumors.

By contrast, deterministic tractography was not successful in re-

constructing the CBT on the tumor or contralateral sides. Proba-

bilistic tractography may be useful to guide preoperative planning

for patients with brain tumors affecting or adjacent to the CBT.
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Hyperintense Vessels on T2-PROPELLER-FLAIR in Patients with
AcuteMCA Stroke: Prediction of Arterial Stenosis and

Perfusion Abnormality
S.J. Ahn, X S.H. Suh, K.-Y. Lee, J.H. Kim, K.-D. Seo, and S. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Fluid-attenuated inversion recovery hyperintense vessels in stroke represent leptomeningeal collateral

flow. We presumed that FLAIR hyperintense vessels would be more closely associated with arterial stenosis and perfusion abnormality in

ischemic stroke on T2-PROPELLER-FLAIR than on T2-FLAIR.

MATERIALS AND METHODS: We retrospectively reviewed 35 patients with middle cerebral territorial infarction who underwent MR

imaging. FLAIR hyperintense vessel scores were graded according to the number of segments with FLAIR hyperintense vessels in the MCA

ASPECTS areas. We compared the predictability of FLAIR hyperintense vessels between T2-PROPELLER-FLAIR and T2-FLAIR for large-

artery stenosis. The interagreement between perfusion abnormality and FLAIR hyperintense vessels was assessed. In subgroup analysis (9

patientswithMCAhorizontal segment occlusion), the association of FLAIR hyperintense vessels with ischemic lesion volume and perfusion

abnormality volume was evaluated.

RESULTS: FLAIR hyperintense vessel scores were significantly higher on T2-PROPELLER-FLAIR than on T2-FLAIR (3.50� 2.79 versus 1.21�

1.47, P � .01), and the sensitivity for large-artery stenosis was significantly improved on T2-PROPELLER-FLAIR (93% versus 68%, P � .03).

FLAIR hyperintense vessels on T2-PROPELLER-FLAIR were more closely associated with perfusion abnormalities than they were on

T2-FLAIR (� � 0.64 and � � 0.27, respectively). In subgroup analysis, FLAIR hyperintense vessels were positively correlated with ischemic

lesion volume on T2-FLAIR, while the mismatch of FLAIR hyperintense vessels between the 2 sequences was negatively correlated with

ischemic lesion volume (P� .01).

CONCLUSIONS: In MCA stroke, FLAIR hyperintense vessels were more prominent on T2-PROPELLER-FLAIR compared with T2-FLAIR. In

addition, FLAIR hyperintense vessels on T2-PROPELLER-FLAIR have a significantly higher sensitivity for predicting large-artery stenosis than

they do on T2-FLAIR. Moreover, the areas showing FLAIR hyperintense vessels on T2-PROPELLER-FLAIR were more closely associated with

perfusion abnormality than those on T2-FLAIR.

ABBREVIATIONS: FHV� FLAIR hyperintense vessel; GRE� gradient-echo; Tmax� time-to-maximum

FLAIR hyperintense vessels (FHVs) are frequently encountered

in acute ischemic stroke. Two types of FHVs, proximal and

distal, have different clinical implications.1 Proximal FHVs,

which are frequently observed proximal to or within the Sylvian

fissure, can be used as a marker for arterial occlusion and are

presumably the result of the thrombus or slow collateral flow.2-4

Distal FHVs, which are present distal to the Sylvian fissure, may

indicate collateral flow and salvageable brain parenchyma in acute

stroke; angiography reveals that they are more related to retro-

grade collateral flow from arteries unaffected by occlusion.1,5 Re-

cently, distal FHVs have been studied more due to their clinical

importance.6,7

Technically, in the setting of normal hemodynamics, the

blood vessels show dark signal intensity on spin-echo sequences

such as FLAIR because of the dephasing effect from mixed spin-

echoes and stimulated echoes, as well as the disrupted spin-echo

mechanism due to through-plane blood motion. The retrograde

slow flow results in the loss of this flow void phenomenon, and

vessels appear hyperintense against the dark CSF background.8-10

The PROPELLER technique has been implemented with conven-

tional MR images to reduce motion-induced artifacts and increase
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image quality.11-13 The PROPELLER technique may affect hyperin-

tense vessels on T2-FLAIR.

We hypothesized that FHVs are assessed better on

T2-PROPELLER-FLAIR than on T2-FLAIR and that FHVs are

more closely associated with arterial stenosis and perfusion

abnormality in ischemic stroke on T2-PROPELLER-FLAIR

than on T2-FLAIR.

MATERIALS AND METHODS
Patients
We retrospectively screened consecutive patients who presented

to our tertiary referral medical center. We included patients with

acute middle cerebral artery territory ischemic stroke within 1

week of symptom onset. They underwent advanced MR imaging.

All of the patients included in the study showed restricted diffu-

sion in the MCA territory on diffusion-weighted imaging. We

excluded patients with transient ischemic attack, multiple infarc-

tions other than in MCA territories, or lacunar infarction. Our

institutional review board approved this retrospective study.

MR Imaging Protocols
Patients were imaged with a 3T MR imaging unit (Discovery

MR750; GE Healthcare, Milwaukee, Wisconsin). Our advanced

MR imaging protocol for acute stroke included DWI, T2-FLAIR,

T2-PROPELLER-FLAIR, gradient-echo (GRE), bolus-tracking

perfusion-weighted imaging, intracranial and extracranial con-

trast-enhanced MR angiography, and intracranial time-of-flight

MRA. FLAIR images were acquired with following parameters:

TR/TE � 12,000/140 ms; TI � 2500 ms; flip angle � 110°; section

thickness � 4 mm; gap � 1 mm; FOV � 210 � 210 mm; matrix �

352 � 353; and 30 contiguous sections for a total acquisition of 3

minutes 20 seconds. PROPELLER-T2-FLAIR images were also

acquired with commercially available 2D sequences: TR/TE �

8800/120 ms; TI � 2200 ms; flip angle � 142°; and they matched

resolution with T2-FLAIR. Total acquisition time for T2-

PROPELLER-FLAIR was 3 minutes 30 seconds.

Image Analysis
Two readers independently assessed either T2-FLAIR or T2-

PROPELLER-FLAIR. The first review of images was randomly

selected by the study coordinator; the remainder of the sequences

were reviewed 1 week later. The reviewers were blinded to clinical

history and imaging sequences and assessed FHVs and parenchy-

mal ischemic lesions on both sequences.

To compare FHVs on both sequences, we used FHV scores,

modifying a previous method.6 In brief, images were scored from

zero to 7 points by counting the number of MCA-Alberta Stroke

Program Early CT Score territories in which FHVs were present.14

FHVs were counted when they appeared as linear or serpentine

hyperintensities corresponding to a typical arterial course on at

least 2 consecutive axial sections. The MCA ASPECTS territories

are composed of 7 territories: I and M1–M3 at the level of the basal

ganglia and M4 –M6 at the level of the ventricles immediately

above the basal ganglia. I represents the insular ribbon. M1 rep-

resents the anterior MCA cortex corresponding to the frontal

operculum, M2 represents the MCA cortex lateral to the insular

ribbon corresponding to the anterior temporal lobe, and M3 rep-

resents the posterior MCA cortex corresponding to the posterior

temporal lobe. M4, M5, and M6 represent the anterior, lateral,

and posterior MCA territories immediately superior to M1, M2,

and M3, respectively.

To compare the parenchymal ischemic lesions on both se-

quences, we calculated the contrast-to-noise ratio between the

parenchymal ischemic lesion and adjacent white matter. The

contrast-to-noise ratio was defined as (SIlesion � SIWM)/SDn,

where SDn is the SD of background noise. Signal intensities

(SIs) of the lesion and WM were assessed by circular ROI mea-

surements (area � 20 mm2), which were placed identically on

both sequences. For qualitative assessment, 2 readers recorded

parenchymal ischemic lesions while evaluating FHVs. The di-

agnostic sensitivity for parenchymal ischemic lesions of both

sequences was calculated. The stan-

dard reference was DWI.

A third experienced reader gauged

the time-to-maximum (Tmax) map of

PWI with the same scoring system. A

Tmax map was generated by using per-

fusion-processing software (Func-

Tool; GE Healthcare). The number of

MCA-ASPECTS territories with de-

layed perfusion was counted in-

stead of the FHVs. The ischemic lesion

volume and perfusion abnormality

Table 1: Characteristics and MRA findings of study patientsa

Features

No. of patients 35
Age (yr) (mean) 65.1
Female sex 12/35 (34)
Hypertension 15/35 (42)
Diabetes mellitus 11/35 (31)
Median time interval from symptom
onset to MRI (hr) (IQR)

23.4 (9.62–57.5)

MRA findings
Large-artery stenosis or occlusionb 28/35 (80)
MCA horizontal segment 12 (34)
MCA insular segment 5 (15)
MCA cortical segment 1 (3)
Distal ICA 3 (8)
Proximal ICA 7 (20)
Negative 7 (20)

Note:—IQR indicates interquartile range.
a Unless otherwise specified, data are the number of patients, with percentages in

parentheses.
b Represents�50% stenosis or occlusion of the large artery.

Table 2: Comparison of FHVs and parenchymal ischemic lesions between T2-FLAIR and
T2-PROPELLER-FLAIRa

T2-FLAIR T2-PROPELLER-FLAIR P Value
FHVs
FHV score 1.21� 1.47 3.50� 2.79 �.01
Parenchymal ischemic
lesions
CNR 20.93� 8.61 8.43� 3.51 �.01
Sensitivityb 148/153 (96.7) 149/153 (97.4) 1.00

Note:—CNR indicates contrast-to-noise ratio: (SIlesion� SIWM) / SDn.
a FHV scores were defined by counting the number of MCA-ASPECTS territories in which FHVs were present.
b Sensitivity for the detection of acute and old ischemic lesions. Data are the number of ischemic lesions and

percentages.
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volume were also measured by using DWI and the Tmax map,

respectively, with the reader blinded to the FHV scores.

DICOM formats of DWI and the Tmax map were imported into

ImageJ software (National Institutes of Health, Bethesda,

Maryland) by using a measurement stack plug-in to calculate

volumes. ROIs were drawn along the borders of the high-signal

area on DWI and the delayed perfusion area on the Tmax map,

compared with the contralateral area of each section. The ar-

terial stenotic lesion was determined by MRA in conjunction

with DWI, Tmax, T2-FLAIR, and T2-PROPELLER-FLAIR.

Statistical Analysis
FHV scores and contrast-to-noise ratios for ischemic lesions be-

tween T2-FLAIR and T2-PROPELLER-FLAIR were compared by

using a paired Student t test. The diagnostic sensitivities for pa-

renchymal ischemic lesions were compared using the McNemar

test. The interobserver agreement between the 2 readers was eval-

uated with � statistics.

The sensitivity and specificity of T2-FLAIR and T2-PROPELLER-

FLAIR for predicting large-artery stenosis (�50%) and occlusion

were also compared by using the McNemar test. The interagree-

ment between both sequences and perfusion abnormality was as-

sessed by � statistics.

For the correlation with ischemic lesion volume and perfusion

abnormality volume, subgroup analysis was performed. Due to

the homogeneity of the occlusion site and the degree of stenosis,

only 9 patients with horizontal segment occlusion were included.

Spearman correlation analysis was used to explore the relation-

ship among the FHV score on T2-FLAIR, FHV score on T2-

PROPELLER-FLAIR, FHV mismatch, initial ischemic lesion vol-

ume, and initial perfusion abnormality volume. FHV mismatch

was calculated by (FHV scores on T2-PROPELLER-FLAIR �

FHV scores on T2-FLAIR) / FHV scores on T2-PROPELLER-

FLAIR. Statistical analysis was performed by using commercial

software (MedCalc, Version 10.1.2.0; MedCalc Software, Mari-

akerke, Belgium). A P value � .05 was statistically significant.

RESULTS
Thirty-five patients fulfilled the inclusion criteria (Table 1). The

mean age was 65.1 years, and 34% of patients were women. The

median time from symptom onset to MR imaging was 23.4 hours

(interquartile range, 9.62–57.5 hours). Large-artery stenosis

(�50%) or occlusion was seen in 28/35 patients (80%) in the

following areas: the MCA horizontal segment (12/35, 34%), the

MCA insular segment (5/35, 15%), the MCA cortical segment

(1/35, 3%), the distal internal carotid artery (3/35, 8%), and the

proximal ICA (7/35, 20%). Mild stenosis or negative findings

were observed in 7/35 patients (20%).

The FHV score of T2-PROPELLER-FLAIR was significantly

higher than that of T2-FLAIR in patients with acute MCA terri-

tory infarction (3.50 � 2.79 versus 1.21 � 1.47, P � .01, Table 2).

The contrast-to-noise ratio between parenchymal ischemic le-

sions and adjacent WM on T2-PROPELLER-FLAIR was signifi-

cantly lower than that on T2-FLAIR (8.43 � 3.51 versus 20.93 �

8.61, P � .01). However, the diagnostic sensitivity for parenchy-

mal ischemic lesions on both sequences was not significantly dif-

ferent (P � 1.00). Of 153 ischemic lesions, 148 ischemic lesions

(96.7%) were detected on T2- FLAIR. Meanwhile, of 153 ischemic

lesions, 149 (97.4%) were detected on T2-PROPELLR-FLAIR.

The interobserver agreement between the 2 readers assessing

FHVs and parenchymal lesions for T2-FLAIR and T2-PROPEL-

LER-FLAIR was excellent (� � 0.83 and 0.87 for the FHV score,

� � 0.98 and 0.98 for parenchymal ischemic lesions).

The FHVs were most frequently present in the Sylvian fissure

on T2-FLAIR (16/35, 45%, Fig 1). FHVs were also seen in M5

(6/35, 17%), M2, M3, M4 (5/35, 14% for each), M6 (4/35, 11%),

and M1 (1/35, 3%). The FHVs were most frequently present in the

Sylvian fissure and M2 on the T2-PROPELLER-FLAIR (20/35,

57% for each); FHVs were seen less frequently in M3 and M6

(19/35, 54% for each), M4 (16/35, 46%), M5 (15/35, 43%), and

M1 (12/35, 34%). Perfusion abnormalities were observed in M5

(20/35, 57%), M2 (19/35, 54%), M3 (19/35, 54%), M6 (18/35,

51%), M4 (13/35, 37%), the Sylvian fissure (11/35, 31%), and M1

(10/35, 28%).

FHVs were depicted in 19/35 patients (54%) on T2-FLAIR and

in 26/35 patients (74%) on T2-PROPELLER-FLAIR. The sensi-

tivity of T2-PROPELLER-FLAIR for predicting large-artery ste-

nosis or occlusion was 93%, which is significantly higher than that

of T2-FLAIR, 68% (P � .03). However, the specificities of both

sequences were 100% (Table 3).

FIG 1. The distribution of FHVs and perfusion abnormality in each
MCA-ASPECTS territory. The black, gray, and dotted bars represent
the frequency of FHVs and perfusion abnormality for T2-FLAIR, T2-
PROPELLER-FLAIR, and Tmax, respectively.

Table 3: The predictability of FHVs for large-artery stenosis on
T2-FLAIR and T2-PROPELLER-FLAIRa

T2-FLAIR
T2-PROPELLER-

FLAIR P Value
Arterial stenosis or
occlusion on MRA

28/35 (80%)

Incidence of FHV 19/35 (54%) 26/35 (74%) .06
Predictabilityb

True-positive 19 26
True-negative 7 7
False-positive 0 0
False-negative 9 2
Sensitivity 68% 93% .03
Specificity 100% 100%

a Data are the number of patients and percentages.
b Represents the diagnostic value for the prediction of large-artery stenosis or

occlusion.
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Territories in which FHVs were present on T2-

PROPELLER-FLAIR were more closely associated with perfu-

sion abnormality than on T2-FLAIR (� � 0.64 and 0.27, re-

spectively; Fig 2, On-line Fig 1).

In 9 patients with stroke with total occlusion of the MCA

horizontal segment, FHV scores on T2-FLAIR showed a signif-

icant positive correlation with ischemic DWI lesion volume

(r � 0.86, P � .01), while FHV scores on T2-FLAIR showed no

significant relationship with perfusion abnormality volume

(r � 0.28, P � .43). FHV scores on T2-PROPELLER-FLAIR did

not show a significant relationship with ischemic lesion vol-

ume (r � 0.38, P � .34), whereas FHV scores on T2-PROPELLER-

FLAIR showed a significant positive correlation with perfusion

abnormality volume (r � 0.79, P � .02). FHV mismatch was

significantly negatively correlated with ischemic DWI lesion vol-

ume (r � �0.79, P � .01). FHV mismatch did not show a signifi-

cant relationship with perfusion abnor-

mality volume (r � 0.33, P � .42, Table 4).

DISCUSSION
This study found that in patients with

MCA stroke, FHVs were more prominent

and observed in a wider territory on T2-

PROPELLER-FLAIR than on T2-FLAIR.

FHVs on T2-PROPELLER-FLAIR had

significantly higher sensitivity for predict-

ing large-artery stenosis or occlusion than on T2-FLAIR. The areas

showing FHVs on T2-PROPELLER-FLAIR were associated with

perfusion abnormality. Moreover, increased FHV mismatch be-

tween T2-FLAIR and T2-PROPELLER-FLAIR was associated with

decreased infarct volume in patients with MCA horizontal segment

occlusion.

These results have clinical impact. FHVs on T2-PROPELLER-

FLAIR may be used as a second-look sequence in conjunction

with MRA for detecting arterial stenosis in patients with MCA

stroke. FHVs on T2-FLAIR and T2-PROPELLER-FLAIR may

have the potential for use in evaluating collateral status and pre-

dicting prognosis in patients with MCA stroke.

FHVs on T2-PROPELLER-FLAIR were seen in a wider territory

than those on T2-FLAIR. Previous studies reported that FHVs are

prominent within the Sylvian fissure.6-15 This might be because the

larger arteries have a slower flow speed than the smaller distal arteries

FIG 2. A 63-year-oldmanwith rightMCA territory infarction. FHVs on T2-FLAIR at the level of the basal ganglia (A) were not seen, whereas FHVs
on T2-PROPELLER-FLAIR (B) were seen in the Sylvian fissure, M1, M2, and M3 (dotted circle). On the Tmax map (C), FHVs were well-matched with
perfusion abnormality. FHVs on T2-FLAIR at the level of the ventricle above the basal ganglia (D) were seen in the M5 and M6 territory (arrow),
whereas FHVs on T2-PROPELLER-FLAIR (E) were seen in all territories (dotted circle). On Tmax (F), FHVs on T2-PROPELLER-FLAIR were well-
matched with perfusion abnormality.

Table 4: Associations among FHV scores, ischemic lesion volume, and perfusion
abnormality volume in 9 patients with MCA horizontal segment occlusion

Ischemic DWI
Lesion Volume (r)a

Perfusion Abnormality
Volume (r)a

Median (IQR) (mL) 4.74 (1.76–11.57) 64.91 (60.33–70.31)
FHV scores on T2-FLAIR 0.86, 0.01 0.28, 0.43
FHV scores on T2-PROPELLER-FLAIR 0.38, 0.34 0.79, 0.02
FHV mismatchb �0.79, 0.01 0.33, 0.42
a r closer to 1 represents a positive correlation. r closer to�1 represents a negative correlation.
b Calculated by (FHV scores on T2-PROPELLER-FLAIR� FHV scores on T2-FLAIR) / FHV scores on T2-PROPELLER-FLAIR.
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under the same perfusion pressure. Hohenhaus et al6 reported that

FHVs were predominantly located in the distal central surface area

(M2 and M5 region and the Sylvian fissure). However, we found

fewer FHVs in the distal central surface areas (M2 and M5 regions)

and other distal cortical regions (M1, M3, M4, and M6) on T2-

FLAIR. On the other hand, FHVs were prominent even in distal

cortical regions on T2-PROPELLER-FLAIR.

The prominence of FHVs on T2-PROPELLER-FLAIR could

be explained by the following: Cerebral arteries exhibit pulsatile

and anatomic positional changes.16 This motion can lead to

image blurring or signal loss and could affect the small-caliber

distal cerebral artery in particular due to small voxel size.17

PROPELLER corrects the motion of objects by repetitive sam-

pling in the central k-space.18 Thus, we speculate that

PROPELLER could overcome the blurring or signal loss in-

duced by cerebral artery motion.

Many institutions use limited, short MR imaging protocols

that require �20 minutes of imaging. Because the optimal stroke

protocol may include only 1 sequence, either conventional T2-

FLAIR or T2-PROPELLER-FLAIR, the contrast-to-noise ratio

between parenchymal ischemic lesions and adjacent WM is re-

duced on T2-PROPELLER-FLAIR images compared with T2-

FLAIR. T2-FLAIR can estimate the onset time in patients with

acute ischemic stroke and may be helpful in assessing wake-up

strokes.19 Although qualitative analysis showed that there was no

significant difference between the 2 sequences for the detection of

acute ischemic lesions, the contrast-to-noise ratio for parenchy-

mal lesions on T2-PROPELLER-FLAIR could affect the estima-

tion of onset time, resulting in a different treatment plan (On-line

Fig 2).

Cosnard et al20 reported that FHVs correspond to MRA evi-

dence of stenosis or occlusion. The sensitivity and specificity were

65% and 85%, respectively. Kamran et al15 reported that all 30 of

their patients with FHVs had large-vessel occlusion or severe ste-

nosis (�90%), implying that the specificity of FHVs was 100%.

Iancu-Gontard et al21 reported that the concordance between

FHV and stenosis on angiography was significantly higher for the

MCA territory compared with the anterior cerebral artery terri-

tory. Schellinger et al2 compared the vessel signs among CT,

FLAIR, and GRE for the prediction of vessel status and found that

FHVs were more sensitive than the other modalities (sensitivity

for FLAIR, 65.9%; CT, 40%; GRE, 34.1%). The specificity of

FHVs was 75%. On the basis of previous studies, FHVs on T2-

FLAIR have high specificity but relatively low sensitivity for the

prediction of large-artery stenosis; this finding is consistent with

our results, which show a sensitivity of 68% and a specificity of

100%. However, we found that the sensitivity of FHVs is signifi-

cantly increased (93%) when combined with the PROPELLER

technique. T2-PROPELLER-FLAIR exhibited 2 false-negative

cases in which collateral flows were too fast to show arterial hy-

perintensities. In one of the true-positive cases, arterial stenosis in

the MCA cortical segment was difficult to detect, depending only

on MRA. Nevertheless, occlusion of the distal arteries was de-

tected in conjunction with FHVs on T2-PROPELLER-FLAIR

(On-line Fig 3). Thus, FHVs on T2-PROPELLER-FLAIR may be

used as a second-look sequence for the detection of arterial steno-

sis in patients with stroke. Moreover, the application of T2-

PROPELLER-FLAIR might be extended to cohorts with brain tu-

mor or neurodegenerative diseases in which MRA is not routinely

performed.

Toyoda et al22 reported that in 35 of 40 patients with acute

ischemic stroke, areas of intra-arterial signal distribution were

equal to the regions of abnormal perfusion. However, their de-

tailed method for analysis was not explained. Gawlitza et al23 re-

ported that there was significant correlation between the degree of

the FHV sign and PWI lesion volume, but they did not compare

FHV signs with PWI territory by territory. Kwag et al24 recently

reported that MR imaging with a radial k-space filling (BLADE;

Siemens, Erlangen, Germany), which is a similar technique pro-

vided by other MR imaging manufacturers, also improved hyper-

intense vessels on T2-FLAIR. They proposed that this technique

may be helpful for detecting penumbra if it is used right after

DWI. However, they did not compare FHVs with perfusion ab-

normalities. We analyzed the relationship between FHV signs and

perfusion abnormalities territory by territory. Our results indi-

cated that territories in which FHVs were present on T2-

PROPELLER-FLAIR matched perfusion abnormalities better

than those of T2-FLAIR. Perfusion abnormalities included the

infarct core, penumbra, and benign oligemia. Currently, there is

no threshold for differentiating the spectrum of perfusion abnor-

malities. Because FHVs exhibited a wider territory on T2-

PROPELLER-FLAIR than on T2-FLAIR and a stronger associa-

tion with perfusion abnormality, we presume that FHVs are closer

to wide benign oligemia territory on T2-PROPELLER-FLAIR

than they are on T2-FLAIR. Further studies are needed for vali-

dation of this assumption.

In our subgroup analysis, higher FHV scores on T2-FLAIR

were related to larger ischemic DWI lesion volumes. The higher

the FHV mismatch was between the 2 sequences, the smaller the

ischemic DWI lesion volume was. This phenomenon might be

explained by the following: FHVs on both sequences lie within the

spectrum of poor and good collaterals. Because FHVs on T2-

FLAIR reflect relatively slow collateral flows, they may represent

“poor” collaterals,25,26 while FHVs on T2-PROPELLER-FLAIR

reflect relatively fast and slow collaterals, implying a mixture of

“poor” and “good” collaterals. Thus, the mismatch in FHV scores

between the 2 sequences may represent the “good” collaterals.

However, our results should be cautiously interpreted. Previ-

ously, Lee et al1 demonstrated the existence of FHVs on T2-FLAIR

with smaller ischemic lesion volume, which was interpreted as

“good” collaterals compared with the absence of FHVs. There-

fore, it is difficult to simply define FHVs on T2-FLAIR as “poor”

collaterals. In addition, as mentioned above, T2-PROPELLER-

FLAIR may miss extremely fast and good collaterals, which can

result in false-negative arterial stenosis results. Future studies with

a larger and homogeneous population of patients with stroke are

needed to investigate this issue. Moreover, considering that FHVs

are free from the technical difficulties of PWI, such as arterial

input function measurement and complicated deconvolution

methods,27 FHVs may be of value in ongoing research on lepto-

meningeal collateralization in stroke.

There were some limitations in this study. First, the number of

cases was small and might not be sufficient to determine the exact

diagnostic value for T2-PROPELLER-FLAIR. However, the diag-
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nostic value of T2-FLAIR was consistent with that in previous

studies and was thus presumed to be credible. Second, our cohort

was heterogeneous, with patients representing both the acute and

subacute stages of MCA stroke. The median time from onset to

imaging was 23 hours, beyond the time window for IV or intra-

arterial therapy. Thus, our results should be carefully applied in

clinical practice. However, our results may serve as a cornerstone

for future studies with a larger and more homogeneous popula-

tion to validate and extend these results.

CONCLUSIONS
Our study showed that in patients with MCA stroke, FHVs

were more prominent and observed across a wider territory on

T2-PROPELLER-FLAIR than on T2-FLAIR. In addition, FHVs

on T2-PROPELLER-FLAIR have a significantly higher sensi-

tivity for predicting large-artery stenosis or occlusion than

on T2-FLAIR. Moreover, the areas showing FHVs on T2-

PROPELLER-FLAIR were more closely associated with perfu-

sion abnormality than those on T2-FLAIR, reflecting lepto-

meningeal collateral circulation.

Disclosures: Sangwoo Lee—UNRELATED: Employment: GE Healthcare.
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ORIGINAL RESEARCH

ADULT BRAIN

Structural Brain Changes following Long-Term 6° Head-Down
Tilt Bed Rest as an Analog for Spaceflight

D.R. Roberts, X. Zhu, A. Tabesh, E.W. Duffy, D.A. Ramsey, and T.R. Brown

ABSTRACT

BACKGROUND AND PURPOSE: Following long-term spaceflight, a subset of the National Aeronautics and Space Administration astro-

nauts present with visual impairment and increased intracranial pressure, known as visual impairment and intracranial pressure syndrome.

We investigated structural brain changes following long-term head-down tilt bed rest as a spaceflight analog.

MATERIALS AND METHODS: Volumetric analysis was performed on structural pre- and post–bed rest brain MR images.

RESULTS: Comparing post–bed rest to pre–bed rest images, we found the following: 1) no significant group differences in GM,WM, CSF,

or ventricular volumes; 2) shift of the center of mass of the brain upward and posterior rotation of the brain relative to the skull; 3) a

significant correlation between posterior brain rotation and changes in ventricular volume; and 4) significant increases in brain tissue

density in regions at the vertex, including the frontoparietal lobes, with contraction of adjacent extra-axial CSF spaces, and significant

decreases in tissue density in areas along the base of the brain, including the orbitofrontal cortex.

CONCLUSIONS: We observed widespread morphologic changes with brain tissue redistribution in response to gravity changes; possible

associated functional changes are unknown. The observation that ventricular change is correlated to posterior brain rotation suggests an

alteration in CSF homeostasis. Ultimately, to elucidate any structural changes that may play a role in visual impairment and intracranial

pressure syndrome, volumetric analysis of pre- and postflight structural scans of astronauts is needed.

ABBREVIATIONS: BR� bed rest; ICV� intracranial volume; IIH� idiopathic intracranial hypertension; NASA� National Aeronautics and Space Administration;
VIIP� visual impairment and intracranial pressure

Following long-term missions aboard the International Space

Station, increased intracranial pressure and papilledema have

been documented in the National Aeronautics and Space Admin-

istration (NASA) astronauts. In 1 report1 investigating 7 astro-

nauts following 6 months of spaceflight, all astronauts demon-

strated ophthalmologic findings, with disc edema in 5 astronauts

and globe flattening in 5. Lumbar punctures were performed in 4

of these astronauts with opening pressures of 21–28.5 cm H2O1.

In the 1 astronaut who underwent repeated lumbar punctures, the

opening pressure remained elevated 19 months following space-

flight at 22 cm H2O1. The etiology of these findings is currently

unclear; however, it has been hypothesized that they may result

from loss of gravitational hydrostatic pressure gradients and large

cephalad fluid shifts. NASA has coined the term “visual impair-

ment and intracranial pressure [VIIP] syndrome” to describe this

constellation of signs and symptoms in astronauts and has likened

VIIP syndrome to Earth-based idiopathic intracranial hyperten-

sion (IIH) or pseudotumor cerebri.

A traditional ground-based analog used by NASA and other

international space agencies to study physiologic changes associ-

ated with long-term spaceflight has been to place healthy subjects

in 6° head-down tilt bed rest for varying periods.2,3 Anecdotally,

Russian scientists first devised the head-down-tilt protocol in the

early 1970s on the basis of reports by Russian cosmonauts who

had the sensation of slipping off the foot of the bed on return to

Earth after long-duration missions.3 The foot of the bed was
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raised until it felt horizontal to help the cosmonauts sleep.3 As an

analog for spaceflight, the reduction in Gz gravitational stimuli

during bed rest results in an upward shift of body fluids, unload-

ing the upright weight of the body, reduced work against the force

of gravity, and lower extremity inactivity.3 As a result, many of the

physiologic changes of spaceflight can be reproduced, including

decreased cardiac output, orthostatic intolerance, muscle atro-

phy, and bone loss. This model has been applied extensively to

investigate cardiovascular and musculoskeletal deconditioning,

immunologic response, and cognitive functioning.2,3

We previously acquired structural MR imaging brain scans of

subjects participating in a NASA-sponsored long-term bed rest

study.4 Given the recent interest in intracranial adaptation to

spaceflight, we decided to perform a volumetric analysis of the

structural MR imaging dataset to assess any potential alterations

in brain structure or CSF distribution that may shed light on the

spectrum of findings noted in VIIP syndrome. The results of this

analysis are presented here.

MATERIALS AND METHODS
Bed Rest Study Protocol
Eight healthy volunteers (age, 33 � 7.4 years; 3 women) under-

went long-term bed rest at the NASA Flight Analogs Facility at the

University of Texas Medical Branch, Galveston, as part of a multi-

investigator study.2 Informed consent was obtained, and the

study was approved by the appropriate institutional review

boards. Subject recruitment included radio, television, and news-

paper announcements and a Web site (www.bedreststudy.com).

The study protocol has been described in detail elsewhere.2 Before

bed rest, subjects were admitted to the NASA Flight Analogs Fa-

cility and underwent a NASA-modified Air Force Class III phys-

ical examination and psychological assessment. Subjects then re-

mained in the unit for 11–14 days before the start of bed rest for

pre– bed rest data collection performed by other investigators and

were free to ambulate normally. Male subjects were admitted into

the study just after providing informed consent. Women were

admitted so that the time of their next menses would occur 2 days

before entering the bed rest phase of the study.2 For ease of refer-

ence, study days during the pre– bed rest period are referred to as

BR-x, with BR-1 being the last day before bed rest. The first day in

BR is referred to as BR1. After bed rest following return to normal

ambulation, subjects remained in the unit for 2 weeks to undergo

reconditioning.

Throughout the bed rest portion of the study, the subjects’

beds were placed in a 6° Trendelenburg position. Subjects were

allowed to lift their heads on 1 elbow to eat. Otherwise, the head-

down position was strictly maintained, though the subjects were

free to move about in their beds and shift from supine to lateral or

prone positions. Bedpans were used, and hygiene was maintained

with overhead showers while remaining in the head-down posi-

tion. To keep actively engaged, subjects participated in various

cognitive tasks, completed a specified objective (such as learning a

foreign language), and were provided with numerous entertain-

ment opportunities (movies, video games, group social activities).

The subjects were placed on a standardized diet so that all input

and output were maintained to ensure balanced nutritional up-

take and hydration with no net water gain or loss.2 Monitors were

present 24/7 to ensure subject compliance.

Initial plans were for all subjects to remain at bed rest for 90

days, and the first 4 subjects followed this protocol. The second

group of subjects, unfortunately, was removed from the Flight

Analogs Facility earlier than planned due to extreme weather.

These subjects had undergone 42, 44, 49, and 52 days of bed rest at

the time of the evacuation.

MR Imaging
Two brain MR imaging structural scans were obtained for each

subject: one immediately before bed rest (pre–bed rest scan)

and another toward the end of bed rest (referred to as the

post–bed rest scan). On the first day of bed rest, BR1, the sub-

jects walked to the MR imaging scanner facility and laid down

on the MR imaging table for acquisition of the pre–bed rest

scans. Immediately on completion of the MR imaging session,

the subjects were moved from the scanner table while remain-

ing supine and placed in a hospital bed in the 6° head-down-tilt

position. Subjects then remained in this position throughout

the bed rest period. For the 4 subjects who required emergent

evacuation from the Flight Analogs Facility, end-of–bed rest

imaging was performed on the day of evacuation, (ie, on days

BR42, BR44, BR49, and BR52). On that day, while still in bed

rest, the subjects were moved from their beds onto the MR

imaging table, only shifting from head-down-tilt to supine.

Structural scans were immediately acquired, and these were

considered the post–bed rest scans. Following the scanning

session, subjects were allowed to sit up and prepare for evacu-

ation. For the 4 subjects who underwent 90 days of bed rest,

MR imaging was performed on both day BR60, with the sub-

jects remaining in the supine position only shifting from their

bed to the scanner table after which they continued on bed rest

for another 30 days, and day BR90. These subjects were not

allowed to return to ambulation until BR90; however, given

the shortened bed rest duration experienced by the evacuation

subjects, for comparison purposes, in this report, the BR60

scans were considered the post–bed rest scans for these sub-

jects. Therefore, considering all 8 subjects, the post–bed rest

scans described in this report were obtained between days

BR42 and BR60.

The structural MR images consisted of T1-weighted 3D

echo-spoiled gradient-echo images acquired on a 1.5T scanner

(GE Healthcare, Milwaukee, Wisconsin). Images were ac-

quired in either transverse or coronal planes, at either 1.0- or

1.5-mm section thickness with FOVs of 250 or 260 mm. Scan-

ning parameters were TR � 22 ms, TE � 8 ms, flip angle � 30°,

and matrix � 256 � 256.

Physiologic Data
Because this study was part of a larger NASA-sponsored multi-

investigator study, extensive physiologic data were obtained.

With institutional review board approval, other investigators pro-

vided the following parameters: daily water intake, daily urine

output, plasma volume, blood volume, and urine cortisol levels.

The acquisition of these data points are described by the relevant

investigators.2,5,6
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MR Imaging Analysis

Voxel-Based Morphometry Analysis. Data preprocessing and

analysis were performed with the VBM8 toolbox (http://dbm.

neuro.uni-jena.de/vbm/) incorporated in the SPM8 software

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8) by using the

default longitudinal preprocessing approach. We performed the

following preprocessing steps: 1) registration of the post–bed rest

scan to the pre–bed rest scan for each subject separately, 2) intra-

subject bias correction, 3) segmentation of the different tissue

classes, and 4) linear (ie, affine) and nonlinear (ie, Diffeomorphic

Anatomical Registration Through Exponentiated Lie Algebra)

registration. The segmentation procedure was refined by ac-

counting for partial volume effects, applying adaptive maximum

a posteriori estimations, and applying a hidden Markov random

field model. The realigned and normalized GM and WM seg-

ments were smoothed with an 8-mm full width at half maximum

Gaussian kernel. The images were then masked by a brain tissue

mask defined by the probability of GM 
 WM � 80%.

Intracranial Volume Estimation. Manual measurements were

performed on the T1-weighted images from the pre–bed rest and

post–bed rest scans. Twelve delineations were performed by 1

tracer (E.W.D.), and the other 4, by a second tracer (X.Z.). Details

of the measurement of intracranial volume (ICV) are described

elsewhere.7 In brief, the original sections were reformatted into

the sagittal plane. Realigning the original sections to correct for

head tilt was not necessary due to the

large size of the intracranial cavity.8 The

brightness of the image was increased to

improve the visual clarity of the bound-

ary of the dura mater. Starting from the

left-hand side of the head, we then esti-

mated the ICV for each image by a hand-

traced mask. The tracers were blinded as

to which subject/time point the scans

represented. The 2 tracers reviewed each

other’s ICV definitions for consistency,

and no significant difference was found

between the 2 tracers (P � .25).

Tissue-SpecificVolumetricAnalysis. GM,

WM, and total intracranial CSF volume

estimation was performed with the de-

fault “read raw volumes” function in the

VBM8 toolbox. All images were seg-

mented by using default templates (a

modified version of the ICBM Tissue

Probabilistic Atlas, http://www.bmap.u-

cla.edu/portfolio/atlases/ICBM_Proba-

bilistic_Atlases/) and parameters. Spe-

cifically, these parameters included 2

Gaussians each for WM, GM, and CSF

and 4 Gaussians for everything not fit-

ting these categories; a warping regular-

ization value of 1; a warp frequency cut-

off of 25; very light regularization

(0.0001); a 60-mm cutoff for the full

width at half maximum of Gaussian

smoothness of bias; and a sampling dis-

tance of 3. When generating masks, voxels with a probability of

�0.5 were counted as members of that particular class.

Ventricular volumetric analysis was performed in a com-

pletely automated manner via FreeSurfer (http://surfer.

nmr.mgh.harvard.edu). Standard reconstruction procedures,

which delineate gross brain anatomy into a series of cortical and

subcortical labels, were used. Structures are labeled by using a

complex algorithm combining information on image intensity,

probabilistic atlas location, and the local spatial relationships be-

tween subcortical structures by the FreeSurfer “recon-all” func-

tion.9 Ventricular volume was defined as the sum of the lateral

ventricles (including the choroid plexus) and the third and fourth

ventricles. The GM, WM, total intracranial CSF, and ventricular

volumes were compared pair-wise by using paired t tests.

Brain-Shift Analysis. To compare brain movement in reference to

the skull, the skull was stripped from the images and used as a refer-

ence to calculate parameters for rotation and translation to estimate

the difference before and after bed rest by using the FLIRT tool (FM-

RIB Linear Image Registration Tool, http://www.fmrib.ox.ac.uk/) of

FSL. Because some of the images were originally acquired in the cor-

onal plane, each pair of images (pre- and post–bed rest scans) was

first resampled to the transverse plane. The skull image, obtained by

using the ICV mask to remove all intracranial voxels, and the brain

image, which included all voxels in the ICV mask, were then gener-

FIG 1. Structural images before and after bed rest. Sagittal images of the brain (subject H in On-line
Tables 1–4) at the vertex before (A) and after (B) bed rest show a shift of the brain toward the vertex
with contractionof the extra-axial spaces at the vertex and crowdingof adjacent structures, including
a cortical vein (arrow). Sagittal images of the posterior fossa before (C) and after (D) bed rest (subject
A in On-line Tables 1–4). Before bed rest, the occipital lobes (o) lie against the tentorium cerebelli
(blackarrow). Belowthe tentorium, there is a thin layerofCSF (redarrow) between the tentoriumand
the upper aspect of the cerebellum (c). After bed rest, there is an upward shift of the occipital lobes
away fromthe tentorium,nowwitha thin layerofCSF (redarrow) betweentheoccipital lobesandthe
tentorium. In the posterior fossa, a layer of CSF is no longer visible between the tentorium and the
cerebellum. Instead, the cerebellum now appears compressed against the tentorium. Sagittal images
of the frontal lobes before (E) and after (F) bed rest show subtle expansion of the frontal lobe sulci
after bed rest (subject A in On-line Tables 1–4).
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ated. The skull image of the pre–bed rest scan was then used as refer-

ence for a 6 df registration, to calculate the transformation matrix

needed to align the post–bed rest skull to the reference. The same

transformation matrix was then applied to the post–bed rest brain

image to create the skull-aligned post–bed rest brains. Finally, the

transformation matrix for aligning the post–bed rest brain to the

pre–bed rest brain image was estimated on the basis of rigid-body

assumptions, and the transformation/rotation parameters were cal-

culated (On-line Fig 1).

RESULTS
On visual inspection by an experienced neuroradiologist

(D.R.R.), comparing pre–bed rest with post–bed rest images, a

clear change in brain structures was seen. The extra-axial CSF

spaces near the vertex appeared more crowded, and the CSF

spaces along the frontal lobes were more prominent on the post–

bed rest images compared with the pre–bed rest images (Fig 1).

The supravermian cistern appeared effaced on the post–bed rest

images. Additionally, a noticeable change in ventricular size was

seen in some individuals. Most interesting, these findings varied

across individuals: In some subjects, the ventricles became visibly

smaller, while in others the ventricles became larger (Fig 2). On

the basis of the subjective findings and the fact that the subjects

had been maintained in the head-down-tilt position, we hypoth-

esized that there would be a global shift in brain tissue within the

cranial vault toward the vertex.

Tissue-Specific Volumetric Analysis
On the group level, the GM, WM, CSF, and ventricular size did

not demonstrate significant differences (P � .1) between pre- and

post–bed rest (Table 1, See On-line Tables 1– 4 for individual sub-

ject data). This held true for both the raw and normalized (tissue

volume/estimated ICV) volumes. Although by visual inspection,

a distinct change in ventricular volume was seen for some subjects

between pre- and post–bed rest, on group analysis, this did not

reach statistical significance due to the variability of responses

across individuals (On-line Fig 2). No correlation was noted be-

tween sex and ventricular volume change.

Brain-Shift Analysis
After bed rest, the brain as a whole showed significant displace-

ment in the inferior-to-superior direction (0.36 � 0.15 mm, t �

7.0, P � .01), and marginally significant displacement in the an-

terior-to-posterior direction (0.21 � 0.17 mm, t � 3.4, P � .11),

with no significant effect in the left-right direction (0.01 � 0.08

mm, t � 0.4, P � .69) (Fig 3). Rotation was found to be significant

around the left-right axis (0.28 � 0.34°, t � 2.3, P � .051), but not

around any other axis (P � .27 and 0.69). In other words, the

center of mass of the brain was shifted upward, and the brain

demonstrated posterior rotation relative to the skull. The change

in ventricular size was found to correlate (Spearman correlation:

r � 0.893, P � .007) with the degree of posterior rotation of the

brain independent of subject variability (Fig 4).

Voxel-Based Morphometry
Paired t tests were used to estimate the possible changes of GM

or WM between pre- and post–bed rest scans. The predictions

were compared and thresholded at P � .001 (t � 3.1) and a

cluster size of �296 voxels. Compared with pre–bed rest, the

post–bed rest brains showed significant tissue (GM 
 WM)

density increase in regions near the vertex, including the cen-

tral frontoparietal lobes (Fig 5, See On-line Fig 3 for more

detail). Other regions that also showed significant density in-

crease included the posterior cingulate, cuneus, thalami, and

cerebellum. Tissue-density decrease was found in the orbito-

frontal cortex, brain stem, corpus callosum, striatum, anterior

cingulate, and parietal operculum.

FIG 2. Changes in ventricular volume before and after bed rest.
Axial images of the brain of the subject with the largest change in
ventricular size on the post–bed rest scan (B) compared with the
pre–bed rest scan (A). Compared with pre–bed rest, there was a
22.4% reduction in ventricular size post–bed rest in this subject,
best appreciated at the level of the atrium of the lateral ventricles
(arrow) (subject D in On-line Tables 1– 4). Axial images of the brain
of the subject with the largest increase in ventricular size on the
post–bed rest scan (D) compared with the pre–bed rest scan (C).
Compared with pre–bed rest, there was a 10.4% increase in ven-
tricular size post–bed rest in this subject, best appreciated at the
level of the frontal horns of the lateral ventricles (arrow) (subject
C in On-line Tables 1– 4).

Table 1: Pre- and post–bed rest volumetric MRI and physiologic
measurements (group mean and SD)
Measurements Pre-bed rest Post-bed rest P Value

ICV (mL) 1426� 105 1425� 105 .91
Gray matter (mL) 603.8� 40.8 615.1� 50.4 .18
White matter (mL) 546.0� 58.4 540.8� 51.5 .48
CSF (mL) 185.8� 15.0 186.6� 16.1 .83
Ventricle volume (mL) 15.45� 5.52 15.0� 4.31 .62
Plasma volume (mL) 2.63� 0.38 2.30� 0.46 .006
Blood volume (mL) 4.57� 1.02 4.08� 1.11 .004
Urine cortisol (�g/dL) 2.63� 0.97 3.58� 1.06 .14
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Physiologic Data
The Spearman rank correlation was used to assess the association

between physiologic data (fluid balance, plasma volume, blood

volume, and cortisol levels provided by other investigators5,6) and

MR imaging measures. No significant correlation was found (Ta-

ble 1). See On-line Tables 1– 4 for individual subject data.

DISCUSSION
NASA has recently described a constellation of findings, including

visual decrement and elevated intracranial pressure, occurring in

a subset of astronauts following long-term exposure to micro-

gravity and the space environment, known as the VIIP syndrome.

These are especially concerning given that plans for human space-

flight, such as a manned Mars mission, will be of even longer

durations than current assignments on the International Space

Station.

As a first step in elucidating the mechanisms underlying the

development of the VIIP syndrome, we examined structural brain

changes induced by long-term 6° head-down tilt bed rest, a tradi-

tional NASA model for studying physiologic changes associated

with microgravity exposure. The consequences of long-term

maintenance of a head-down body position on the brain are un-

known; however, changes in body position and resultant changes

in gravitational gradients have been found to impact brain phys-

iology. For example, moving from the upright to the supine po-

sition alters venous outflow, with redirection of venous return

from the vertebral venous plexuses to the internal jugular veins;

decreases intracranial compliance; and increases intracranial

pressure.10 In this study, we found the following: 1) no significant

group differences in GM, WM, CSF, or ventricular volumes be-

tween pre- and post–bed rest; 2) shift of the center of mass of the

brain upward and posterior rotation of the brain relative to the

skull; 3) significant correlation between posterior brain rotation

and changes in ventricular volume; and 4) significant increases in

brain tissue density in brain regions at the vertex, including the

central frontoparietal lobes, with associated contraction of the

adjacent extra-axial CSF spaces and significant decreases in tissue

density in areas along the base of the brain, including the orbito-

frontal cortex, with expansion of the basal extra-axial CSF spaces.

We hypothesize that these unique structural alterations occur-

ring during bed rest and possibly during spaceflight due to altered

gravity gradients may provide explanations for the findings of the

VIIP syndrome. The extra-axial CSF effacement at the vertex

found during bed rest may lead to changes in CSF flow dynamics,

and an upward shift of the brain may result in compression of the

dural venous sinuses along the vertex. This, in turn, may contrib-

ute to venous outflow obstruction and the spectrum of intraor-

bital and intracranial findings described in astronauts. This hy-

pothesis is further supported by the observation that ventricular

change is correlated to posterior brain rotation within the skull,

FIG 3. Brain translation and rotation in reference to the skull followingbed rest. Parameters (translation and rotationon x, y, z-axes)were estimatedon
the basis of a rigid-body assumption. The arrow indicates the direction of movement that corresponds to positive values on the graph.

FIG 4. Correlation between brain rotation and ventricle volume
changes. Without the potential outlier, which was the subject that
demonstrated the largest ventricles before bed rest, the Spearman
correlation is r� 0.893, P� .007. Including the outlier, the Spearman
correlation is r� 0.690, P� .058.

2052 Roberts Nov 2015 www.ajnr.org



suggesting altered CSF homeostasis. Future planned studies in-

clude advanced structural, functional, and venographic MR im-

aging of astronauts before and after spaceflight.

In some subjects in our study, the ventricular volume change is

clearly visible without computer-aided analysis (Fig 2). The

change in ventricular size ranged from a 10.4% increase to a

22.4% decrease post–bed rest compared with pre–bed rest values,

an unexpected finding during the course of only 2 months in

young, healthy subjects. For comparison, in elderly, healthy sub-

jects, expansion of the ventricles has been reported to be 1.5%–

3.0% per year and 5%–16% in patients with Alzheimer disease.11

Ventricular volume can also be influenced by fluid balance, and

the subjects with bed rest did undergo an initial diuresis, which

stabilized within 3 days.2 However, ventricular volume changes

would be expected to be approximately 1%–3% during dehydra-

tion relative to normal hydration,12 again less than the changes in

ventricular size that we measured.

It has been suggested that the spectrum of intraorbital and

intracranial findings of astronauts following spaceflight are simi-

lar to those in the Earth-based condition of IIH.1,13 Increased

intracranial pressure, papilledema, globe flattening, dilated optic

nerve sheaths, and visual disturbances have been described in

both conditions (Table 2).1,13,14 Although the etiologies of both

conditions are unknown, researchers speculate that venous insuf-

ficiency or hypertension caused by cephalad fluid shifts during

spaceflight are possible mechanisms for the VIIP syndrome in

astronauts. Similarly, the pathophysiology of IIH is thought to be

related to decreased CSF absorption at the arachnoid villi possibly

due to venous-outflow obstruction. However, there are impor-

tant clinical differences between the VIIP syndrome and IIH. In

the VIIP syndrome, none of the astronauts with ocular changes

presented with clinical symptoms typical of IIH, including

chronic headaches, diplopia, or transient visual obscurations.1

Moreover, while IIH is typically a syndrome of female patients

with obesity,14 VIIP is more common in male astronauts.1

Similarly, in our study of structural brain changes associated

with long-term bed rest, we found important structural differ-

ences in our subjects from those previously described in patients

with IIH. For example, in a volumetric MR imaging study of pa-

tients with IIH,15 a significant increase in extraventricular CSF

volume was found, particularly along the vertex. Following bed

rest, we found instead effacement of the extraventricular CSF

spaces along the vertex and crowding of adjacent brain tissue,

including the frontoparietal lobes. Other investigators have sug-

gested an overlap in findings between patients with IIH and those

with Chiari I malformation, with an incidence of 10%–21% of

cerebellar tonsillar ectopia of �5 mm in patients with IIH.16 In

our study of subjects with bed rest, we demonstrated the opposite

finding: a shift of the brain tissue upward in the skull with de-

creased crowding at the foramen magnum. If the head-down tilt

bed rest model is an appropriate analog for the intracranial

changes experienced by astronauts, then the Earth-based IIH syn-

drome may not be an appropriate model for VIIP syndrome. A

volumetric analysis of the structural brain imaging data of astro-

nauts would be informative in this respect.

Unrelated to VIIP symptoms and CSF homeostasis, morpho-

logic changes were observed affecting widespread regions of the

brain, with the frontal and parietal lobes (areas of the brain asso-

ciated with sensorimotor and high-level cognitive functions)

demonstrating the most prominent changes. The consequences of

structural changes affecting functional brain areas is unknown

but may be crucial given the involvement of these areas in adap-

tation to microgravity. For example, optimal performance in the

microgravity environment requires re-interpretation of sensory

input from peripheral receptors.17 Because the lower extremities

are used less for locomotion, new sensorimotor strategies emerge

in spaceflight, requiring plasticity at higher cortical levels, includ-

ing the sensorimotor cortices.17 Disturbances in perceptual-

motor task performance have been found during spaceflight, par-

ticularly while astronauts simultaneously engage in secondary

FIG 5. Regionsof thebrainmost significantly affectedbybed rest. There
is increased brain tissue density (top row of images) at the vertex, partic-
ularly affecting the central frontoparietal lobes, with contraction of the
adjacent CSF spaces (bottom row of images). There is decreased brain
tissue density along the base of the brain, including the orbitofrontal
cortex, with expansion of the adjacent CSF spaces.

Table 2: Comparison of typical clinical features in IIH and VIIP
IIH VIIP

Finding
Increased intracranial pressure � Mildly elevated

postflight;
in-flight ICP
unknown

Papilledema � �
Globe flattening � �
Choroidal folds � �
Hyperopic shifts � �
Chronic headaches �
Diplopia �
Transient visual obscurations �
Pulse-synchronous tinnitus �
Sixth cranial nerve palsy �
Patient characteristics
Obesity �
Sex predominance Female Male
Imaging findings
Optic nerve head protrusion � �
Flattened posterior globe � �
Enlarged optic nerve sheath � �
Optic nerve tortuosity � �
Empty sella � �

Note:—� indicates clinical feature present.
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cognitive tasks.17 These findings warrant further investigation,

including planned and ongoing functional brain imaging studies

of astronauts following long-term spaceflight.

Our study has several limitations. Definite conclusions con-

cerning the VIIP syndrome cannot be made because this study

was performed in subjects with bed rest and not the astronaut

population. Most important, the MR imaging protocol was not

initially designed to address structural changes in bed rest, and

volumetric analysis was only undertaken much later after experi-

ment completion to address the recent interest in intracranial

adaptation to spaceflight. Therefore, the MR imaging protocol

was not optimized for structural analysis with no datasets from

control subjects to demonstrate between-session reproducibility.

However, other investigators have demonstrated that volumes

derived from automated segmentation of T1-weighted structural

images are reliable measures when performed on the same scan-

ner platform, finding the variability in volume across sessions to

be �2.3% for subjects of a similar age group as in our study.18 The

influence of sex hormones and the menstrual cycle may also play

a role in the structural brain changes seen in bed rest. Although,

data concerning sex hormones were not available, the 3 female

subjects in this study were admitted to bed rest in a standardized

fashion related to the time of menses. Furthermore, no significant

correlation was found between volumetric changes and sex, at

odds with the male predominance in VIIP syndrome and the fe-

male predominance of IIH.

CONCLUSIONS
The consequences of long-term microgravity exposure on the

brain are poorly understood but may include alterations in brain

structure, vasculature, and function, leading to the VIIP syn-

drome experienced by some astronauts. In this study, we used

long-term bed rest as an analog for spaceflight, to study structural

changes of the human brain. Our results indicate that the brain as

a whole can move within the skull in response to gravity changes,

and in the head-down tilt bed rest model, the brain moved up-

ward and rotated posteriorly in relation to the skull. There was a

significant correlation between brain movement and changes in

ventricular volume, suggesting altered CSF homeostasis and a

possible explanation for the constellation of VIIP symptoms. Un-

related to the VIIP syndrome, widespread morphologic changes of

the brain were observed as a result of brain tissue redistribution in

response to gravity changes. These locally occurring morphologic

changes may lead to possible brain function changes. For example,

the frontal and parietal lobes were most affected, which could affect

sensorimotor and high-level cognitive functions. Ultimately, to elu-

cidate any structural changes that may play a role in VIIP syndrome,

a volumetric analysis of the structural scans of astronauts before and

following long-duration spaceflight is needed. The findings of this

study may also be relevant to Earth-based, chronically ill patients

who are confined to long-term bed rest.

ACKNOWLEDGMENTS
The authors wish to thank Dr Satish Mehta for providing cortisol

data. Other physiological data was obtained from the NASA Life

Sciences Data Archive.

Disclosures: Donna R. Roberts—RELATED: Grant: NASA*; Support for Travel to
Meetings for the Study or Other Purposes: NASA; UNRELATED: Grants/Grants
Pending: NASA, Comments: I am currently the Principal Investigator of a NASA grant
separate from the one that funded the research described in the article. Edward W.

Duffy—RELATED: Grant: Palmetto Academy. David A. Ramsey—RELATED: Grant:
NASA,* Comments: NASA funded the study at MUSC who subcontracted my em-
ployer at the time (SCRA); Support for Travel to Meetings for the Study or Other
Purposes: NASA,* Comments: As above. Truman R. Brown—UNRELATED: Grants/
Grants Pending: NASA,* Comments: grant to study possible brain shifts after space
flight. *Money paid to the institution.

REFERENCES
1. Mader TH, Gibson CR, Pass AF, et al. Optic disc edema, globe

flattening, choroidal folds, and hyperopic shifts observed in as-
tronauts after long-duration space flight. Ophthalmology
2011;118:2058 – 69

2. Meck JV, Dreyer SA, Warren LE. Long-duration head-down bed
rest: project overview, vital signs, and fluid balance. Aviat Space
Environ Med 2009;80(5 suppl):A1– 8

3. Pavy-Le Traon A, Heer M, Narici MV, et al. From space to Earth:
advances in human physiology from 20 years of bed rest studies
(1986 –2006). Eur J Appl Physiol 2007;101:143–94

4. Roberts DR, Ramsey D, Johnson K, et al. Cerebral cortex plasticity
after 90 days of bed rest: data from TMS and fMRI. Aviat Space En-
viron Med 2010;81:30 – 40

5. Crucian BE, Stowe RP, Mehta SK, et al. Immune status, latent viral
reactivation, and stress during long-duration head-down bed rest.
Aviat Space Environ Med 2009;80:A37– 44

6. Platts SH, Martin DS, Stenger MB, et al. Cardiovascular adaptations
to long-duration head-down bed rest. Aviat Space Environ Med
2009;80:A29 –36

7. Keihaninejad S, Heckemann RA, Fagiolo G, et al; Alzheimer’s Disease
Neuroimaging Initiative. A robust method to estimate the intracra-
nial volume across MRI field strengths (1.5T and 3T). Neuroimage
2010;50:1427–37

8. Eritaia J, Wood SJ, Stuart GW, et al. An optimized method for esti-
mating intracranial volume from magnetic resonance images.
Magn Reson Med 2000;44:973–77

9. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: auto-
mated labeling of neuroanatomical structures in the human brain.
Neuron 2002;33:341–55

10. Alperin N, Lee SH, Sivaramakrishnan A, et al. Quantifying the effect
of posture on intracranial physiology in humans by MRI flow stud-
ies. J Magn Reson Imaging 2005;22:591–96

11. Frisoni GB, Fox NC, Jack CR Jr, et al. The clinical use of structural
MRI in Alzheimer disease. Nat Rev Neurol 2010;6:67–77
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ORIGINAL RESEARCH

ADULT BRAIN

Whole-BrainN-Acetylaspartate Concentration Is Preserved
duringMild Hypercapnia Challenge

S. Chawla, Y. Ge, H. Lu, O. Marshall, M.S. Davitz, G. Fatterpekar, B.J. Soher, and O. Gonen

ABSTRACT

BACKGROUND AND PURPOSE: Although NAA is often used as a marker of neuronal health and integrity in neurologic disorders, its

normal response to physiologic challenge is not well-established and its changes are almost always attributed exclusively to brain

pathology. The purpose of this study was to test the hypothesis that the neuronal cell marker NAA, often used to assess neuronal health

and integrity in neurologic disorders, is not confounded by (possibly transient) physiologic changes. Therefore, its decline, when observed

by using 1H-MR spectroscopy, can almost always be attributed exclusively to brain pathology.

MATERIALS AND METHODS: Twelve healthy young male adults underwent a transient hypercapnia challenge (breathing 5% CO2 air

mixture), a potent vasodilator known to cause a substantial increase in CBF and venous oxygenation.We evaluated their whole-brain NAA

by using nonlocalizing protonMR spectroscopy, venous oxygenation with T2-relaxation under spin-taggingMR imaging, CBF with pseudo-

continuous arterial spin-labeling, and the cerebral metabolic rate of oxygen, during normocapnia (breathing room air) and hypercapnia.

RESULTS: There was insignificant whole-brain NAA change (P� .88) from normocapnia to hypercapnia and back to normocapnia in this

cohort, as opposed to highly significant increases: 28.0� 10.3% in venous oxygenation and 49.7� 16.6% in global CBF (P� 10�4); and a 6.4�

10.9% decrease in the global cerebral metabolic rate of oxygen (P� .04).

CONCLUSIONS: Stablewhole-brainNAAduring normocapnia and hypercapnia, despite significant global CBF and cerebralmetabolic rate

of oxygen changes, supports the hypothesis that global NAA changes are insensitive to transient physiology. Therefore, when observed,

they most likely reflect underlying pathology resulting from neuronal cell integrity/viability changes, instead of a response to physiologic

changes.

ABBREVIATIONS: CMRO2 � cerebral metabolic rate of oxygen consumption; pCASL � pseudocontinuous arterial spin-labeling; TRUST � T2-relaxation under
spin-tagging; WBNAA� whole-brain NAA; Yv� venous oxygenation

Proton MR spectroscopy (1H-MR spectroscopy) allows nonin-

vasive quantitative in vivo assessment of brain metabolites.1,2

The most prominent metabolite in water-suppressed 1H-MR

spectroscopy is the amino acid derivative NAA, synthesized in

neuronal mitochondria from acetyl coenzyme A and L-aspartate

by a membrane-bound enzyme.3 Although its precise function is

still not fully known, possible roles include lipogenesis in myeli-

nation, ion balance, neuromodulation, and neuronal mitochon-

dria energy metabolism.4 Because it is almost exclusive to neurons

and their processes (�10% contribution from glia and extracel-

lular fluid),5 NAA is considered a putative marker of their integ-

rity.4,6 Indeed, with the exception of Canavan disease,7 nearly all

brain pathologies show local or global NAA decline due to degen-

eration or metabolic impairment.2,6,8

Use of NAA as a marker of neuronal health, however, involves

2 implicit assumptions: 1) its concentration is insensitive to (pos-

sible) transient physiologic changes of normal physiologic fluctu-

ation; and 2) detectable changes must, therefore, reflect only un-
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derlying pathology. Although stable NAA levels are reported in

response to aerobic exercise,9 verbal memory performance,10 and

caffeine ingestion11 and alcohol consumption in healthy hu-

mans,12 and prolonged hypoglycemia in the rat brain,13 these 2

assumptions are made for expediency because little is known of

the response of NAA to other physiologic challenges.6,14

Given its utility as a neuronal marker, our goal in the present

study was to test the hypothesis that the global NAA concentra-

tion remains stable even under a substantial physiologic challenge

that leads to otherwise easily detectable changes in other MR im-

aging metrics. We chose the mild hypercapnia paradigm (5% CO2

by volume in inspired air) to test it for 5 reasons: First, it is a potent

vasodilator, known to cause a dramatic, easily measurable 20%–

50% increase in CBF.15,16 Second, it has quick (�1 minute) onset

and washout, making both states accessible within 1 MR imaging

session. Third, its blood level can be reliably and instantly moni-

tored by capnography. Fourth, animal studies have shown that

NAA synthesis can be disrupted when O2 consumption and aden-

osine triphosphate production are decreased by inhibitors of the

mitochondrial respiratory chain.17 Finally, it is also clinically and

practically relevant for NAA quantification because patients with

neurologic conditions often have irregular respiratory patterns

during scans, which may lead to higher blood partial arterial CO2

pressure.

To test the hypothesis and to quantify the hereto unknown

effects of hypercapnia on NAA, we used whole-brain NAA

(WBNAA) nonlocalizing 1H-MR spectroscopy18,19 and com-

pared its changes with those observed with other MR imaging

modalities: T2-relaxation under spin-tagging (TRUST) and

pseudocontinuous arterial spin-labeling (pCASL) perfusion MR

imaging, to quantify variations in venous oxygenation (Yv), CBF,

and the cerebral metabolic rate of oxygen consumption (CMRO2)

in normocapnia (breathing room air) and during transient hyper-

capnia in healthy young adults.

MATERIALS AND METHODS
Participants
Twelve healthy young men (30.5 � 9.2

years of age; range, 23– 48 years) were

prospectively enrolled in this study. Only

young men were chosen to remove pos-

sible age and sex effects on the acquired

metrics. None were smokers or had a his-

tory of asthma or neurologic or psycho-

logical disorders before the scan, and all

had “unremarkable MR imaging” find-

ings determined by a neuroradiologist af-

terward. All were also instructed to not

drink coffee for 6 hours before the study.

All participants provided institutional re-

view board–approved written informed

consent.

1H-MR Spectroscopy WBNAA
The WBNAA 1H-MR spectroscopy was

acquired in a 3T whole-body MR imag-

ing scanner (Tim Trio; Siemens, Erlan-

gen, Germany) by using a circularly po-

larized transmit-receive head coil (TEM3000; MR Instruments,

Minneapolis, Minnesota). After optimizing the magnetic field

over the whole head with our proton chemical shift imaging–

based automatic procedure,20 we obtained the WBNAA with a

nonlocalizing nonecho 1H-MR spectroscopy sequence18,19: TR/

TE/TI � 10000/5/940 ms, 16 averages, 90° flip angle, �1 KHz

acquisition bandwidth. The use of TR��T1 and TE�0 ensured

insensitivity to (unknown) T1 and T2 variations, and whole-head

volume of interest facilitates both a short, 2 minutes and 40 sec-

onds, acquisition and an excellent signal-to-noise ratio, as seen in

Fig 1.

MR Imaging Methods
All MR imaging examinations were performed in the same scan-

ner by using a 12-channel array head coil. Clinical standard T1-

weighted high-resolution (1 mm3) 3D-MPRAGE and T2-

weighted MR imaging were performed on every subject to exclude

brain abnormalities. Subsequently, 2 advanced quantitative MR

imaging sequences, TRUST and pCASL, were applied to estimate

global Yv and CBF, from which the CMRO2 was obtained.

TRUST uses spin-labeling to isolate pure venous blood signals

and measures T2 value, which is converted to an O2 saturation

fraction (Yv) with a calibration plot.21 TRUST MR imaging was

performed with single-section EPI intersecting the lower superior

sagittal sinus. Because this sinus drains most of the cerebrum,

TRUST-obtained Yv is essentially a global metric. Acquisition pa-

rameters were 3.6 � 3.6 � 5 mm3 voxels; TR � 8000 ms; TI �

1200 ms; 10-ms Carr Purcell Meiboom Gill sequence; 4 effective

TEs � 0, 40, 80, and 160 ms; and 4:48-minute total acquisition

time. The labeling slab was 50-mm-thick with a 25-mm gap be-

tween it and the imaging section.

CBF was obtained with perfusion imaging, by using the mul-

tisection pseudocontinuous arterial spin-labeling sequence cov-

ering the entire brain. This sequence was recently recommended

by a white paper for clinical perfusion MR imaging.22 It is based

FIG 1. Automated spectral fitting of the pre- (left), during- (center), and posthypercapnia (right)
WBNAA from 1 subject, all on the same intensity and chemical shift (parts per million [ppm])
scales. Top, A,Whole-head 1H-spectrum (thin black line), estimated baseline (dashed line), and
fitted (metabolites
 baseline) estimate (thick gray line). Bottom: B, Residual signals (raw-fitted
data). Note: 1) The similarity of the pre-, during, and posthypercapnia spectra, suggesting a
minimal effect of this physiologic challenge on the brain NAA; 2) the quality of the fit on A; and
3) the consequent vanishing residuals in B; and 4) although other metabolites are also visible in
the spectrum, only NAA is implicitly localized by its biochemistry to just the brain.
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on a single-shot gradient-echo EPI: TR/TE � 3900/17 ms; label-

ing duration � 1470 ms; postlabeling delay � 1230 ms; section

thickness � 5 mm; 24 axial sections; 22 � 22 cm2 FOV; 64 � 64

matrix (3.4 � 3.4 � 5 mm3 voxels); integrated parallel acquisition

technique factor of 2 and 52 measurements (26 pairs of label and

control images) for a 3 minute and 35 second acquisition time.

Arterial spin-labeling was performed 97 mm below the center-of-

imaging volume approximately perpendicular to the internal ca-

rotid and vertebral arteries.

EXPERIMENTAL PROCEDURES
The participants underwent WBNAA, TRUST, and pCASL MR

imaging under normocapnia and hypercapnia (5% CO2, 21% O2,

and 74% N2 mixture from a Douglas bag). Each was fitted with a

nose clip, and the gas from each of the 2 sources was delivered

through a 2-way nonrebreathing valve and mouthpiece combina-

tion (2600 series; Hans Rudolph, Shawnee, Kansas). Their end-

tidal CO2 values, the CO2 concentration levels in the lung that

approximate those in arterial blood (ie, partial arterial CO2 pres-

sure), were recorded throughout the experiment at 2-second in-

tervals with an MR imaging– compatible 9500 Multigas Monitor

(Medrad, Indianola, Pennsylvania). The averaged end-tidal CO2

during each room air and hypercapnia scan was then calculated

and reported.

The experimental paradigm comprised 1H-MR spectroscopy

WBNAA (2:40 minutes), pCASL (3:35 minutes), and TRUST

(4:48 minutes) during normocapnia then hypercapnia and addi-

tional posthypercapnia normocapnia for WBNAA only, to test

whether hypercapnia-induced WBNAA change, if present, recov-

ers. The time interval needed to reach a new steady-state after

switching the gas from one condition to another was monitored in

each subject and usually took less �1 minute.

Data Processing and Analyses

WBNAA. Data processing and spectral fitting were performed by

using the VeSPA software package (https://scion.duhs.duke.edu/

vespa/project).23 The VeSPA-Analysis application was extracted

from the 1H-MR spectroscopy data from the MR imaging scanner

file format and applied a standard set of preset processing and

spectral fitting parameters: Even time-signals were subtracted

from the odd ones, the pairs were summed, and the spectral data

were fitted parametrically by using the automated algorithm de-

scribed previously.19,24,25 The metabolite basis set for the para-

metric fit (synthesized with the VeSPA-Simulation application by

using the radiofrequency pulses and timings from the actual

WBNAA sequence) included the total-NAA (NAA 
 NAA-gluta-

mate at a 7:1 ratio), glutamate, glutamine, total Cho, total Cr, and

mIns. The latter 5 were included in the parametric model as

known “nuisance signals” to simplify the use of wavelet filtering to

account for nonparametric residual baseline signals. The inter-

and intrasubject WBNAA signal area variability with this ap-

proach is �12% and �7%.19 Because only within-subject

changes from normocapnia to hypercapnia were sought for com-

parison, only percentage variations in WBNAA levels are reported

in this study.

pCASL. The difference between the label and control images was

calculated, and the CBF map produced normocapnia and hyper-

capnia by using a previously described perfusion kinetic

model22,26:

1) CBF(ml/100 g/minute)

	
60 
 100 
 M 
 �

2� 
 M0 
 T1 
 (e  w/T1  e  (w � �)/T1)
,

where M is the difference signal between control and labeling

states; � � 0.9 mL/g is the blood/tissue water partition coefficient;

� � 0.86 is the labeling efficiency of pCASL at 3T22,26; M0 is the

equilibrium magnetization of brain tissue during the nonlabeled

condition, after accounting for blood T1 (1600 ms) at 3T27; w is

the postlabeling delay, which is different for individual sections

(1.23-second 
 section acquisition delay)27; and � is the labeling

duration (1.47 seconds in our data). To obtain the average CBF

map for each breathing condition, we transformed each individ-

ual’s images into the Montreal Neurological Institute template of

152 space-masking brain-only regions and spatially smoothed

them by using a Gaussian kernel (8-mm full width at half maxi-

mum). GM CBF values were computed by overlaying the tissue

mask (defined as 70% probability of being GM) on the normal-

ized CBF maps. Global CBF was also computed by overlaying the

whole-brain mask, excluding the CSF, on the normalized CBF

maps, and it was obtained an averaged CBF over all sections in-

cluding both GM and WM.

TRUST and CMRO2. For Yv estimates, the TRUST data were pro-

cessed by using in-house Matlab (MathWorks, Natick, Massachu-

setts) scripts based on a previously described algorithm.21 Briefly,

these images were motion-corrected and pair-wise subtracted

(control-labeled images), resulting in a pure blood signal in the

lower superior sagittal sinus. The averaged venous blood signal

for each effective TE was fitted to a monoexponential model to

obtain a blood T2, which was converted to Yv via a calibration plot

established with in vitro blood by using subject-specific hemato-

crit values. CMRO2 (micromole O2/100 g tissue/minute) was

then estimated by using the Kety-Schmidt method,28

2) CMRO2 	 CBF 
 �Ya  Yv� 
 Ca,

where CBF is expressed in milliliters/100 g/minute and is obtained

from the pCASL data; Ya is the percentage of arterial oxygenation

obtained by using finger pulse oximetry; and Ca the amount of

oxygen a unit volume of blood can carry, assumed to be 856.2

�mol/100 mL. Note that because CBF and Yv are global metrics,

so is the CMRO2 from either the GM or whole brain.

Statistical Analyses
Kolmogorov-Smirnov tests were used to determine data distribu-

tions. Paired-samples t tests were performed to look for differ-

ences between hypercapnia and normocapnia in WBNAA, Yv,

global CBF, GM CBF, global CMRO2, and GM CMRO2. P � .05

was considered significant. All analyses were performed with SPSS

for Windows, Version 15.0 (IBM, Armonk, New York).

RESULTS
The end-tidal CO2 and MR imaging/MR spectroscopy metrics for

normocapnia and hypercapnia and their comparisons are sum-
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marized in the Table. As expected, the end-tidal CO2 increased

significantly from normocapnia to hypercapnia: 44.4 � 4.1 to

52.9 � 2.4 mm Hg for WBNAA, 40.6 � 4.9 to 49.4 � 3.9 mm Hg

for pCASL, and 43.3 � 4.7 to 52.5 � 2.9 mm Hg for TRUST

(P � 10�4 for all). The average range of end-tidal CO2 changes

during the 3 scans was tight: between 8 and 9 mm Hg.

WBNAA
Our automatic shimming yielded a 27 � 4 Hz whole-head water

line width in �5 minutes. Sample whole-head 1H-MR spectros-

copy during normocapnia, hypercapnia, and subsequent normo-

capnia are shown in Fig 1, and their distribution for all 12 subjects

is shown in Fig 2A. On the basis of paired-samples t tests, there

were insignificant 2.7 � 15.1% changes from normocapnia to

hypercapnia and 0.6 � 18.2% from pre- to posthypercapnia nor-

mocapnia (P � .88), as shown in Fig 2B.

pCASL
The average global CBF maps during normocapnia and hypercap-

nia from all 12 subjects are shown in Fig 3. There was a highly

significant 49.7 � 16.6% increase in global CBF from 33.9 � 6.3

mL/100 g/min in normocapnia to 50.2 � 6.9 mL/100 g/min in

hypercapnia (P � 10�4), as shown in Fig 4A. Similarly, GM CBF

increased a significant 40.0% from 45.3 � 7.4 mL/100 g/min

at normocapnia to 63.0 � 8.6 mL/100 g/min at hypercapnia

(P � 10�4).

TRUST and CMRO2
The lower superior sagittal sinus blood T2 increased from 54.6 �

8.9 ms at normocapnia to 85.0 � 11.8 ms at hypercapnia, and the

corresponding Yv increased from 56.4 � 5.6% to 71.9 � 4.8%

(P � 10�4 for both). The global CMRO2 declined a significant

6.4 � 10.9%: from 120.0 � 23.9 �mol/100 g/min at normocapnia

to 111.2 � 18.9 �mol/100 g/min at hypercapnia (P � .04), as

shown in Fig 4B. GM CMRO2 also decreased a significant 11.3 �

11.6%, from 162.2 � 40.1 �mol/100 g/min at normocapnia to

141.2 � 24.7 �mol/100 g/min at hypercapnia (P � .01).

DISCUSSION
The findings substantiate the hypothesis that WBNAA is insensi-

tive to a physiologic challenge that otherwise leads to significant

variations in Yv, CBF, and CMRO2. This finding suggests that

neurons tolerate hypercapnia with unaltered structural or func-

tional integrity. Consequently, blood partial arterial CO2 pressure

fluctuations (eg, due to irregular respiratory patterns during
1H-MR spectroscopy scans) will likely have minimal effect on the

NAA concentrations. Insensitivity to such an intense challenge

suggests that NAA changes, when observed, most likely represent

disease pathology and not physiology.

Hypercapnia is increasingly used to study cerebrovascular re-

activity in clinical populations,29,30 as well as to calibrate blood

oxygen level– dependent signal.31 Its well-known effect is a re-

markable vasodilation leading to substantial CBF increase. Al-

though the precise vasodilatory mechanism of CO2 in humans is

not well-known, it is believed that it activates potassium–adenos-

ine triphosphate channels in vascular smooth muscle, causing di-

lation.32 However, the effect of CO2 inhalation on neural activity

FIG 2. A, Boxplots showing the first, second (median), and third quar-
tiles (box) and �95% (whiskers) of the WBNAA distributions at nor-
mocapnia (white), hypercapnia (hatched), and posthypercapnia
(cross-hatched). Note the insignificantWBNAA changes (P� .676). B,
Boxplots show the percentage of NAA change from baseline normo-
capnia distribution of the 12 subjects. Note the �0% change from
normocapnia (preHC) to hypercapnia (HC) (hatched) and from the
former to the posthypercapnia (postHC) normocapnia (cross-
hatched), underscoring the negligible NAA change as a response to
the physiologic CO2 challenge. Arb indicates arbitrary.

Summary of ETCO2 and MRI metrics (mean) for normocapnia and hypercapnia
MRI/MRS and Measures Normocapnia Hypercapnia P Value
1H-MRSa

ETCO2 (mm Hg) 44.40� 4.1 52.9� 2.4 �10�4

WBNAA (arb. unit) 177.9� 40.5 178.8� 32.3 .88
pCASL MRI
ETCO2 (mm Hg) 40.6� 4.9 49.4� 3.9 �10�4

CBF (mL/100 g/min) 33.9� 6.3 50.2� 6.9 �10�4

TRUST MRI
ETCO2 (mm Hg) 43.3� 4.7 52.5� 2.9 �10�4

Yv (%) 56.4� 5.6 71.9� 4.8 �10�4

TRUST and pCASL
CMRO2 (�mol/100 g/min) 120.0� 23.9 111.2� 18.9 .04

Note:—Arb. indicates arbitrary; ETCO2, end-tidal carbon dioxide.
aWBNAA values measured with 1H-MRS of the posthypercapnic condition (the second normocapnia) are listed in the main text.
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or CMRO2 is unclear, and its results are controversial. Earlier

studies showed constant CMRO2 at hypercapnia,28 whereas oth-

ers found that it decreased,33,34 as in this study, or even in-

creased.35 These findings may be due to different methodologies

(eg, strength and duration of CO2 stimulus), use of anesthetic

agents, and species studied. The large increase in CBF with mild

reduction in CMRO2 under hypercapnia observed here suggests

uncoupling of these metrics due to increased partial pressure of

carbon dioxide acting primarily on adenosine receptors to dilate

blood vessels.

It is nevertheless intriguing why, despite significant CBF in-

crease and likely neuronal activity (CMRO2) decline, NAA levels

remains constant, because it is known that under normal condi-

tions, brain NAA level fluctuations are expected to link neuronal-

to-mitochondrial activity.3 Indeed, animal studies have shown

that NAA synthesis can be disrupted when O2 consumption and

adenosine triphosphate production are decreased by inhibitors of

the mitochondrial respiratory chain,17 and a marked reduction in

mitochondrial respiratory activities was observed in rodents ex-

posed to intermittent hypoxia/hypercapnia for several days.36 To-

gether, these studies support the notion that relatively severe pro-

longed hypercapnia may have a detrimental effect on neuronal

metabolism, leading to cell death, whereas in this study, the chal-

lenge was mild and its duration was short.

The above conjecture is also supported by the observed lack of

NAA changes in the few other 1H-MR spectroscopy studies in-

volving short physiologic challenges (eg, in response to aerobic

exercise,9 verbal memory performance,10 and caffeine ingestion11

in healthy humans, and alcohol consumption12 and prolonged

hypoglycemia in the rat brain13) consistent with neuronal and

mitochondrial integrity preservation. Furthermore, because NAA

accounts only for a very small fraction, �0.05%, of the overall

glucose metabolism, and its turnover rate is slow,8 its concentra-

tion is also unaffected by extended hypoglycemia.13 These find-

ings lend further support to the notion that NAA is not an energy-

buffering store (hence, requiring quick response) for neuronal

activity in normal tasks.13 At lower partial arterial CO2 pressure, a

recent study found that induced acidosis plays a role in maintain-

ing mitochondrial function, regulating its metabolic pathway to

preserve adenosine triphosphate production.37 We believe that a

relatively slower adaptive NAA metabolism may account for its

preserved level despite a CMRO2 decrease, suggesting that NAA is

a cellular integrity index, (ie, sensitive to the number of neurons

per unit volume and their overall viability), while CMRO2 is a flux

measure (ie, sensitive to instantaneous physiologic changes).

In the current study, we used WBNAA to assess the global

variation in NAA during hypercapnia because of the global effect

FIG 3. Average (n � 12) global CBF maps for 7 representative brain sections. Note the easily visible, �50% increase (P � 10�4) in CBF from
normocapnia to hypercapnia.

FIG 4. Boxplots of the distributions of global CBF (A) and CMRO2 (B)
at normocapnia (white) and hypercapnia (hatched). Note the signifi-
cant (P � 10�4) �47% increases in global CBF and the 6.4% (P � .04)
decrease in global CMRO2 from normocapnia to hypercapnia.
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of CO2, which can be detected more reliably than single- or mul-

tivoxel MR spectroscopy methods, in particular when such an

effect on NAA change is considered consistent among different

regions. Our Yv and CMRO2 measures are also global indices, by

which WBNAA results are expected to be more comparable with

CMRO2 changes at the similar global level. Because most of the

neurodegenerative diseases such as Alzheimer disease, amyotro-

phic lateral sclerosis, multiple sclerosis, and frontotemporal de-

mentia are widespread in nature and involve more extended re-

gions than previously understood, it is also more sensible to assess

global variation in NAA levels following a physiologic challenge.

Using a single-voxel technique, previous studies have reported no

significant regional NAA change with other physiologic chal-

lenges, which is consistent with our whole-brain NAA

findings.9-12

Admittedly, this study also has several limitations: First, the

hypercapnia challenge lasted only several minutes. However, it is

known that acute challenges (eg, partial hypoxia in stroke,38) may

lead to NAA decline in a matter of minutes, suggesting that the

duration of our paradigm may be appropriate to affect a change if

there was one. Higher than normal partial arterial CO2 pressure is

common in subjects with chronic respiratory disorders, which

may exist as comorbidities in patients with neurologic disorders

during 1H-MR spectroscopy. Our study, by its design, excludes

the effect on brain NAA from both prolonged hypoxia and ele-

vated partial arterial CO2 pressure. Second, we restricted our

study to young adult men, to remove (possible) age and sex dif-

ferences in the metrics compared. However, the WBNAA insen-

sitivity to hypercapnia in this cohort suggests that similar findings

are expected in a more age- and sex-diverse group. Third, the

whole-brain CBF values are slightly lower than those commonly

reported because WM CBF is usually underestimated with arterial

spin-labeling sequences. Because this study compared CBF be-

tween the 2 breathing conditions within a subject, however, its

underestimation is expected to be similar between them.

CONCLUSIONS
Our study suggests that the NAA concentration is insensitive to

even intensive transient physiologic challenges absent underlying

pathology that affects the integrity or viability of these cells, meet-

ing the requirement of a marker of neuronal cell integrity. The

finding with this specific challenge paradigm is particularly ger-

mane to better understanding of NAA changes, specifically to

NAA quantification when the subjects have an irregular breathing

pattern during 1H-MRS acquisition, in which elevated partial ar-

terial CO2 pressure can be seen.
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ORIGINAL RESEARCH

ADULT BRAIN

Ultra-High-FieldMRI Visualization of Cortical Multiple
Sclerosis Lesions with T2 and T2*: A PostmortemMRI and

Histopathology Study
L.E. Jonkman, R. Klaver, L. Fleysher, M. Inglese, and J.J.G. Geurts

ABSTRACT

BACKGROUND AND PURPOSE: At 7T MR imaging, T2*-weighted gradient echo has been shown to provide high-resolution anatomic

images of graymatter lesions. However, few studies have verified T2*WI lesions histopathologically or compared themwithmore standard

techniques at ultra-high-field strength. This study aimed to determine the sensitivity of T2WI and T2*WI sequences for detecting cortical

GM lesions in MS.

MATERIALS AND METHODS: At 7T, 2D multiecho spin-echo T2WI and 3D gradient-echo T2*WI were acquired from 27 formalin-fixed

coronal hemispheric brain sections of 15 patients and 4 healthy controls. Proteolipid-stained tissue sections (8 �m) were matched to the

corresponding MR images, and lesions were manually scored on both MR imaging sequences (blinded to histopathology) and tissue

sections (blinded toMR imaging). The sensitivity ofMR imaging sequences for GM lesion types andwhitematter lesions was calculated. An

unblinded retrospective scoring was also performed.

RESULTS: If all cortical GM lesions were taken into account, the T2WI sequence detected slightly more lesions than the T2*WI sequence:

28% and 16%, respectively (P� .054). This difference disappeared when only intracortical lesions were considered. When histopathologic

information (type, location) was revealed to the reader, the sensitivity went up to 84% (T2WI) and 85% (T2*WI) (not significant). Further-

more, the false-positive rate was 8.6% for the T2WI and 10.5% for the T2*WI sequence.

CONCLUSIONS: There is no strong advantage of the T2*WI sequence compared with a conventional T2WI sequence in the detection of

cortical lesions at 7T. Retrospectively, a high percentage of lesions could be detectedwith both sequences. However, many lesions are still

missed prospectively. This could possibly be minimized with better a priori observer training.

ABBREVIATIONS: CNR� contrast-to-noise ratio; DIR� double inversion recovery; GML� gray matter lesion; WML� white matter lesion

Multiple sclerosis is traditionally regarded as a chronic in-

flammatory demyelinating disease of the white matter with

a variable clinical course; primary-progressive or relapsing-remit-

ting with possible conversion to secondary-progressive. Patho-

logic, immunologic, and imaging studies have confirmed that tis-

sue damage in the gray matter is also a key component of the

disease process.1-4 GM pathology occurs frequently, already early

in the disease course, and explains cognitive and clinical disability

better than white matter lesions.5,6 Nevertheless, visualizing these

GM abnormalities has been challenging due to their small size,

absence of inflammation, and partial volume effect from adjacent

CSF and WM. The introduction of ultra-high-field MR imaging

scanners and specific MR imaging pulse sequences has improved

the detection of GM lesions due to a higher signal-to-noise ratio

and better spatial resolution.7-9 7T T2*-weighted gradient-echo

MR imaging has been shown to provide high-resolution anatomic

images of GM lesions, and it has even been suggested that this

sequence be used as the new criterion standard for GM lesion

detection.10 It was reported to be 44% more sensitive than 1.5T

MR imaging in detecting lesions with cortical involvement11 and

up to 69% more sensitive than 3T double inversion recovery

(DIR) imaging in detecting subpial lesions.10

Few groups have had the opportunity to study GM lesions that

were visualized with 7T T2*WI in terms of histopathology. There-
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fore, little information is available on the exact sensitivity of

T2*WI and/or whether certain lesion types are more visible than

others with this sequence. One postmortem study that did look at

T2*WI sensitivity showed a 48% prospective sensitivity but made

no distinction among lesion types.12 Another 7T study found that

46% of cortical lesions could be prospectively detected by using

T2*WI and a similar 43% could be detected by using a WM-

attenuated turbo field echo.13 However, the 2 sequences studied

were suboptimally matched in terms of image resolution, which

may explain the relative absence of differences between them. The

current study aimed to determine the sensitivity of a standard

T2WI and a T2*WI sequence, by using the same image resolution,

for detecting MS GM lesion types in postmortem MS tissue.

MATERIALS AND METHODS
Patients and Postmortem Examination
Coronally cut, 10-mm-thick full-hemispheric brain sections of 15

patients with histopathologically confirmed MS (7 women) were

selected after rapid postmortem examination (mean postmortem

delay, 5 hours 56 minutes) and were formalin-fixed. Additionally,

12 control sections from 4 donors were obtained (recruited and

evaluated by the pathology department of VU University Medical

Center, Amsterdam, the Netherlands). Table 1 provides demo-

graphic and neuropathologic details of the donors. Before death,

all donors were registered at the Netherlands Brain Bank, Amster-

dam, the Netherlands. All donors gave written informed consent

for the use of their tissue and medical records for research pur-

poses. Permission for performing postmortem examinations, use

of tissue, and access to medical records was granted by the insti-

tutional ethics review board.

MR Imaging
Imaging was performed by using a 7T BioSpec USR70/30 imager

(Bruker BioSpin MRI, Ettlingen, Germany), and a vendor-pro-

vided 8.6-cm-diameter radiofrequency transmit/receive coil

(model 1P T12053V3). Each formalin-fixed brain section was

placed into a rectangular plastic tissue container and immersed in

10% buffered formalin. Particular care was devoted to sequence

optimization due to the effect of tissue fixation on sequence pa-

rameters. The MR imaging protocol included a 2D multiecho

spin-echo T2-weighted (TR/TE1/TE2/TE3 � 4000/19.1/38.2/

57.3 ms; � � 90 and 180; averages � 6) and a 3D gradient-echo

T2*-weighted (TR/TE � 25/12 ms; � � 5; averages � 16) se-

quence. All MR imaging sequences were acquired with an FOV of

100 � 80, matrix of 1000 � 800, and in-plane spatial resolution of

100 � 100 �m, with a section thickness of 1 mm.

Contrast-to-noise ratios (CNRs) were determined for the dif-

ferent MR image types in the MS samples on the basis of signal-

intensity measurements in ROIs (ie, normal-appearing gray mat-

ter, GM lesions, normal-appearing white matter, WM lesions,

formalin [noise]). The CNR between 2 tissue types was defined as

�SI1 � SI2�/SD (noise). For T2WI, the TE of 19.1 ms was used for

lesion detection and CNR calculation.

Histology
After MR imaging, the brain sections were cut in half to reveal the

imaged plane and were embedded in paraffin. Eight-micrometer-

thick sections were cut, mounted onto glass slides (Superfrost;

VWR International, Leuven, Belgium), and dried overnight at

37°C. Sections were deparaffinized in a series of xylene, 100%

alcohol (ethanol), 96% alcohol, and 70% alcohol and rinsed with

0.01-mol/L tris-buffered saline (pH, 7.8 – 8.0). Endogenous per-

Table 1: Demographic and neuropathologic data of subjects
Case No. Noa Sex Age (yr) PMD (h:min)b DD (yr) MS Type COD

MS
1 M 80 6:05 45 SPMS Pneumonia
2 F 81 3:30 27 PPMS Pneumonia
3 M 75 10:10 50 NA Pneumonia
4 F 66 7:30 17 NA Pulmonary hypertension
5 M 71 4:00 15 SPMS Pulmonary carcinoma
6 F 54 6:00 16 SPMS Liver cancer
7 M 63 4:30 25 SPMS Pneumonia
8 M 78 3:00 33 SPMS Euthanasia
9 M 59 5:00 21 SPMS Euthanasia
10 M 56 10:10 13 NA Suicide
11 F 56 8:25 32 SPMS Pneumonia
12 F 54 3:30 31 SPMS Heart failure
13 M 58 4:00 27 SPMS Pneumonia
14 F 95 6:30 55 SPMS Unknown
15 F 81 6:30 21 SPMS Heart failure
Mean 68.5� 12.7 5:56� 2:27 28.5� 12.9
Control
20 4 F 72 �24:00 – – Myocardial infarct
21 3 F 58 �24:00 – – Breast cancer
22 3 F 76 �24:00 – – Pneumonia
23 2 F 76 �8:00 – – Pneumonia
Mean 70.5� 8.5

Note:—PMD indicates postmortem delay; DD, disease duration since diagnosis; SPMS, secondary-progressive MS; PPMS, primary-progressive MS; COD, cause of death; NA,
unavailable/unknown; –, not applicable.
a The numbers indicate number of hemispheric sections included per case.
b Control cases are not part of the rapid postmortem examination program and therefore have a longer PMD.
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oxidase activity was blocked by incubating the sections in tris-

buffered saline with 0.3% H2O2 for 30 minutes. After this, the

sections were rinsed with 0.01-mol/L phosphate-buffered saline

(pH, 7.4). Staining was performed with antibodies against prote-

olipid protein (AbD Serotec, Oxford, UK) diluted in tris-buffered

saline (1:500) containing 1% normal goat serum (Dako, Glostrup,

Denmark) and stored overnight at 6°C. Immunolabeling was de-

tected by incubating the sections in biotinylated goat antimouse

(1:400; Vector Laboratories, Burlingame, California) and in

Vectastain ABC (horseradish peroxidase, 1:200; Vector Laborato-

ries) for 60 minutes at room temperature. Afterward, the sections

were washed in 0.05-mol/L tris-hydrochloric acid (pH, 7.6). Per-

oxidase activity was demonstrated with 0.5-mg/mL 3,3	 diamino-

benzidine tetrahydrochloride (DAB; Sigma, St. Louis, Missouri)

in 0.01-mol/L tris-hydrochloride containing 0.03% H2O2 for 5

minutes, which led to a brown reaction product. Sections were

counterstained with hematoxylin (Sigma) and mounted (dePex;

BDH Chemicals, Poole, UK).

Scoring, Classification, and Matching
MR imaging lesions were manually marked on all T2*WI, and

all T2WI with TE � 19.1 which had contrast similar to that of

clinically used T2WI sequences. The MIPAV (National Insti-

tutes of Health, Bethesda, Maryland) application was used for

manual prospective and retrospective lesion scoring. The MR

imaging reader scoring was blinded to clinical information and

histopathologic results. Lesions were scored throughout all of

the MR imaging slices to avoid bias toward scoring within the

sampled areas. A subset of images (n � 5 for each sequence)

was rated by a second independent reader to ascertain the qual-

ity of scoring and calculate an intraclass correlation coefficient

for each sequence.

Histopathologically, lesions were defined as areas of complete

demyelination (lack of proteolipid protein) and were scored by a

histopathologic reader blinded to the clinical and MR imaging

data. GM lesions were scored and classified according to criteria

described in Bø et al,14 in which a distinction among 4 cortical

lesion types is made. Type I lesions involve the deeper layers of the

GM and the adjacent WM; type II lesions are small demyelinated

lesions, often centered around blood vessels and confined within

the cortex; type III lesions extend from the pial surface into the

cortex, most often reaching to cortical layers 3 or 4. When these

lesions involve the entire span of the cortex without entering the

subcortical white matter, they are defined as type IV lesions. After

MR imaging and histopathologic scoring, hemispheric tissue sec-

tions were matched to the corresponding MR imaging planes by

using WM lesions and as many cortical anatomic landmarks as

possible. After the blinded prospective scoring of the postmortem

MR imaging and the tissue-to–MR imaging matching, histopa-

thology scores were made available to the MR imaging readers

and a second, retrospective, unblinded scoring was performed in

consensus between the raters.

Analysis of Data
Histopathologic lesion count was considered the criterion stan-

dard. Therefore, prospective and retrospective sensitivity of MR

imaging sequences for detecting lesions was determined by divid-

ing the number of lesions scored in the prospective or retrospec-

tive ratings by the number of lesions assessed on histopathology,

times 100%. The sensitivity of T2WI and T2*WI MR images was

statistically compared by using the Wilcoxon signed rank test in

SPSS 20.0 (IBM, Armonk, New York). The specificity of MR im-

aging sequences was determined by dividing the number of false-

positives by the number of lesions assessed on histopathology and

subtracting this number from 100%. The interrater agreement for

prospective lesion detection was expressed as an intraclass corre-

lation coefficient for each sequence (T2WI and T2*WI) by using a

2-way random effects model in absolute agreement. Due to the

small number of WM lesions, differences in WM CNRs were kept

descriptive. For the difference between GM and gray matter lesion

(GML) and between GM and WM (both normally distributed), a

paired samples t test was performed.

RESULTS
Of the MR imaging–scanned and histopathologically processed

samples, 1 section from 1 patient did not show any histopatho-

logic abnormalities and was therefore excluded from analysis. The

control sections did not show, apart from age-related frontal cap-

ping, any histopathologic abnormalities. The final dataset for

analysis included 26 brain sections (from 14 patients and 4 con-

trols). In the MS brain sections, we identified 105 lesions on MR

imaging that were verified by histopathology: 7 WM and 98 cor-

tical lesions. Of these cortical lesions, 14 were mixed GM-WM

(type I) lesions and 84 were located entirely within the cortical

GM (16 type II lesions, 43 type III lesions, and 25 type IV lesions).

The intraclass correlation coefficient for the T2WI sequence was

0.972; the intraclass correlation coefficient for the T2*WI se-

quence was 0.968.

Comparison of Lesion Scoring between T2WI
and T2*WI
Results of the histopathologic count and the proportion of lesions

detected prospectively and retrospectively on T2WI and T2*WI

sequences are shown in Table 2. When focusing on cortical GM

lesions (I–IV), the T2WI sequence detected 69% more lesions

than T2*WI (Table 2). This difference in GM I–IV lesion detec-

tion was not significant (P � .054). When only focusing on intra-

cortical GM lesions (II–IV), the T2WI sequence detected 36%

more lesions than the T2*WI sequence. This difference was also

not significant (P � .38). On retrospective scoring, when lesion

location was revealed to the MR imaging reader, 81 and 82 cortical

lesions were found with the T2WI sequence and T2*WI sequence,

respectively, an increase of 200% and 413% compared with pro-

spective scoring. Figure 1 shows matched histologic, T2WI, and

T2*WI with prospectively and retrospectively detected lesions.

Aside from the detected lesions, we scored 19 false-positives

(marked on MR imaging as a lesion but not confirmed by histo-

pathology): 9 on the T2WI sequence and 10 on the T2*WI se-

quence. This resulted in a specificity of 91.4% for the T2WI and

90.5% for the T2WI sequence. After microscopic inspection of

these false-positives, it appeared that many of the cases (89% for

T2WI and 80% for the T2*WI sequence) were incompletely

demyelinated/remyelinated lesions, which were not scored be-
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cause they did not fulfill the criterion of a “fully demyelinated

lesion” (see “Materials and Methods”).

Contrast-to-noise ratios for the various tissue types are shown

in Table 3. Although only descriptive, the T2WI sequence showed

higher WM to white matter lesion (WML) CNR, which could

account for the higher prospective sensitivity than T2*WI se-

quence (Table 2). Regarding the T2WI and T2*WI sequences, a

paired samples t test showed no signifi-

cant difference between the comparably

low GM-GML CNRs.

DISCUSSION
In the current study, we have demon-

strated that prospectively (ie, without

knowledge of histopathology [location

and type of lesions]), the standard T2WI

sequence detected more cortical lesions

than the T2*WI sequence (ie, 28% ver-

sus 16%, respectively), though this dif-

ference was not statistically significant.

When only intracortical lesions were

taken into account, this difference be-

tween sequences vanished completely. It

also vanished when lesion location was

revealed to the reader (retrospective

scoring). An explanation for this slight

prospective difference could be that the

T2*WI sequence is more susceptible to

global inhomogeneities such as tissue-

to-formalin boundaries, leading to local

T2* signal decay,15 which could hinder

prospective lesion detection.

Retrospective detection of cortical

lesions increased to 83% for the T2WI

and 84% for the T2*WI sequence. When

we focused on intracortical lesions, ret-

rospective detection increased to 80%

and 82%, respectively. This retrospec-

tive detection sensitivity is much higher

than that in previous postmortem MR

imaging studies at lower field strengths.

Previous studies at 1.5T detected only

31%3 or 56%16 of intracortical lesions

with a T2WI sequence and 29% with a

DIR sequence.17 With a FLAIR sequence, 9%,17 21%,3 or 71%18

of intracortical lesions were detected retrospectively. Compared

with previous postmortem MR imaging studies at ultra-high-field

(7T) strength, our T2WI and T2*WI retrospective detection rates

are higher than the 67% found with R2* maps,19 comparable with

the 82% found with WM-attenuated turbo field echo, and slightly

lower than the 93% detected with T2*WI.13 However, prospective

FIG 1. Section stained with anti-proteolipid protein antibodies (A), matched with T2*WI (B) and
T2WI (C and D). Note that the histologic section corresponds with multiple slices of the MR
image; the top part of image B andD corresponds to the top part of imageA, and the bottompart
of image C corresponds to the bottom part of image A. The border between successive MR
imaging slices is depicted by the blue dotted line. Lesions are indicatedwith arrows (WML is blue;
GML is red). The type ofGM lesion is indicated by I–IV. Also indicated iswhether histologic lesions
were retrospectively seen on MR imaging (asterisk) or missed on MR imaging (number sign). All
other histologic lesions were prospectively detected. Degree of magnification: 50�.

Table 2: Lesion count and sensitivity of prospective and retrospective MRI scoringa

Lesion Type

Histology Prospective MRI Retrospective MRI

Count T2WI T2*WI P Value T2WI T2*WI P Value
I 14 8 (57) 2 (14) – 14 (100) 13 (93) –
II 16 3 (19) 5 (31) – 13 (81) 10 (63) –
III 43 5 (12) 5 (12) – 32 (74) 36 (84) –
IV 25 11 (44) 4 (16) – 22 (88) 23 (92) –
GML (I–IV) 98 27 (28) 16 (16) .054 81 (83) 82 (84) .803
GML (II–IV) 84 19 (23) 14 (17) .380 67 (80) 69 (82) 0.608
WML 7 6 (86) 3 (43) – 7 (100) 7 (100) –
Total 105 33 (31) 19 (18) .018b 88 (84) 89 (85) .803

Note:—– indicates not statistically assessed.
a Sensitivity (in percentages between parentheses) was calculated by dividing the number of lesions scored in the prospective or retrospective ratings by the number of lesions

assessed on histopathology, times 100%.
b Significant.
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lesion detection in these studies varied between 42% and

48%,13,19 which is higher than our cortical detection rate of up to

28%. One explanation for this higher detection rate in other stud-

ies could be the type of lesions identified; most lesions found by

Yao et al19 were the more easily detectable type I lesions, while

most lesions in our sample were the more difficult detect type III

lesions. Another explanation could be the higher CNR as found in

the study by Pitt et al.13 Their T2*WI sequence had a GML-GM

CNR of 3.4, while our study only had an average CNR of 1.7,

making distinction between GML and surrounding GM more dif-

ficult. These differences could have led to a more optimal se-

quence for lesion detection by Pitt et al. Future studies should be

performed to see how lesion heterogeneity and within-sequence

differences influence lesion detection. As shown by the high ret-

rospective lesion count, 7T MR imaging has greatly improved the

possibility of detecting cortical or intracortical lesions. However,

the challenge remains to actually detect them prospectively and

in vivo.

Regardless of 7T MR imaging with increased signal-to-noise

ratio (SNR) and spatial resolution, the number of prospectively

detected cortical lesions on MR images remains low; in our study,

up to 84% of cortical or intracortical lesions remained unde-

tected. In another study at 7T, up to 57% were still missed.13

Lesion size has been found to affect the visibility of cortical lesions

at both 1.5T20 and 7T.13 Furthermore, extensive cortical demyeli-

nation could hinder visibility of type IV lesions; when most of the

cortex is affected, there is no normal-appearing gray matter pres-

ent, making it difficult to differentiate areas of demyelination and

normal-appearing gray matter (Fig 2). Perhaps quantitative MR

imaging could provide additional information in these areas.21

Automated segmentation could be another option to aid cortical

lesion detection, though this could be extremely challenging due

to a lack of contrast in the cortex, especially in the upper layers

where most cortical lesions are located. Nevertheless, retrospec-

tive lesion detection shows that it is possible to find cortical le-

sions on MR imaging when lesion location is (histopathologi-

cally) known, indicating that observer training is important and

could dramatically increase future prospective sensitivity.

There were only 7 WMLs observed during histopathologic

analysis. This seems low, but the coronal sections were sampled

from more frontal regions of the brain, a preferential area for

cortical pathology,22,23 but not far for WMLs, which are more

frequently located periventricular.

Sequence parameters were optimized for the effect of fixation,

SNR, and spatial resolution. Fixed tissue has a decrease in T2

signal,24 which leads to lower contrast and requires an increase in

averages to achieve a reasonable SNR. This results in an increase in

acquisition time, a methodologic limitation when trying to com-

pare the results from this study with the in vivo setting. The se-

quences used can be optimized for the 7T in vivo setting, but

identifying cortical lesions will remain especially challenging for

smaller sized lesions.20 Another limitation in correlative studies

between histopathology and MR imaging is matching tissue sec-

tions to MR images. Tissue sections were 8 �m, while MR images

had a section thickness of 1 mm. However, accurate matching was

made possible due to the many anatomic landmarks in the full-

hemispheric sections used in this study.

Looking at the in vivo setting, DIR is reported to improve

cortical lesion detection at 3T compared with 1.5T, while T2WI or

FLAIR is not.25 In turn, a 75% increase in cortical lesion detection

was found with 7T T2WI versus 3T T2WI. For T1 and FLAIR, this

was even 91% and 238%, respectively.26 Another study found a

65% increase in cortical lesion detection with 7T T2*WI versus 3T

DIR.10 The same research group also investigated how various

lesion types contributed to physical and cognitive performance.

They found that type III–IV lesions had the strongest relationship

to physical disability. In turn, type I lesions and, to a lesser extent,

type III–IV lesions had a relationship with cognitive perfor-

mance.27 At 3T, DIR detected 538% more intracortical lesions

than T2WI and 152% more intracortical lesions than FLAIR.18

This finding was supported by another study in which DIR de-

tected 43% more cortical lesions than FLAIR.9 However, a study

from Kilsdonk et al28 at ultra-high-field strength (7T) showed

that FLAIR detected 89% more cortical lesions than DIR, and that

DIR and T2WI obtained nearly identical mean cortical lesion

counts (115 versus 116). This finding indicates that a sequence

that may be optimal at a lower field strength (DIR at 3T) may lose

its benefit at a higher field strength (7T), and vice versa: A se-

quence suboptimal at a lower field strength may have an advan-

Table 3: Contrast-to-noise ratio (�SD)
CNR T2WI T2*WI

WM-WML 12.07 (0.90) 5.03 (1.68)
GM-GML 2.01 (0.74) 1.7 (1.37)
GM-WM 7.5 (1.58) 4.96 (3.79)

Note:—WM-WML indicates white matter-to-white matter lesion CNR; GM-GML,
gray matter-to-gray matter lesion CNR; GM-WM, gray matter-to-white matter CNR.

FIG 2. An example of extensive cortical demyelination in anMS case.
Histologic section with anti-proteolipid protein antibody (left) and a
matched T2WI (right). The histologic section shows extensive cortical
demyelination (lack of proteolipid protein) in the cortex, except for a
small section at the left bottom (asterisk). This extensive demyelina-
tion makes it difficult to differentiate lesions and normal-appearing
gray matter on MR imaging (right). In this particular case, as a result,
prospective MR imaging scoring was negative. CC indicates corpus
callosum. Degree of magnification: 50�.
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tage over other sequences at higher field strengths (FLAIR or T2*

at 7T). It would be useful if future studies could elucidate which

sequences have optimal lesion detection sensitivities at which

field strength. Phase-sensitive inversion recovery looks promising

at 3T with a 307% increase over DIR,29 but how does it perform at

7T? How do FLAIR, T2WI, and T2*WI compare at 7T in 1 com-

parative study?

CONCLUSIONS
Our findings suggest that at 7T, T2WI and T2*WI sequences are

equally capable of detecting up to 83%– 84% of cortical lesions in

postmortem MS samples. However, many lesions are still missed

prospectively. With observer training, the expectation is that not

only the “tip” but a large part of the proverbial “iceberg” of GM

lesions may be uncovered.
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FUNCTIONAL

The Contribution of Common Surgically Implanted Hardware
to Functional MR Imaging Artifacts

A.A. Desai, M.K. Strother, C.C. Faraco, V.L. Morgan, T.R. Ladner, L.M. Dethrage, L.C. Jordan, and M.J. Donahue

ABSTRACT

BACKGROUND AND PURPOSE: Blood oxygenation level–dependent MR imaging is increasingly used clinically to noninvasively assess

cerebrovascular reactivity and/or language and motor function. However, many patients have metallic implants, which will induce

susceptibility artifacts, rendering the functional information uninformative. Here, we calculate and interpret blood oxygenation level–

dependent MR imaging artifact impact arising from surgically implanted hardware.

MATERIALS ANDMETHODS: A retrospective analysis of all blood oxygenation level–dependentMRIs (n� 343; B0� 3T; TE� 35ms; gradient

echo EPI) acquired clinically (year range � 2006–2014) at our hospital was performed. Blood oxygenation level–dependent MRIs were most

commonlyprescribed forpatientswith cerebrovascular disease (n�80)orpatients undergoing languageormotor localization (n� 263). Artifact

volume (cubic centimeters) and its impact on clinical interpretation were determined by a board-certified neuroradiologist.

RESULTS: Mean artifact volume associated with intracranial hardware was 4.3� 3.2 cm3 (range� 1.1–9.4 cm3). The mean artifact volume

from extracranial hardware in patients with cerebrovascular disease was 28.4 � 14.0 cm3 (range � 6.1–61.7 cm3), and in patients with

noncerebrovascular disease undergoing visual or motor functional mapping, it was 39.9 3� 27.0 cm3 (range � 6.9–77.1 cm3). The mean

artifact volume for ventriculoperitoneal shunts was 95.7� 39.3 cm3 (range� 64.0–139.6 cm3). Artifacts had no-to-mild effects on clinical

interpretability in all patients with intracranial implants. Extracranial hardware artifacts had no-to-moderate impact on clinical interpret-

ability, with the exception of 1 patient with 12 KLS-Martin maxDrive screws with severe artifacts precluding clinical interpretation. All

examined ventriculoperitoneal shunts resulted in moderate-to-severe artifacts, limiting clinical interpretation.

CONCLUSIONS: Blood oxygenation level–dependent MR imaging yields interpretable functional maps in most patients beyond a small

(30–40 cm3) artifact surrounding the hardware. Exceptions were ventriculoperitoneal shunts, particularly those with programmable valves

and siphon gauges, and large numbers of KLS-Martin maxDrive screws.

ABBREVIATIONS: BOLD� blood oxygenation level–dependent; CVR� cerebrovascular reactivity; VP� ventriculoperitoneal

Blood oxygenation level–dependent (BOLD) fMRI is becoming

increasing used for presurgical mapping of eloquent cortex be-

fore resection of brain tumors1 or epileptogenic foci2 and to assess

cerebrovascular reactivity (CVR) when combined with hypercapnic

gas stimuli.3,4 The main advantage of BOLD fMRI is the lack of ion-

izing radiation or exogenous contrast required, which makes it a par-

ticularly appealing approach for longitudinal monitoring of patients

or for evaluating short-term responses to therapy in situations in

which exogenous contrast agents may be dose-restricted.

A known limitation of BOLD fMRI over alternative ap-

proaches for assessing hemodynamics is the sensitivity of BOLD

to magnetic field inhomogeneities, including those produced by

implants. At clinical field strengths of 1.5T to 3T, BOLD fMRI

requires a relatively long TE (30 –55 ms) to sensitize the sequence

to susceptibility differences between oxygenated (diamagnetic)

and deoxygenated (paramagnetic) blood. However, this require-
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ment also sensitizes the sequence to susceptibility variations be-

tween implants and surrounding tissue. This feature adds vari-

ability to the static magnetic field (B0) and may manifest as

distortion or signal voids.

The influence of implants on the quality of the diagnostic in-

formation has been historically defined as “MR imaging compat-

ibility.” Medical devices labeled “MR imaging compatible” were

MR imaging–safe and did not affect the quality of the diagnostic

information. However, due to ongoing confusion with medical

labeling, in 2005, the US Food and Drug Administration recog-

nized a new set of terms by the American Society for Testing and

Materials international, which included the influence of implants

on image quality, and requested manufacturers to use the termi-

nology for new products. However, there remains a fundamental

need to define the extent of image artifacts, because manufactur-

ers frequently provide only general statements regarding the pos-

sible impact on image quality.5 Furthermore, such MR imaging

compatibility is most commonly considered in the context of con-

ventional structural MR imaging sequences that use short TEs,6-8

avoid single-shot echo-planar imaging readouts, and/or may not

use parallel imaging, all of which are commonly used in BOLD

fMRI. Thus, the impact of implants specifically on BOLD fMRI

signal quality is not well-characterized.

For cerebral hemodynamic measurements derived from

BOLD MR imaging to be reliable in routine clinical practice, sus-

ceptibility-induced influences of endovascular and surgical hard-

ware on BOLD MR imaging must be characterized, particularly in

studies that require imaging before and after implantation of sur-

gical hardware. The purpose of this study was to review BOLD

fMRI examinations performed clinically at 3T and to calculate the

volume and artifact extent in patients with implants, as well as the

degree to which the artifact impacts the clinical utility of the study.

This information is intended to serve as an exemplar for when

BOLD fMRI scans may remain interpretable, even in the presence

of surgically implanted hardware.

MATERIALS AND METHODS
Patient Demographics and Ethical Considerations
This study was approved by our local institutional review board and

conformed to the requirements of the United States Health Insur-

ance Portability and Accountability Act. We conducted a retrospec-

tive analysis of all BOLD MRI acquired clinically (January 2006 to

March 2014) at our institution as part of 2 separate institutional re-

view board–approved studies. In one study, patients were prospec-

tively recruited to undergo BOLD MR imaging by using a CVR pro-

tocol (institutional review board No. 110468, n � 80). Additionally,

clinical BOLD MR imaging was performed by using a protocol with

functional tasks for language or motor localization (functional local-

izer protocol, n � 263). An institutional review board exemption was

obtained to retrospectively review data from the functional localizer

protocol (institutional review board No. 150190).

Implant manufacturer and model were obtained when avail-

able in the electronic medical record, and all patients were

screened per departmental policy to determine the MR imaging

compatibility and safety of implants before scanning, following

the American College of Radiology recommendations for safe MR

imaging practices.9

MR Imaging Parameters
All patients in the CVR protocol were scanned by using 3T MR im-

aging (Achieva; Phillips Healthcare, Best, the Netherlands) with body

coil transmission and sensitivity encoding 8-array coil reception with

a multimodal protocol, which included hypercarbic BOLD: spatial

resolution � 3.4 � 3.4 � 5 mm3, single-shot gradient-echo EPI,

TR/TE � 2000/35 ms, flip angle � 80°, sensitivity encoding factor �

2, 30 sections; and a block paradigm of 3/3 minutes baseline (room

air)/5% carbogen (5% CO2, 95% O2) breathing repeated twice. Pa-

tients undergoing the functional localizer protocol were scanned by

using the same scanner with a slightly modified protocol: spatial res-

olution � 3.75 � 3.75 � 5.00 mm3, single-shot gradient-echo EPI,

TR/TE � 2000/35 ms, flip angle � 78°, sensitivity encoding factor �

1.8, 30 sections. The TE and readout type (single-shot gradient-echo

EPI) were identical for both protocols; the total voxel volume (57.8

versus 52.7 mm3) and parallel imaging factor (2.0 versus 1.8) were

nearly identical between protocols and within the range of common

fMRI acquisition parameters (see “Discussion”).

Analysis
All fMRI data were corrected for motion and baseline drift and

were coregistered to T1 and standard space (Montreal Neurolog-

ical Institute, 2 mm) by using linear registration routines from the

fMRI of the Brain Software Library (FSL; http://www.fmrib.ox.

ac.uk/fsl).10 Dephasing artifacts associated with metallic objects

on BOLD MR imaging were overseen by a board-certified neuro-

radiologist (M.K.S. with 13 years’ experience) and were quantified

on all patients with implanted hardware by manually drawing

ROIs demarcating areas of signal loss on each affected image sec-

tion (Fig 1). These data were then summed to yield a total artifact

volume (cubic centimeters). In patients with multiple ipsilateral im-

plants, artifact volume per hemisphere was summated, because im-

plant proximity precluded the ability to distinguish the extent of ar-

tifacts associated with each individual implant in subjects with

bilateral implants. In patients with bilateral implants, right and left

hemisphere artifacts were calculated separately. Additional analysis

was performed to calculate the time course signal-to-noise ratio in

each voxel by measuring the ratio of the mean baseline signal to the

SD of the baseline signal with time.

All BOLD MRIs were reviewed by a fellowship-trained, board-

certified neuroradiologist (M.K.S) and a MR imaging physicist

(V.L.M. with 15 years’ experience) to characterize the degree that

artifact volume impacted clinical interpretability by using the fol-

lowing scale: none � no compromise of functional interpretation

FIG 1. Representative images of artifact masks, which colocalize with
areas of signal loss. A, A representative section from the magnitude
gradient echo BOLD fMRI volume in a patientwith right-sided surgical
closure hardware. B, The artifact mask (red). The volume of the mask
was summed over all sections to quantify the total artifact volume.
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from hardware artifact (eg, hardware artifacts do not project onto

the parenchyma); mild � hardware artifacts present but do not

compromise clinical interpretation; moderate � hardware arti-

facts somewhat limit, but do not preclude, clinical interpretation;

severe � hardware artifacts preclude clinical interpretation.

RESULTS
In patients in the CVR protocol, 26 of 80 (32.5%) had surgical

hardware: intracranial implants (n � 5), extracranial hardware

(n � 19), and ventriculoperitoneal (VP) shunts (n � 2). Intracra-

nial implant characteristics are summarized in Table 1. Implanted

extracranial hardware (On-line Table 1) primarily included clo-

sure hardware composed of titanium alloy and 1 patient with a

polyethylene implant. Six of 19 patients had bilateral closure

hardware with artifact sizes calculated separately by hemisphere,

for a total of 25 hemispheres. Implanted VP shunts are described

in On-line Table 2. Artifacts from surgically implanted hardware

are shown in Table 2.

In patients in the functional localizer protocol, 14 of 263

(5.3%) had surgical hardware: extracranial hardware (n � 13)

and VP shunt (n � 1). Extracranial hardware comprised surgical

closure hardware, and implant records were not available for

these patients. The implanted VP shunt is included in On-line

Table 2.

Mean artifact volume associated with intracranial hardware in

patients undergoing the CVR protocol was 4.3 � 3.2 cm3; range �

1.1–9.4 cm3. As a point of reference, the average volume of the

adult human brain is approximately 1380 cm3.11 The small arti-

fact volume associated with implanted intracranial hardware did

not compromise the functional interpretation of cerebral hemo-

dynamic data, with intracranial implants considered to have no

(n � 3) or mild (n � 3) effect on the clinical interpretability of the

examination in the affected hemisphere. Figure 2 shows a repre-

sentative image maximally affected by implanted intracranial

hardware and hemodynamic data from a patient with a left MCA

stent with in-stent restenosis, demonstrating the impact of the

artifacts on the reactivity map.

Mean artifact volume of extracranial hardware in patients in

the CVR protocol was 28.4 � 14.0 cm3; range � 6.1– 61.7 cm3;

and in patients in the functional localizer protocol, it was 39.9 �

27.0 cm3 (range � 6.9 –77.1 cm3). Artifact volume associated with

titanium closure hardware is typically small and peripheral, with

19 of the evaluated hemispheres (76%) considered to have mild

artifacts, which did not compromise clinical interpretation of ce-

rebral hemodynamics (Fig 3). Closure hardware artifacts in 5 of

the evaluated hemispheres (20%) had a moderate effect on the

clinical interpretation. However, in the patient (patient 10) with

the largest number of maxDrive screws (KLS-Martin, Jacksonville,

Florida),12 artifact size (61.7 cm3) was rated as severe and precluded

ipsilateral CVR interpretation in the region of the indirect revascu-

larization that underlay the closure hardware (Fig 4). These artifacts

were larger than those in other patients with fewer KLS-Martin LP

maxDrive screws (patient 20: 5 screws, artifact volume � 17.1 cm3;

Table 1: Intracranial implants

Patient, Location, and Implant Type Model Material
Total Volume (cm3)
from Artifacts

Impact on Clinical
Interpretation

Patient 1 3.1 Mild
MCA stent Wingspan stenta Titanium, nickel alloy

Patient 2A 9.4 None
ICA stent Unknown Unknown
Anterior choroidal artery coils Unknown Unknown
Patient 2B 8.7 None
ICA bifurcation aneurysm clip Yasargil clipb Titanium

Patient 3 2.1 Mild
MCA stent Pharos Vitesse stent Titanium, nickel alloy
Patient 4 4.7 Mild
Posterior communicating artery
aneurysm coils

Matrix Soft coilsc Platinum
Matrix Ultrasoft coilsc Platinum
Guglielmi detachable coil–10
Soft coilsc

Platinum

Sapphire Tension Safe coilsd Platinum
ICA stent Neuroform EZ stentc Titanium, nickel alloy
Patient 5 1.1 None
Anterior communicating artery
aneurysm coils

Target 360 coilsc Platinum

a Manufactured by Stryker, Kalamazoo, Michigan for Boston Scientific, Natick, Massachusetts.
b Aesculap, Center Valley, Pennsylvania.
c Stryker, Kalamazoo, Michigan.
d Micro Therapeutics, Irvine, California.

Table 2: Artifacts from surgically implanted hardware

Hardware Type
Average Artifact
Volume (cm3) SD Range (cm3)

Intracranial hardware 4.3 3.2 1.1–9.4
Extracranial hardware (CVR protocol) 28.4 14.0 6.1–61.7
Extracranial hardware (functional localizer protocol) 39.9 27.0 6.9–77.1
Ventriculoperitoneal shunt 95.7 39.3 64.0–139.6
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patient 21: 8 screws, artifact volume � 24.6 cm3). The number of

screws did not correlate directly with artifact volume across screw

types, with up to 19 LP Cross-Drive screws (KLS-Martin) in 1 patient

causing fewer artifacts (23.5 cm3) than the 12 KLS-Martin maxDrive

screws (61.7 cm3).

The average artifacts associated with VP shunts were 95.7 �

39.3 cm3, range � 64.0 –139.6 cm3, and were rated as severe in 2 of

3 patients (Fig 5, CVR protocol) and moderate in the remaining

patient (functional localizer protocol).

DISCUSSION
Specificity of Different Implants on BOLD fMRI Artifact
Volume
Dephasing artifacts on MR imaging associated with implanted

devices are caused by perturbations in the magnetic field due to

differences in magnetic susceptibility or the degree of magnetiza-

tion of an object in the presence of a magnetic field between the

implanted device and surrounding tissue. Larger differences in

FIG 2. A representative patient (patient 3) with an intracranial im-
plant. Signal drop-out from a left MCA Pharos Vitesse stent (Codman
Neurovascular) is apparent on the magnitude BOLD fMRI image (A,
white arrow), resulting in a total artifact volume of 2.1 cm3, which only
mildly affected clinical interpretation of the examination. The patient
was evaluated 2 years following implantation of the Pharos Vitesse
stent in a stenosed left MCA. DSA (B) shows in-stent restenosis (black
arrow), with corresponding decreased cerebrovascular reactivity
(normalized CVR: voxel CVR normalized to cerebellar CVR) in the left
MCA territory (C). In contrast, there is relative symmetry of the tem-
poral signal-to-noise ratio (tSNR) map (D), suggesting that the asym-
metric hemodynamic findings are not attributable to artifacts.

FIG 3. A patient with Moyamoya disease and asymmetric right-sided
intracranial stenosis who underwent right encephaloduroanrterio-
synangiosis. Comparison of pre- (Pre-Op) and postoperative (Post-
Op) magnitude BOLD images (A) shows minimal artifacts (26.5 cm3)
associated with the closure hardware (LP Plate 0.6 � 15 mm, Low
ProfileMicro Plate, and Cross-Drive 1.5� 4mm screws; KLS-Martin) at
the corresponding surgical site, which was determined to only mildly
impact clinical interpretation of the study. Both pre- and postopera-
tive temporal signal-to-noise ratio (tSNR) maps (B) demonstrate rela-
tively symmetric tSNR, while pre- and postoperative CVR maps (C)
show decreased CVR in the right hemisphere along the right frontal
cortex, which improves following revascularization.

FIG 4. Pre- (Pre-Op) and postoperative (Post-Op) magnitude and he-
modynamic images in a patient with left-sided idiopathic Moyamoya
disease who underwent a left encephaloduroarteriosynangiosis with
implantation of closure hardware.Magnitude images (A) demonstrate
the large artifacts (61.7 cm3) associatedwith surgical closure hardware,
attributable to the large number of KLS-Martin maxDrive screws. Ar-
tifacts were thought to severely impact clinical interpretation of the
study, and hemodynamic evaluation with temporal signal-to-noise
ratio maps (B) and reactivity maps (C) shows that interpretable hemo-
dynamic data were not obtainable near the closure hardware. tSNR
indicates temporal signal-to-noise ratio.

FIG 5. Artifacts (white arrows, volume� 139.6 cm3) associated with a
ventriculoperitoneal shunt with a Certas programmable valve and
siphon gauge (Codman and Shurtleff).
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magnetic susceptibility between an implanted device and sur-

rounding tissue lead to larger perturbations of the magnetic field

and greater spectral dispersion of spins within a voxel, resulting in

more extensive dephasing artifacts. In BOLD fMRI, long-TE, T2*-

weighted imaging is used to sensitize the sequence to susceptibil-

ity differences between oxygenated and deoxygenated blood, but

these imaging parameters also render the sequence exquisitely

sensitive to susceptibility variations from magnetic field inhomo-

geneities, exacerbating artifact extent.6-8 The effect of increased

dephasing artifacts associated with implants on the quality of data

obtained specifically from BOLD MR imaging has not been pre-

viously well-documented, to our knowledge. Our results demon-

strate that BOLD MR imaging is interpretable in the presence of

most implants evaluated, except for VP shunts, particularly those

with programmable valves and siphon gauges and 1 patient with

multiple KLS-Martin maxDrive screws.

The intracranial implants and extracranial hardware analyzed

are composed of materials with low magnetic susceptibilities,

such as titanium, nickel, platinum, or their alloys. All intracranial

implanted devices produced small artifacts that had no-to-mild

effects on clinical interpretability, and closure hardware typically

resulted in small, peripheral artifacts that did not preclude inter-

pretation. The single notable exception was a patient with a large

number of KLS-Martin maxDrive screws, which were associated

with more artifacts than the KLS-Martin Cross-Drive screws.

While both the maxDrive and Cross-Drive screws are made of a

titanium and nickel alloy, the maxDrive screw has a larger head

profile. The number of screws did not correlate directly with ar-

tifacts across screw types.

In contrast, VP shunts resulted in large artifacts that produced

a moderate-to-severe impact on clinical interpretation, an effect

attributable to the shunt valve composition. The valve portion of

the VP shunt is composed of 316L stainless steel in addition to

unalloyed titanium and tantalum in some models.12,13 Stainless

steel contains iron, a ferromagnetic substance. While 316L stain-

less steel contains a larger amount of nickel, which stabilizes iron

in its nonmagnetic state and reduces its magnetic susceptibility,

its magnetic susceptibility remains larger relative to titanium, re-

sulting in larger perturbations of the magnetic field and more

extensive artifacts.14,15 In addition, the Certas programmable

valve (Codman & Shurtleff, Raynham, Massachusetts) contains

neodymium magnets, which caused extensive signal loss13,16,17

and likely contributed to the large artifact volume (139.6 cm3)

relative to other VP shunts evaluated (64.0 and 83.5 cm3).

Studies have described the effect of previously implanted sur-

gical hardware on BOLD fMRI in the preoperative evaluation of

brain tumor resection, demonstrating that language lateralization

and primary motor cortex activation can be ascertained despite a

reduction in total volume activation due to susceptibility arti-

facts.18,19 Our study confirms the feasibility of obtaining data de-

spite implants, which is particularly important in patients with

cerebrovascular disease because longitudinal monitoring of pa-

tients before and after revascularization may be desired.

Imaging Parameters and Artifact Volume
Artifact volume will vary with imaging readout and scan param-

eters.20 We have used scan parameters that are common for

BOLD fMRI on all major vendor platforms, including single-shot

gradient-echo EPI, voxel volume � 50 – 60 mm3, and TE centered

on the approximate 3T tissue T2* (eg, 35 ms).21,22 We also used

image-based parallel imaging (sensitivity encoding) with an ac-

celeration factor of 1.8 –2.0, which reduces the EPI readout train

by an approximate factor of 2. Geometric distortions from off-

resonant spins and signal drop-out are largely affected by suscep-

tibility gradients, and parallel imaging can reduce these issues by

increasing the per-voxel bandwidth in the phase-encoding direc-

tion,23 thereby resulting in a shorter EPI readout (eg, approxi-

mately 36 ms without parallel imaging versus 18 ms with parallel

imaging by using scan parameters in our sequences). While we

used sensitivity encoding in our protocol, which is common on

Philips scanners, k-space parallel imaging by using Generalized

Autocalibrating Partial Parallel Acquisition or Autocalibrating

Reconstruction for Cartesian sampling is more common on Sie-

mens and GE Healthcare scanners, respectively, and performs

comparably for reducing geometric distortions when similar ac-

celeration factors are used. In the absence of parallel imaging,

partial k-space acquisitions may also be used to reduce geometric

distortions.

Limitations
First, information regarding implant manufacturer and type is

not known for all implants considered, precluding a rigorous

analysis in all patients. However, the composition of implants

evaluated is similar to that in other commonly deployed implants;

thus, results may generalize. Of the patients with intracranial im-

plants analyzed, 1 (patient 2A) had incomplete information avail-

able regarding embolization coils and an ipsilateral stent, though

this patient had an artifact size (9.4 cm3) similar to that in another

patient (patient 4A) with known platinum embolization coils and

an ipsilateral titanium and nickel alloy stent (4.7 cm3). Indeed,

most embolization coils are composed of platinum, with only the

earliest models containing stainless steel,24,25 and most intracra-

nial stents are composed of titanium, titanium alloys, or stainless

steel.24,26,27 Thus, our finding that the small artifacts produced by

intracranial implants do not impact clinical interpretability of

BOLD fMRI is likely generalizable, with the exception of those

models of intracranial implants that contain stainless steel, which

were not evaluated in our study population and may produce

larger artifacts due to higher magnetic susceptibility.

Information regarding specific implant manufacturers and

composition was not available for a subset of patients with ex-

tracranial implants (CVR protocol, n � 2; functional localizer

protocol, n � 13). However, those patients with unknown closure

hardware had artifact extent and clinical interpretability similar to

those in patients with known extracranial hardware, which pri-

marily included closure hardware composed of titanium alloy.

Most implanted neurosurgical hardware is composed of titanium

or titanium alloys similar to those evaluated in our study,24,25

suggesting that results are likely generalizable. We did not evalu-

ate any issues related to the safety of metallic devices; however,

this topic has been studied extensively, and all patients were

screened by using standard MR imaging safety screening

procedures.9

Second, while BOLD fMRI is the most common noninvasive
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fMRI application, additional methods such as arterial spin-label-

ing are being increasingly used.28 We did not specifically evaluate

the impact of artifacts on arterial spin-labeling image quality;

however, arterial spin-labeling generally uses readouts similar to

those in BOLD (eg, single-shot EPI with comparable spatial reso-

lution), however with a shorter TE (eg, 10 –20 ms). Thus, the

impact of image distortion on similar data should be reduced

relative to BOLD, and findings from this study could provide a

conservative reference for guiding similar studies.

Third, this study focused on patients undergoing BOLD fMRI

for clinical purposes, primarily those with cerebrovascular dis-

ease, epilepsy, and brain tumors. Thus, implants considered were

specific to these populations, and a different population may have

a higher fraction of implants not considered in this study. There-

fore, while we hope that the findings of this study are useful for

guiding imaging decisions in some of the most common types of

patients undergoing BOLD fMRI, future studies incorporating a

broader range of patients and implant types would be useful.

CONCLUSIONS
Three-Tesla single-shot gradient-echo EPI BOLD MR imaging

performed on patients with a variety of implanted intracranial

and extracranial hardware yields interpretable image quality in

most patients beyond a small (30 – 40 cm3) volume surrounding

the hardware. Exceptions were VP shunts, particularly those with

programmable valves and siphon gauges, and large numbers of

KLS-Martin maxDrive screws.
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ORIGINAL RESEARCH

INTERVENTIONAL

Outcome Differences between Intra-Arterial Iso- and Low-
Osmolality Iodinated Radiographic Contrast Media in the

Interventional Management of Stroke III Trial
T.A. Tomsick, L.D. Foster, D.S. Liebeskind, X M.D. Hill, J. Carrozella, M. Goyal, R. von Kummer, A.M. Demchuk, I. Dzialowski, V. Puetz,

T. Jovin, H. Morales, Y.Y. Palesch, J. Broderick, P. Khatri, and S.D. Yeatts, for the IMS III Investigators

ABSTRACT

BACKGROUNDANDPURPOSE: Intracarotid arterial infusion of nonionic, low-osmolal iohexol contrastmediumhas been associatedwith

increased intracranial hemorrhage in a ratmiddle cerebral artery occlusionmodel comparedwith saline infusion. Iso-osmolal iodixanol (290

mOsm/kg H2O) infusion demonstrated smaller infarcts and less intracranial hemorrhage comparedwith low-osmolal iopamidol and saline.

No studies comparing iodinated radiographic contrast media in human stroke have been performed, to our knowledge. We hypothesized

that low-osmolal contrast media may be associated with worse outcomes compared with iodixanol in the Interventional Management of

Stroke III Trial (IMS III).

MATERIALS AND METHODS: We reviewed prospective iodinated radiographic contrast media data for 133 M1 occlusions treated with

endovascular therapy. We compared 5 prespecified efficacy and safety end points (mRS 0–2 outcome, modified TICI 2b-3 reperfusion,

asymptomatic and symptomatic intracranial hemorrhage, and mortality) between those receiving iodixanol (n � 31) or low-osmolal

contrast media (n� 102). Variables imbalanced between iodinated radiographic contrast media types or associated with outcome were

considered potential covariates for the adjusted models. In addition to the iodinated radiographic contrast media type, final covariates

were those selected by using the stepwise method in a logistic regression model. Adjusted relative risks were then estimated by using a

log-link regression model.

RESULTS: Of baseline or endovascular therapy variables potentially linked to outcome, prior antiplatelet agent use was more common

andmicrocatheter iodinated radiographic contrast media injections were fewer with iodixanol. Relative risk point estimates are in favor of

iodixanol for the 5 prespecified end points withM1 occlusion. The percentage of risk differences are numerically greater formicrocatheter

injections with iodixanol.

CONCLUSIONS: While data favoring the use of iso-osmolal iodixanol for reperfusion of M1 occlusion following IV rtPA are inconclusive,
potential pathophysiologic mechanisms suggesting clinical benefit warrant further investigation.

ABBREVIATIONS: EVT� endovascular therapy; IA� intra-arterial; ICH� intracranial hemorrhage; IMS III� Interventional Management of Stroke III Trial; IRCM� iodinated
radiographic contrastmedia; LOCM� low-osmolal contrastmedia;MCI�microcatheter injection;mTICI�modified TICI; SICH� symptomatic intracranial hemorrhage

Iodinated radiographic contrast media (IRCM) have variable

antithrombotic, fibrinolytic, cytotoxic, hydrostatic, and vasoac-

tive effects. In a rat middle cerebral artery reperfusion model,

intracarotid arterial infusion of the nonionic low-osmolal con-

trast medium (LOCM) iohexol (672 mOsm/kg. H2O) increased

intracerebral hemorrhage (ICH) compared with saline infusion.1

Iso-osmolal iodixanol (290 mOsm/kg H2O) infusion led to
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smaller infarcts and less ICH compared with both low-osmolal

iopamidol and saline in a similar model.2 Dzialowski et al3 re-

ported reduced odds of favorable outcome in patients receiving intrave-

nous IRCM for CT angiography before IV thrombolysis.

Practical differences exist as well: IRCM differ in cost (ie, io-

dixanol is more expensive than LOCM) and ease of use (ie, iodix-

anol is more viscous and more difficult to inject). No study has

prospectively and comprehensively compared outcomes accord-

ing to intra-arterial (IA) IRCM use in endovascular therapy

(EVT) of ischemic stroke in humans, to our knowledge. We re-

port the efficacy and safety outcomes for subjects with EVT for

MCA M1 occlusion in the Interventional Management of Stroke

III Trial (IMS III) according to IRCM type and osmolality.

MATERIALS AND METHODS
Study eligibility/exclusion criteria, methods, and results have

been previously reported.4,5 Six hundred fifty-six subjects were

randomized to either IV rtPA or IV rtPA plus endovascular ther-

apy. CT angiography or MR angiography was not required but

was allowed in centers where either was established as a local

standard of evaluation and care. Five EVT methods were ap-

proved for use during the course of the trial (thrombolysis via

standard microcatheter/guidewire rtPA infusion or the EkoSonic

Endovascular System [EKOS, Bothell, Washington])6; clot re-

moval via the Merci system (Concentric Medical, Mountain

View, California),7,8 Penumbra System (Penumbra, Alameda,

California),9 or Solitaire FR Retriever (Covidien, Irvine, Califor-

nia).10 Intra-arterial rtPA infusion was also allowed as an adjuvant

to mechanical thrombectomy. A 2000-U bolus of heparin was

required per protocol for endovascular treatment procedures, fol-

lowed by 500-U/h IV infusion.

The primary outcome measure was a modified Rankin Scale

score of 0 –2 at 90 days. Secondary EVT efficacy end points in-

cluded revascularization, as measured by Modified Thrombolysis

in Cerebral Infarction (mTICI) 2–3 and mTICI 2b–3 as ascribed by

consensus of the Angiography Core Laboratory members (T.A.T.,

D.S.L.). Primary safety end points were 90-day mortality and symp-

tomatic intracranial hemorrhage (SICH) within 30 hours of IV rtPA

initiation, defined as an ICH temporally related to a decline in neu-

rologic status and new or worsening neu-

rologic symptoms in the judgment of the

clinical investigator that may warrant

medical intervention. Asymptomatic ICH

within 30 hours of IV rtPA initiation was a

secondary safety end point.

Investigators prospectively entered

data on the IRCM compound type and

volume for EVT subjects. The percent-

age of iodine concentration and/or spe-

cific IRCM osmolality was not consis-

tently recorded. Clinical efficacy and

safety end points were analyzed for sub-

jects with EVT for M1 occlusion (defined

as occlusion of the MCA trunk with 100%

MCA distribution at risk, exclusive of a

typical anterior temporal artery distribu-

tion), according to EVT use of either iso-

osmolal iodixanol or any LOCM.

The 2 IRCM groups were initially compared for differences in

prescribed outcomes that might warrant further comparative

analysis. Baseline risk factors with a potential effect on clinical

efficacy or safety outcome in revascularization therapy were then

compared for balance between the 2 groups. Baseline variables

imbalanced between IRCM types or associated with outcome

(P � .1) were considered potential covariates for the adjusted

models. Imbalance/association was measured by using the �2,

Fisher, or Wilcoxon 2-sample test, as appropriate. The linearity in

the logit assumption was checked for all continuous potential

covariates. In addition to IRCM type, final covariates were those

selected by using the stepwise method in a logistic regression

model. Model fit was assessed via the Hosmer-Lemeshow test. For

ease of interpretation, adjusted relative risks were then estimated

by using a log-link regression model.

RESULTS
Thirty-one M1 occlusions were treated with iodixanol use during

EVT, and 102, with LOCM of 4 different types. Differences in

baseline characteristics known to be relevant in stroke efficacy or

safety outcome with revascularization therapy and other relevant

treatment-related variables are included in Tables 1 and 2.

Table 3 details relative and absolute efficacy and safety differ-

ences between the 2 IRCM groups.

Separate adjusted models were fit for each outcome (except

SICH, due to an insufficient event rate). Variables imbalanced

between IRCM types or associated with outcome (P � .1) were

considered potential covariates for the adjusted models,
including antiplatelet medication (67.7% iodixanol versus 44.1%,
P � .0212), history of coronary artery disease (35.5% iodixanol ver-

sus 19.6%, P � .0671), age (iodixanol median, 73 versus 68.5 years,

P � .0698), and microcatheter injection (MCI) (median, 1 iodixanol

versus 2 LOCM; P � .03), varied according to IRCM type.

Adjusted relative risk point estimates were in favor of the iodix-

anol group for all outcomes (Table 4). No significant differences for

specified outcomes were identified. Conclusions remained the same

after sensitivity analyses were performed for asymptomatic ICH and

Table 1: Baseline clinical characteristics considered for adjusted analysis
Iodixanol LOCMa P Value

Ageb (median) (range) (yr) 73 (47–83) 68.5 (24–82) .07
Baseline glucoseb (mmol/L) (median) (range) 6.9 (5.2–18.3) 6.6 (3.8–21.5) .33
Diabetes (%) 19.4 17.7 .83
Baseline SBP (mm Hg)b (median) (range) 145.5 (116–185) 146 (102–194) .82
History of high BP (%) 74.2 73.5 .94
Atrial fibrillation (%) 48.4 35.3 .19
Coronary artery disease (%) 35.5 19.6 .07
ASPECTS 8–10b (%) 41.9 49.0 .49
Baseline NIHSSb

�20% 35.5 37.3 .86
�19% 64.5 62.8
Historical mRS (No. Sx)b (%) 90.3 86.3 .46
Antiplatelet agents (%) 67.7 44.1 .02
Presumptive stroke location right (%) 51.6 49.0 .80
Baseline CTA/MRA (%) 61.3 51.0 .31

Note:—Sx indicates symptoms; SBP, systolic blood pressure; BP, blood pressure.
a Four LOCM (mOsm/Kg H2O): iohexol (672), iopamidol (616), ioversol (651), iopromide (607).

11

b Baseline factors relevant to prespecified outcomes.
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mRS 0–2 outcome models to include adjustments for variables

known to be associated with these outcomes.

As a known variable affecting procedure outcome that was

unequally distributed, MCIs were further analyzed. In bivariate

analysis of MCI number compared with outcomes independent

of the IRCM group, significant relationships were identified.

Fewer MCIs were associated with greater mRS 0 –2 outcome (P �

.029) and better reperfusion (P � .003). MCI remained a signifi-

cant predictor of reperfusion when adjusted for key baseline and

treatment-related variables. MCIs were not significant predictors

of mRS 0 –2 or mortality when adjusted for other key variables.

Ninety-one of 133 (68.5%) subjects had MCIs, including 16/31

(52%) with iodixanol and 75/102 (73.5%) with LOCM (P �

.022). With MCI use, percentage risk differences in the measured

end points were in favor of iodixanol for all end points. MCI use

did not differ among device methods.

DISCUSSION
The potential risks and safety of IRCM use in the setting of acute

stroke in humans have been discussed for a long time, with the

advantages in diagnosis and treatment assumed to outweigh any

theoretic, unproven risks.11,12 However, with effective ischemic

stroke therapies now available, investigation and deeper under-

standing of the theoretic effects of different media may assume

greater practical significance.

Our analyses here disclose potential differences in out-

comes from stroke treatment arising from the use of IA iso-

osmolal iodixanol versus LOCM agents for EVT following IV

rtPA in the setting of microcatheter use. Raw, unadjusted, and

adjusted directions of effect were in favor of iodixanol for all

prespecified efficacy and safety outcomes. Relatively greater

age, blood glucose, percentage of atrial fibrillation, and CT

hypoattenuation (as manifested by a lower ASPECT score),

followed by relatively later IV rtPA administration, longer time

to artery puncture, and more thrombolysis-only procedures,

were present in the iodixanol group. Prior antiplatelet use, the

only baseline variable significantly greater with iodixanol, has

been associated with a small excess of SICH in systemic throm-

bolytic therapy.13 While these factors should disadvantage io-

dixanol regarding mRS 0 –2 outcome and ICH rate, point esti-

mates from adjusted analyses remain in favor of iodixanol.

MCIs were less common in the iodixanol group. Procedures

with no MCI showed no benefit to iodixanol use. When MCIs

were analyzed according to IRCM use, however, a greater rel-

ative benefit was suggested with MCI iodixanol use compared

with LOCM for all end points.

IRCM effects may be collectively related to their ionic or non-

ionic properties, iso-osmolality, and their molecular structure

and size as monomers or dimers. Osmolality is, in part, related to

iodine concentration, generally recommended at 300-mg per cent

for cerebral use. Multiple iodine concentrations of the same

IRCM compound type were used in IMS III. Consensus that the

use of ionic high-osmolal IRCM was associated with worse out-

come after infarction in humans and animals has eliminated their

use in this setting.11,12,14 LOCM non-

ionic media may contribute to ICH in

animals.1 Differences in ICH number

and infarct area effects might also exist

between injection of iso-osmolal and

LOCM.2 It is reasonable to further hy-

pothesize, then, that nonionic iso-os-

molal IRCM may have a less harmful net

effect in the setting of acute stroke than

nonionic LOCM. No comparative data

in IV or IA IRCM use in human stroke

are available to refute that hypothesis.3

Mechanisms contributing to poten-

tial differences in IRCM efficacy and

safety have been extensively analyzed

under a variety of experimental condi-

tions in vitro and in animal models, in-

cluding coagulation, direct cytotoxic,

neurotoxic, osmotic, hydrostatic, and

direct vasomotor effects.

Table 2: Relevant treatment-related variables considered for adjusted analysis
Iodixanol LOCMa P Value

Time to IV therapy (min) (median) 124 115 .25
Onset to puncture (min) (median) 215 205 .29
Proximal M1 (vs distal) (%) 45.2 52.0 .51
Thrombolysis only (%) 41.9 36.2 .57
No. microcatheter injections (median) 1 2 .03
Heparin volume (U) (median) 3185 2986.8 .59
New emboli (%) 16.1 11.8 .54
IRCM volume (mL) (median) 85 64 .34
Infarct volume 24 hr (mL)a (median) 61.0 50.2 .23
a Four LOCM (mOsm/Kg H2O): iohexol (672), iopamidol (616), ioversol (651), iopromide (607).11

Table 3: Efficacy and safety outcomes according to iodixanol versus LOCM use
Iodixanol
(No.) (%)

LOCM
(No.) (%)

Absolute % Risk
Difference

Relative %
Difference

N 31 102 – –
mTICI 2b/3 16 (51.6) 42 (41.2) 10.4 20.2
mRS 0–2 11 (35.5) 31 (30.4) 5.1 14.4
AICH 9 (29.0) 42 (41.2) �12.1 �29.6
SICH 2 (6.5) 9 (8.8) �2.4 �26.1
Mortality 6 (19.4) 26 (25.5) �6.1 �23.9

Note:—AICH indicates asymptomatic ICH.

Table 4: Relative risk of specified outcomes for iodixanol versus LOCM
Unadjusted Adjusted

RR 99% CI RR 99% CI

mRS 0–2 1.1675 0.5606 2.4314 1.2002 0.6123 2.3528
mTICI 2b/3 1.2535 0.7291 2.1549 1.2829 0.7888 2.0864
AICH 0.7051 0.3216 1.5457 0.6596 0.3051 1.4260
SICH 0.7312 0.1048 5.1038 NA
Mortality 0.7593 0.2683 2.1486 0.7538 0.2767 2.0537

Note:—RR indicates relative risk; AICH, asymptomatic ICH.
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Coagulation

Platelet Activity Effects. Direct activation of platelets (ie, degran-

ulation and release of the procoagulant content of attenuated

bodies and �-granules) is induced in vitro by nonionic LOCM,

with no activation by LOCM ionic (eg, ioxaglate) and nonionic

dimeric iodixanol.15-17 Nonionic iohexol and iodixanol are

equivalent in reducing platelet aggregation.18,19 In vitro platelet

activation by thrombin is inhibited by ionic LOCM, whereas non-

ionic monomeric LOCM and dimeric iodixanol did not affect it.20

Prior antiplatelet use of aspirin conferred neither clinical nor rep-

erfusion benefit nor hemorrhagic risk in conjunction with IV

rtPA in the National Institute of Neurological Disorders and

Stroke trial, and none has previously been demonstrated in

EVT.21,22 While antiplatelet use in IMS III tended to be associated

with increased ICH overall, its use was more common in the io-

dixanol group, yet ICH was decreased with iodixanol use.

Thrombin Activity Effects. The heparin dose used during EVT

did not differ between the 2 treatment groups. Nonionic agents

cause less direct inhibition of thrombin production compared

with ionic IRCM, acting after the generation of thrombin at the

step of fibrin monomer polymerization.23 Both ionic and non-

ionic agents can prolong clotting time and may exaggerate the

effects of anticoagulant and antiplatelet drugs.24 Nonionic LOCM

iopamidol and iohexol have an anticoagulant effect but permit

thrombin generation in vitro.25-27 The anticoagulant effect of io-

dixanol has been shown to be significantly less than that of io-

hexol.16 LOCM iopamidol has been found to have a greater

thrombotic effect than iodixanol.28 One of 3 clinical studies of

coronary intervention found a significant decrease in abrupt ves-

sel occlusions with iodixanol, particularly in the absence of glyco-

protein IIb/IIIa blockers, while the other 2 found no differences in

major cardiac events.29 No differences in mortality or length of

stay were found among 107,994 coronary angiographies or inter-

ventions with 3 different LOCM.29 Outcome differences in IRCM

effects between procedures performed for acute occlusive EVT

have been suggested for coronary intervention yet have also been

inconclusive due to limited power.30

Fibrinolytic Effects. IRCM delay and impede fibrinolysis by re-

combinant tissue-type plasminogen activator. In vitro studies

have shown that while iohexol delays the onset of lysis induced by

all lytic agents, ioxaglate delayed the onset of lysis by rtPA and

urokinase but not by streptokinase.31 In vivo studies in dogs have

shown that alteplase-induced fibrinolysis could be inhibited by

iohexol. Reocclusion of coronary arteries following fibrinolysis

was more common after IRCM administration, despite concom-

itant aspirin and heparin therapy.32 Iohexol has been demon-

strated to increase plasma levels of tPA plasminogen activator

inhibitor type 1 in patients undergoing pulmonary angiogra-

phy.33 In an in vitro model of the sonographic effect on fibrino-

lysis, very limited data suggested that iodixanol may diminish the

rate of sonography-assisted thrombus dissolution.34 While a

meta-analysis investigating the fibrinolysis effect of IRCM of any

type or route of administration (IV or IA) has suggested no dif-

ference in recanalization rates,35 the wide range of fibrinolytic

practices makes the study only marginally relevant to the potential

effects of individual IRCM types with EVT of M1 occlusion in

IMS III. Dzialowski et al3 reported reduced odds of favorable out-

come in patients receiving IV contrast for CT angiography before

IV thrombolysis.

Cytotoxic and Osmotic Effects. Cytotoxic effects on endothelial

cells may contribute to thrombosis. While no clinically significant

differences among nonionic IRCM are confirmed, buckling of

endothelial cells with alteration of function is less conspicuous

with iodixanol.36,37 IRCM can also induce apoptosis of endothe-

lial cells in vitro.38 Significant in vitro differences between IRCM

on red blood cell count morphology may also contribute to

thrombosis in vivo, with iodixanol retaining a greater percentage

of normal morphology compared with LOCM agents.39

Both IV and IA IRCM injection increase the permeability of

the blood-brain barrier under normal conditions in animals.40-42

Osmolality plays an important role in the BBB dysfunction, par-

ticularly after ischemic injury, even contributing to larger infarcts

with hyperosmolal compared with iso-osmolal IRCM infusion.12

Hypertension, which may reflexly occur with arterial occlusion,

potentiates the effect of these BBB effects.43 In humans, IRCM

identification in the brain or subarachnoid space after aneurysm

coiling procedures by using large IRCM volumes is usually

asymptomatic.44,45 Theoretically, it is possible that large IV or IA

doses of IRCM (as used in nonischemia EVT procedures) may

contribute to exaggerated BBB opening, edema, IRCM deposi-

tion, and ICH in ischemic stroke EVT as well.46,47

Following acute ischemia in rats, early leakage of MR imaging

contrast agents across the BBB has been shown to predict and

co-localize to subsequent hemorrhagic transformation.48,49 In

humans, contrast media deposition during MR imaging and CT

perfusion in the acute ischemic setting is also a marker of subse-

quent hemorrhagic transformation.50-52 Depositions confirmed

on both post-EVT CT and MR imaging have also co-localized to

MR imaging contrast enhancement and hemorrhagic transfor-

mation.53 MR imaging contrast deposition during routine gado-

linium-enhanced MR imaging following IV rtPA occurs in ap-

proximately 20% of infarcts and is predictive of subsequent

ICH.54,55 Lummul et al56 connected CT-hyperattenuated cerebral

lesions with IRCM deposition following both CTA/CTP and sub-

sequent EVT. The high incidence of hyperattenuated lesions and

the percentage of secondary ICH suggest that they both may be

IRCM-volume related. It remains unclear whether contrast media

deposition is both effect and cause, with IRCM leaking across the

BBB contributing to additive cytotoxic effects on the interstitium

and neuronal elements. However, in IMS III, the median iodix-

anol volume was numerically higher than that for LOCM, sug-

gesting that either worse measured outcome differences were not

merely LOCM-volume-related or greater iodixanol volume ex-

erted a protective effect.

Complex mechanisms beyond osmolality-related toxicity and

dysfunction may be operative.57,58 Heinrich et al59 compared the

cytotoxic effects of dimeric iso-osmolal IRCM (iodixanol, iotro-

lan) and iso-osmolal formulations of monomeric IRCM on renal

tubular cells in vitro and found that dimeric IRCM have stronger

cytotoxic effects, postulating a mechanism beyond osmolality

alone. Molecular chemotoxicity decreases as the number of car-

boxyl groups decreases and the number of hydroxyl groups in-

creases, and IRCM with no carboxyl groups and a number of
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hydroxyl groups evenly distributed around the main molecule

have reduced neurotoxicity.60,61 Iodixanol has an increased num-

ber of hydroxyl groups (n � 9) compared with LOCM (eg, 5 for

iopamidol), but more carboxy groups (6 versus 3), theoretically

disadvantageous in human use. Increasing the number of hy-

droxyl groups also increases solubility, thus reducing the ten-

dency to bind to tissues and proteins, which may then lead to

inhibition of enzyme systems, including acetylcholinesterase.62,63

The net vector for the benefit of the complex structural arrange-

ment of iodixanol is uncertain.

Hyperosmolality-toxicity injury may be offset, in part, by a

beneficial osmotic tonicity effect of intravascular IRCM on the

intravascular and extracellular spaces based on molecular size.

Dimeric iodixanol (1000 Da) is approximately twice as large as

monomeric iopamidol (550 Da). Five times larger than mannitol

(182 Da), iodixanol may not only be less able to traverse early

damage to the BBB to exert adverse direct toxic or osmotic effects

beyond endothelial cell tight junctions in the basal lamina or in

the extracellular space, but it also may offer a microvascular os-

motic advantage.64 Conversely, monomeric LOCM may ulti-

mately more easily traverse the damaged membrane to promote

increased edema by an osmotic tissue effect. While conflicting

evidence regarding increased neurotoxicity once the IRCM has

crossed the BBB in animals and humans exists, 12,14,65-68 an addi-

tive effect of IRCM traversing the damaged BBB into the intersti-

tium, affecting cellular and neural elements, contributing to

greater ICH potential and neural injury, is hypothesized.

Hydrostatic Effects. Viscosity differences (iodixanol 11.8 cP at

37° versus iopamidol 4.7 cP) may simultaneously lead to a re-

duced hydrostatic effect of viscous, dimeric iodixanol, with pro-

longed vascular retention at the injured BBB, and may contribute

to the reduced infarct edema volume measured in rats.69 Hydro-

lysis of iodixanol in vitro can produce a derivative of propylene

glycol (2,3-dihydroxy-1-propylamine HOCH2-CH [OH]-CH2-

NH2), which, when injected intra-arterially in a rat ischemia

model, has been found to decrease BBB dysfunction by a “sealing”

effect, with subsequent decreased permeability and infarct size.70

Similar hydrostatic IA “sealing” effects on the BBB could even be

possible under certain conditions.71,72 Molecule size alone may

present a relative microvascular seal, delaying not only early ionic

edema but also diminishing later vasogenic edema associated with

hemorrhagic transformation.

Relatively reduced asymptomatic ICH and SICH with iodix-

anol in IMS III, despite the possibility of better mTICI reperfusion

and larger infarct volume, contradict the theoretic construct of

reperfusion ICH effects, suggesting that iodixanol may somehow

offer an unrelated protective effect against ICH.73 The mecha-

nism of hemorrhagic transformation, though linked to reperfu-

sion, infarct volume, and edema, might have a separate and dif-

ferent pathophysiologic pathway after reperfusion of acute

ischemic stroke in humans and animals.74,75 Infarct size and ICH

differences are greater in rats with temporary-versus-permanent

MCA occlusion.76 Reduced infarct edema volume as a measure of

reduced reperfusion injury with both LOCM-versus-saline reper-

fusion and viscous iso-osmolal-versus-less viscous LOCM has

been found in rats.1,2 In humans, improved mTICI reperfusion

following ischemia would be anticipated to increase levels of re-

active oxygen species, including superoxide radical and nitric ox-

ide.77,78 Oxidative radicals trigger activation of metalloprotei-

nases, which, in turn, potentiate injury to microvasculature and

neural cells.79,80 However, IRCM may decrease the endothelial

production of nitric oxide by reducing the activity of the enzyme

nitric oxide synthase, which is responsible for the endogenous

synthesis of this vasodilator.81,82 Variable vasoactive effects of

IRCM have been identified in the renal vasculature, where both

iopamidol and iodixanol caused a brief initial vasodilation, fol-

lowed by increased resistance with iopamidol, but not iodix-

anol.83 Increased CO2 release from the rat hippocampus incu-

bated with the iso-osmolar dimers iotrolan and iodixanol has

been measured, a potentiator of vasodilation. Increased CO2 pro-

duction could involve an effect of the glucose metabolic pathway

or be indirect via an unspecified mechanism that increases cell

glucose use.84 Potential glucose metabolism effects of IRCM have

been identified in vitro and in vivo for metrizamide, but not for

iohexol or iopamidol. Clinically significant vasomotor differences

in the cerebral vasculature in humans are unknown.

Miscellaneous Effects. IRCM have been reported to adversely af-

fect oxyhemoglobin dissociation.85 Decreased pH or increased

temperature in the hypoxic brain tissue can cause changes in the

physicochemical properties of IRCM as well. Increased BBB dis-

ruption has been demonstrated in rabbits with IA injection of

higher iodine-concentration IRCM (300 versus 150 mg/mL), at a

lower temperature (24°C versus 37°C), during a briefer time (1

versus 30 seconds).86 The role that these miscellaneous effects

might play in EVT can only be theorized.

ICH has been previously linked to microcatheter IRCM injec-

tions during EVT.67,87 Microcatheter IRCM injections push sa-

line ahead at higher initial pressures and flow rates, which de-

crease as the catheter becomes IRCM-filled (D. Hansmann,

EKOS, unpublished data, 2014). The viscosity of iodixanol may

diminish such distal catheter pressure and flow effects compared

with LOCM, and it offers a relative safety margin reflected in

lower ICH and SICH rates. Microcatheter IRCM injection deliv-

ers a higher concentration of IRCM locally within the occlusion,

which then may wash out more slowly from patent or partially

obstructed microvasculature, thereby amplifying protective hy-

drostatic microvascular iodixanol effects. Local microcatheter sa-

line injections, used to clear catheters of IRCM, with pressure and

flow increasing through the act of clearance, may be equally re-

sponsible for any untoward effects of IRCM MCI.

There are limitations to our results, analysis, and hypotheses.

First, the importance of an unrecognized baseline or treatment

factor may be underestimated. Prior antiplatelet and iodixanol

use may favor revascularization and clinical outcomes in a way

not previously demonstrated in IV or EVT revascularization stud-

ies. The specifics of recording IA injections of IRCM in a revascu-

larization procedure leave room for wide ranges of practice vari-

ables that theoretically may have a secondary effect on outcome.

Injections such as hand or power, intracranial microcatheter or

cervical guide, saline-diluted or full-strength, high- or low-pres-

sure, large- or low-volume may all be performed during the same

procedure. Differences among operators that almost assuredly

exist in all these variables may become relatively reproducible
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within a the practice of a single operator or center. Site variables,

then, might affect outcomes.

LOCM use following IV rtPA may not have the same effects by

comparison in the absence of IV rtPA. While the impact of any

proved, actionable differences between IRCM may be diminished

in the current EVT atmosphere of shorter procedures with re-

duced IRCM volume use with application of devices not studied

in IMS III, the use of MCI with LOCM may still prove to be a

relevant risk factor.

While this is an analysis of a homogeneous population of M1

occlusion, new emboli during treatment in previously uninvolved

vessels occurred in 12.8% of subjects with M1 occlusion in IMS

III, numerically more common in the iodixanol group (16.1%

versus 11.8%). An estimated 13% difference in mRS 0 –2 out-

comes between subjects with and without new emboli in IMS III

has been reported.4 While new emboli may have contributed to

nonsignificantly larger infarcts in the iodixanol group, it remains

unclear how larger infarcts relate to better clinical outcome.

CONCLUSIONS
A potential protective effect of iodixanol use in the EVT of M1

occlusion is proposed in IMS III, but perhaps only in the setting of

MCI. Iodixanol contributes less endothelial cytotoxic effect to the

thrombotic process. Its lower anticoagulant effect may diminish

hemorrhagic transformation, with numerically fewer SICHs and

fewer asymptomatic ICHs despite greater prior antiplatelet use.

Its passage across the BBB is less than that with LOCM, while

retaining a favorable osmotic microvascular potential. It may also

have beneficial hydrostatic and vasoactive activity. The hypothesis

that a small difference in outcomes may indeed exist by using

different IRCM remains unproven in a small study population

with only 50% of subjects with major arterial occlusion predis-

posed to good outcome.88 Further analysis of not only the mag-

nitude of the clinical effect potential of isosmolal IRCM but also

the mechanisms conferring such benefit is warranted.
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ORIGINAL RESEARCH

INTERVENTIONAL

Initial Experience with p64: A Novel Mechanically Detachable
Flow Diverter for the Treatment of Intracranial Saccular

Sidewall Aneurysms
S. Fischer, M. Aguilar-Pérez, E. Henkes, W. Kurre, O. Ganslandt, H. Bäzner, and H. Henkes

ABSTRACT

BACKGROUNDANDPURPOSE: Flowdiverters are important tools for the treatment of intracranial aneurysms.We report a retrospective

evaluation of the safety and efficacy of p64, a fully resheathable, detachable flow diverter, in the endovascular treatment of intracranial

sidewall aneurysms.

MATERIALS ANDMETHODS: Results of 121 patients with 130 aneurysms (median neck size, 3 mm;median fundus size, 4 mm), treated from

April 2012 through October 2014, were analyzed. Aneurysms were unruptured or beyond the acute SAH phase. Thirteen aneurysms were

located in the posterior circulation. Twenty-three aneurysms had previous saccular treatment but no previous parent vessel stent

placement. In 19 aneurysms, a combination of coiling and flow diversion was performed.

RESULTS: Successful p64 deployment was achieved in 127/130 aneurysms. The average number of p64s used was 1.1 per aneurysm. The rates of

transient and permanent morbidity and mortality were 5%, 1.7%, and 0.8%, respectively. Three-month DSA follow-up in 123/130 aneurysms

showedcompleteocclusion in 58.5%.Nine-monthDSA follow-up in 93/106 (87.7%) eligible aneurysms showedcompleteocclusion in 79.6%. Late

follow-up (median, 496 days) has already been performed in 35 aneurysms, showing complete occlusion in 30 (85.7%).

CONCLUSIONS: p64 offers an efficacious treatment option for intracranial sidewall aneurysms with a high aneurysm occlusion and an

acceptable complication rate. The possibility of repositioning or removing the device was an advantage. The higher attenuation may lead

to fewer devices per case and early aneurysm occlusion. Long-term follow-up data are pending.

ABBREVIATIONS: LL� lumen loss; PED� Pipeline Embolization Device

Flow diversion has become an accepted endovascular treatment

for selected intracranial aneurysms. Both the clinical and en-

dovascular treatment data with follow-up results of several pa-

tient cohorts treated with different flow diverters have been pub-

lished during the past 5 years.1-6 In Europe, 6 flow diverters are

currently available for clinical use (Silk
, Balt Extrusion, Mont-

morency, France; PED FLEX, Medtronic, Dublin, Ireland; FRED,

MicroVention, Tustin, California; NeuroEndoGraft, Stryker

Neurovascular, Fremont, California; Derivo, Acandis, Pforzheim,

Germany; p64, phenox, Bochum, Germany). The principle of

flow diversion is the redirection of blood flow away from the

aneurysm along the longitudinal axis of the parent artery. This is

accomplished by endoluminal placement of the device across the

aneurysm neck. The hemodynamic effect depends mainly on the

porosity of the mesh.7 The occlusion of the aneurysm or the fail-

ure to occlude and potential complications follow device-specific

patterns. An understanding of the technical features and func-

tions of different flow diverters may help proper patient selection

and procedure performance.

We report our experience in the treatment of intracranial sac-

cular sidewall aneurysms with p64, a new mechanically detach-

able flow diverter.

MATERIALS AND METHODS
p64 Flow-Modulation Device
The p64 is a braided tubular implant consisting of 64 nitinol wires.

It is available with nominal diameters from 2.5 to 5 mm with 0.5
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mm increments. The nominal length ranges from 9 to 30 mm with

3-mm increments. Visibility under x-ray fluoroscopy is possi-

ble by 2 platinum wires wrapped around opposing nitinol

wires of the braided shaft. The 64 wires of the implant are

grouped into 8 bundles proximally, each consisting of 8 indi-

vidual wires. The ends of each bundle carry a radiopaque

marker with a 0.5-mm length. The 8 bundles are mounted onto

a slotted crown on the distal end of a stainless steel delivery

wire. A polymer tube covers the crown, securing the 8 markers

in the slotted crown and extends proximally for 180 cm over

the delivery wire (Fig 1). A torque device is used to lock the

polymer tube to the delivery wire to prevent premature detach-

ment of the implant from the slotted crown. The p64 is avail-

able with and without a distal wire. In the model with a wire,

the distal end of this wire has a radiopaque marker. The distal

wire increases flexibility and support during navigation and

deployment of the implant. Once deployed, the p64 can be

fully recovered by advancing the microcatheter while pulling

back on the delivery wire.

Detachment of p64 starts with repositioning of a torque device

approximately 15 mm proximal to the end of the hypotube (Fig

2A, -B).Pulling the hypotube toward the torque device (Fig 2C)

will result in movement of this tube in the proximal direction,

thereby releasing the 8 markers from the slotted crown.

The porosity (defined as the proportion of the surface area

without metal coverage over the total surface area) of the im-

planted device depends on the implant model size and the rela-

tionship between the diameter of the device and the target vessel.

Under standardized conditions (ie, in a tube with a nominal di-

ameter), the porosity of p64 varies from 51% to 60%; the coverage

(defined as the proportion of the surface area with metal coverage

over the total surface area) varies from 35% to 49%; and the area

of an individual cell is largely dependent on the expansion status

of the device. Undersizing increases and oversizing decreases the

coverage. The radial force of the p64 at nominal diameters is sim-

ilar to that of the PED FLEX (PED; Covidien, Irvine, California).

Patient Population and Aneurysm Characteristics
Given the high frequency of a fundus diameter of �6 mm in

ruptured aneurysms, all treatment options are discussed and

offered to all patients with intradural aneurysms, unless indi-

vidual aspects (eg, major comorbidity, older than 80 years of

age, anticipated treatment difficulty, and so forth) are consid-

ered potential contraindications. A multidisciplinary neuro-

vascular team, including vascular neurosurgeons and stroke

neurologists, discussed the treatment concept for each patient

in advance. All patients were informed about the nature of

their disease and the intended treatment and potential alterna-

tives, with informed consent obtained at least 24 hours before

the procedure.

A retrospective review of all medical records and radiographic

studies of patients treated with the p64 between April 2012 and

October 15, 2014 was performed.

The selection criteria for the endovascular treatment with the

p64 and inclusion in this retrospective analysis are summarized in

Table 1.

According to these criteria, 121 patients (86 women; 35 men;

median age 58 years (range, 26 –79 years) with 130 intracranial

aneurysms were included in this analysis.

The clinical pre- and postprocedural status of each patient was

evaluated according to the modified Rankin Scale. Before the pro-

cedure, 88 patients were asymptomatic, 8 (6.6%) had an mRS

score of 1 or 2 caused by a symptomatic target aneurysm, and 25

(20.7%) had an mRS score of �1 unrelated to the target

aneurysm.

Of the 130 aneurysms treated, the p64 procedure was the

first treatment in 107 aneurysms, whereas 23 aneurysms were

remnants or recurrences after previous coil occlusion (n � 20)

or microsurgical clipping (n � 3). Previous rupture was con-

firmed for 6 aneurysms. The locations of the 130 treated aneu-

rysms were as follows: ICA, cavernous (n � 8); ICA, paraoph-

FIG 1. Detachment mechanism of the p64. Eight bundles, each con-
taining 8 wires, are attached to a slotted crown (A) and released from
there by pulling a polymer hypotube in the proximal direction (B).
Image courtesy of phenox.

FIG 2. Manual detachment of the p64. The p64 comes with a
torque device, which is locked over the hypotube to hold this
hypotube in position (A). The detachment starts with unlocking
the torquer, repositioning it, and again locking it approximately 15
mm proximally (B). A handle on the hypotube is then moved prox-
imally (C).
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thalmic (n � 32); ICA, superior hypophyseal artery (n � 25);

ICA, paraclinoid (n � 10); ICA, posterior communicating ar-

tery (n � 18); ICA, anterior choroidal artery (n � 10); anterior

cerebral artery (n � 10); MCA (n � 4); vertebral artery/V4

(n � 4); posterior inferior cerebellar artery (n � 1); basilar

artery (n � 4); superior cerebellar artery (n � 2); and posterior

cerebral artery (n � 2).

The aneurysm fundus size was determined as the diameter of

the perfused part of the aneurysm at the time of p64 implantation.

The median size of the 130 treated aneurysms was 3 mm for the

neck (range, 1–11 mm) and 4 mm for the fundus (range, 1–20

mm).

Endovascular Procedure
All procedures were performed in a single center with the patient

under general anesthesia on biplane Axiom Artis DSA units (Sie-

mens, Erlangen, Germany).

Either a 6F guide catheter alone or a triaxial access was used.

A 0.027-inch-inner-diameter microcatheter was placed in a

straight vessel segment of the parent artery distal to the aneu-

rysm neck by using a 0.014- or 0.016-inch microguidewire.

After a suitable working projection was identified, the tar-

get-vessel diameter was measured, followed by device selec-

tion. The device matched the diameter of the healthy landing

zone. Slight undersizing was possible because the diameter of

the unconstrained implant is approximately 0.3 mm larger

than the nominal diameter. This undersizing results in a denser

coverage and shortening of the implant by a median length of

55% and was avoided if side branches were covered. Moderate

oversizing was possible and resulted in a less attenuated cover-

age. The device was then prepared by pushing it out of and

retracting it into the sheath, while submersed in saline. It was then

advanced to the desired position via the microcatheter. Deployment

was a combination of a slow withdrawal of the microcatheter, with a

continuous counterpressure on the delivery wire. After the distal

end of the device was anchored in the target vessel, the microcath-

eter was no longer pulled back. Pushing the delivery wire of the
p64 resulted in a progressive deployment of the device with a
passive proximal movement of the microcatheter. Once the prox-
imal markers of the device were uncovered from the microcath-
eter, a single x-ray image or a flat panel CT was performed to

confirm the complete opening of the device. In case of incomplete

opening, resheathing and redeployment resulted in better device

expansion. The fully-opened device was mechanically detached as

previously described. If the wall apposi-

tion of the p64, once detached, was not

satisfactory, a compliant balloon was in-

serted and gently inflated.

In this series, coil occlusion and p64

deployment in 1 session were performed

in 19 (14.6%) aneurysms (Fig 3). The

median fundus diameter of those par-

tially coiled aneurysms was 8 mm

(range, 4 –20 mm); the median neck di-

ameter was 5 mm (range, 2– 8 mm).

In 13 selected aneurysms (10%), we

implanted multiple p64s, concluding

that 1 device might be insufficient (2

p64s, n � 9; 3 p64s, n � 3; 4 p64s, n � 1).

The decision concerning additional coil

occlusion or the deployment of multiple

p64 devices was at the operator’s

discretion.

FIG 3. De novo unruptured paraclinoid aneurysm (7 � 5 mm) in a 63-year-old woman with a history of 2 spontaneous SAHs from 2 MCA bifurcation
aneurysms,whichhadbeenclipped. Theparaclinoid aneurysmwasnot considered ideal for coil occlusionalone (A), and thepatientwas reluctant toundergo
surgeryagain.A singleMorpheus7�21 cm3Dcoil (Medtronic,Dublin, Ireland)was inserted into theaneurysm.Theaneurysmneckwas thencoveredbya4�
18mmp64 (B). DSA follow-up 93 days later reveals complete occlusion of the aneurysm (C).

Table 1: Inclusion and exclusion criteria for the presented series of patients treated with p64
Criteria for the p64 Treatment and Analysis in this Series

Inclusion
Intracranial saccular sidewall aneurysm as treatment target
Aneurysms unruptured or at least not in the acute phase after rupture
Extra- or intradural symptomatic aneurysm
Asymptomatic intradural aneurysms, thus carrying a potential risk of intracranial rupture
Anticipated difficulty of coil or clip treatment (eg, complex aneurysm morphology, wide
neck, dome-to-neck ratio of�1.2, small size, difficult surgical access)
No previous treatment or any previous treatment directed at the aneurysm sac without
complete occlusion of the aneurysm from circulation
No previous treatment to the parent vessel
An ability and willingness of the patient to take the necessary medication for midterm
dual platelet function inhibition

Exclusion
Bifurcation-type aneurysm or fusiform vessel dilation as a treatment target
Implants other than p64 used
Aneurysm rupture�30 days prior to the p64 treatment
Extradural asymptomatic aneurysm
Anticipated ease or sufficiency of clip or coil treatment
Previous implantation of stents or flow diverters to the target-vessel segment
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Antiplatelet and Anticoagulation Regimen
Patients received a loading dose of 600 mg clopidogrel and 500 mg

acetylsalicylic acid at least 1 day before the procedure and were

then maintained on dual antiplatelet medication of 75 mg clopi-

dogrel and 100 mg acetylsalicylic acid daily. Platelet aggregation

inhibition was tested before the procedure and occasionally there-

after with the impedance aggregometry (Multiplate; Roche, Basel,

Switzerland) in all patients. Patients with clopidogrel resistance

were switched to ticagrelor (2� 90 mg daily) (Fig 4).8,9 Dual an-

tiplatelet aggregation was continued for 1 year and was thereafter

reduced to a monomedication of acetylsalicylic acid. The peripro-

cedural medication included systemic heparinization.

Follow-Up Schedule
Patients were scheduled for clinical and angiographic follow-up

examinations after treatment as follows:

● Early follow-up (3 months � 4 weeks)

● Intermediate follow-up (5–12 months)

● Late follow-up (�12 months).

A neurologist, a neurosurgeon, or a certified stroke nurse per-

formed the clinical assessment by using the mRS. Clinical fol-

low-up examinations compared the pretreatment and posttreat-

ment clinical conditions of the patients.

Angiographic results were graded as follows: 1) complete oc-

clusion, 2) neck remnant, 3) incomplete occlusion with residual

sac filling, and 4) unchanged aneurysm perfusion.10

In-stent stenosis was graded as the following: 1, absent; 2,

�50% lumen loss; 3, 50%–75% lumen loss; 4, �75% lumen loss.

If in-stent stenosis was observed, the lumen loss (LL) on subse-

quent follow-up DSA examinations was separately qualified as

unchanged, decreased, or increased.

Retreatment
Retreatment was considered after follow-up angiographies revealed

an unchanged, incomplete aneurysm occlusion or device migration.

RESULTS
Procedural Technical Aspects and Difficulties
Insertion, deployment, and detachment of the p64 was possible

as intended in 127/130 procedures (97.7%). Excessive friction

was encountered in 2 aneurysms. In 1 case, a remnant of a

previously coiled pericallosal artery could not be reached due

to friction of the p64 at the level of the A1 segment. The aneu-

rysm was treated in the same session with a PED with difficulty.

In the second case, the target was an A1/A2 aneurysm. Serious

friction was encountered during the attempted p64 insertion.

In 2 subsequent sessions, an Enterprise self-expanding stent

(Codman & Shurtleff, Raynham, Massachusetts) was de-

ployed, followed by the insertion of a p64 inside this stent.

Follow-up DSA confirmed the occlusion of the aneurysm. In

patient 3, a basilar trunk aneurysm was reached and covered by

a p64. The p64 was, however, withdrawn because a noncollat-

eralized posterior cerebral artery would have been covered.

The aneurysm was treated by Solitaire-assisted (Covidien) coil

occlusion. In a subsequent session, a recurrence of this aneu-

FIG 4. A small saccular aneurysm of the basilar trunk (4� 3mm) (A) in a 56-year-old woman. Both surgery and coil occlusion were not considered suitable
treatment options. A 4.5 � 15 mm p64 was deployed in the basilar artery with complete coverage of the aneurysm (B). Although the procedure was
well-tolerated, thepatientdevelopedahemiparesisanddysarthria (mRS3)26days later.MRimagingshowsan ischemicpontine lesion (C); aMultiplatetest (not
shown) confirmed insufficient platelet function inhibition. Antiaggregation was switched to ticagrelor, and the patient subsequently recovered (mRS 1).
Follow-upDSA after 28 days (D) and after 421 days (E) shows complete occlusion of the aneurysm.
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rysm was treated with a p64. Follow-up DSA confirmed the

complete occlusion of the aneurysm. Balloon expansion of the

p64 after deployment was performed in 5 patients and was

successful in all attempted cases.

Early Peri- and Postprocedural Complications
The peri- and postprocedural phases (24 hours) were clinically

uneventful in 127/130 procedures (97.7%). One patient had a

pulmonary artery embolism, and 2 patients had minor isch-

emic lesions with transient neurologic deficits.

The subacute phase (day 2 through 30) was within normal

limits in 128/130 procedures (98.5%), and 2 patients experi-

enced a pontine ischemic infarct. The clinical outcome of these

patients was equivalent to mRS 1 (n � 1) as opposed to mRS 0

before the treatment. In 1 of these 2 patients, dual platelet

inhibition was interrupted against medical advice.

Delayed Complications
Beyond 30 days, 1 patient died from pneumonia, which was

indirectly related to the endovascular treatment. This patient

had received steroids for severe cranial nerve palsy due to the

mass effect of a large ICA aneurysm, which had been treated by

coil occlusion and a different flow diverter. In 2 patients,

asymptomatic thrombus formation after cessation of dual an-

tiplatelet aggregation was observed. In 1 patient, an unrelated

cranial nerve VI palsy occurred 10 months posttreatment.

In the entire series, 6/121 patients (5%) experienced a tran-

sient morbidity (1 pulmonary artery embolism, 2 postprocedural

TIAs, 1 late transient cranial nerve palsy, 2 asymptomatic throm-

boses requiring hospitalization). Two of 121 patients (1.7%) de-

veloped a permanent morbidity, and 1/121 patients (0.8%) died.

Neither aneurysm rupture nor parenchymal hemorrhage was ob-

served after p64 treatment.

Angiographic Follow-Up
An early follow-up DSA examination was performed after a

median of 92 days in 123/130 aneurysms (94.6%). The remain-

ing 7 aneurysms included 3 failed treatment attempts, 1 patient

who had died, 2 patients who refused follow-up examinations,

and 1 pending DSA. Complete aneurysm occlusion was con-

firmed in 72 (58.5%), and a neck remnant, in 26 (21.1%) an-

eurysms. For 16 (13%) aneurysms, a sac remnant was found,

and 9 (7.3%) aneurysms were unchanged.

An intermediate follow-up DSA was available in 93/106 el-

igible aneurysms (87.7%) treated until May 2014 after a me-

dian of 279 days, showing a complete aneurysm occlusion in 74

(79.6%) and a neck remnant in 13 (14%) aneurysms. For 4

(4.3%) aneurysms, a sac remnant was found, and 2 (2.2%)

aneurysms were unchanged. The missing 13 aneurysms in-

clude 3 failed treatment attempts, 1 patient who died, 1 aneu-

rysm that was retreated, 5 patients refusing follow-up DSA,

and 3 pending examinations.

A late follow-up DSA (after 496 days, median) has been

performed already in 35 aneurysms, revealing complete occlu-

sion in 30 (85.7%) and neck remnant in 5 (14.3%) aneurysms,

respectively.

Asymptomatic usually transient in-stent stenosis was identified

in 24/123 (19.5%) patients during the early follow-up DSA (LL,

�50%, n � 11; LL, 50%–75%, n � 11; LL, �75%, n � 2). The

midterm follow-up DSA revealed in-stent stenosis in 11/93 (11.8%)

patients (LL, �50%, n � 9; LL, 50%–75%, n � 2; LL, �75%, n � 0).

The late follow-up DSA showed no in-stent stenosis with a LL of

�50%.

Three patients underwent uneventful balloon angioplasty for

asymptomatic in-stent stenoses. In 15 patients, in-stent stenosis

significantly improved after the first follow-up DSA without any

additional treatment.

Retreatment of the target lesion was performed in 5 pa-

tients. In 3 of these patients, the effect of the first implant was

considered insufficient. In 2 patients, the first p64 had short-

ened from distal to proximal, leaving the aneurysm neck un-

covered. All 5 patients were retreated by deploying another

p64. All retreatments were performed and tolerated without

any adverse events.

Clinical Follow-Up
The mRS score improved in 8 patients (6.6%) and remained

unchanged in 110 patients (90.9%). Clinical deterioration was

observed in 3 patients (2.5%). The rates of transient morbidity,

permanent morbidity, and mortality in this series are 5%,

1.7%, and 0.8%, respectively.

Table 2: Breakdown of aneurysm occlusion rate and complication incidence according to the size of the aneurysm fundus
Fundus Diameter

1–3 mm (n = 59) 4–6 mm (n = 42) 7–9 mm (n = 15) >10 mm (n = 14)
Early follow-up 55/59 (93%) 42/42 (100%) 15/15 (100%) 12/14 (85.7%)
Complete occlusion 31 (56.4%) 28 (66.7%) 9 (60%) 4 (33.3%)
Neck remnant 13 (23.6%) 4 (9.5%) 2 (13%) 7 (58.3%)
Sac remnant 7 (12.7%) 5 (11.9%) 3 (20%) 1 (8.3%)
Unchanged 4 (7.3%) 4 (9.5%) 1 (6.7%) 0
Midterm follow-up 46/59 (78%) 34/42 (81%) 11/15 (73.3%) 8/14 (57.1%)
Complete occlusion 37 (80.4%) 26 (76.5%) 9 (81.8%) 4 (50%)
Neck remnant 3 (6.5) 5 (14.7%) 2 (18.2%) 3 (37.5%)
Sac remnant 4 (8.7%) 2 (5.9%) 0 1 (12.5%)
Unchanged 2 (4.3%) 1 (2.9%) 0 0
Complications 1 Pontine ischemia 1 Pontine ischemia 1 TIA 1 Death

1 CN VI palsy 1 TIA 1 Asymptomatic thrombosis 1 Pulmonary artery occlusion
1 Asymptomatic thrombosis

Note:—CN indicates cranial nerve.
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Table 2 shows a breakdown of aneurysm occlusion rates and

complication incidences according to the size of the aneurysm

fundus. The cumulative numbers for complete occlusion and

neck remnants are given. All complications are listed.

DISCUSSION
This retrospective study presents our experience in the treatment

of intracranial saccular sidewall aneurysms with the p64, a me-

chanically detachable flow diverter. The technical success rate,

clinical outcome, and angiographic results are in line with the

findings of comparable series.1,3-5,11-13 The device itself is being

developed further, similar to modifications to the PED and

NeuroEndoGraft.

Flow Diversion
Endovascular treatment of wide-neck and very small aneu-

rysms can be challenging. The concept of redirecting the blood

flow away from the aneurysm along the parent artery with

subsequent intra-aneurysmal thrombosis resulted in the devel-

opment of flow diverters. This effort led to numerous in vitro

hemodynamic studies that identified porosity (defined as the

percentage of open surface area relative to the entire surface

area of the device) and pore and filament size as essential fac-

tors.14,15 A porosity of approximately 70% was shown to be

ideal for adequate hemodynamic efficiency without a relevant

loss of flexibility and negligible effects on the parent artery and

the side branches. Most of the currently available flow divert-

ers, as well as the p64, are designed with a porosity of approx-

imately 70% at nominal diameters. Compared with 48 wires

for PED and Silk
, the p64 is a braid of 64 nitinol wires, which

results in denser coverage across the aneurysm neck. It features

a controlled mechanical detachment mechanism, which allows

repositioning or withdrawal of the device even after complete

deployment.

Issues after flow-diverting procedures are frequently the

result of malpositioning or incomplete opening of the implant.

In their initial presentation of 63 aneurysms treated with the

PED, Lylyk et al11 reported 2 cases with deployment issues.

One was a dislocation of the proximal end of the device into the

aneurysm, which was repositioned with a retrieval device. In

the other case, the distal tip of the delivery wire fractured.

These findings are similar to our own experience with the

PED.1

The option to withdraw and redeploy the p64 helped avoid

several of the previously encountered issues.

Berge et al3 reported 7 malpositioned Silk flow diverters in

their series of 77 aneurysms. Incomplete opening of the central

part of the device with poor vessel wall apposition seems to

occur more frequently in curved and elongated vessels and

when a longer device is used and is associated with a higher rate

of in-stent thrombosis.16 The use of a compliant balloon to

achieve complete wall apposition is technically straightforward

and reduces the incidence of endoleaks. In our series, there

were occasional instances of incomplete proximal opening of

the p64 that were corrected by manipulation with the micro-

guidewire or the microcatheter. Balloon angioplasty was per-

formed in 5 procedures (3.8%). As a rule of thumb, shorter

devices deploy better, show less twisting, and allow more con-

sistent wall apposition. Mechanical detachment with the pos-

sibility of optimizing the final position of the device plays a key

role in the abatement of device-related issues and might signif-

icantly improve long-term clinical and angiographic results.

Side branch occlusions may be avoided by using fewer devices.

Kulcsár et al17 discussed 2 potential mechanisms leading to side

branch occlusions: mechanical blockade and a narrowing of the

neck or conduction of embolic material from the surface of the

flow diverter. They encountered 2 cases of side branch occlusions

in their series of 12 basilar artery aneurysms treated with the Silk.

In one of these patients, the flow diverter was placed in a previ-

ously implanted stent.17 Other studies showed that side branch

occlusions do not necessarily result in symptomatic ischemia in

patients with adequate collateral circulation. Szikora et al18 re-

ported 19 wide-neck aneurysms treated with the PED and de-

tected 3 clinically silent occlusions of the ophthalmic artery. In 2

patients, 3 and 4 PEDs, respectively, had been deployed.18

The fact that symptomatic side branch occlusion after flow

diverter treatment occurs more frequently in the posterior cir-

culation may be due to the vessel anatomy with pontine arter-

ies originating from the basilar trunk. This is re-emphasized by

our observation of 2 perforator strokes related to p64 implan-

tation in the basilar artery. In the basilar artery and in the

proximal MCA, undersizing the p64 should be avoided because

increased coverage of perforating vessels may result. Slight

oversizing is associated with less coverage, but increased

chronic outward force might be a stimulus for in-stent steno-

sis, which might cause delayed perforator occlusion.

In our practice, the decision to implant multiple devices was at

the operator’s discretion. Arguments in favor of �1 device in-

cluded unchanged aneurysm perfusion after implantation of the

first device and segmental vessel disease with very wide-neck an-

eurysms. In this select series, �1 p64 was used in 13/127 successful

procedures (10.2%), with an average of 1.1 p64 per procedure.

This value is significantly lower than the respective number in our

PED series, with �1 PED in 67 of 101 treated cases,1 with an

average of 3.2 PEDs per procedure, yet our initial follow-up re-

sults are comparable with or better than those published for the

PED and Silk, respectively. The currently available data, however,

do not yet allow a comparison of the aneurysm occlusion rate of

the p64 versus other devices. A single-device strategy might result

in a lower procedural complication rate, but there is nothing mag-

ical about a “one and done” approach to treatment with a flow

diverter. Complete occlusion of an aneurysm occurs when

braided filaments of the flow diverter are covered by neointima

across the neck. In very wide, highly concave necks or fusiform

segments, the amount of braid material available for neointima to

grow on may not be sufficient to enable complete endothelial

growth. A continuous blood/thrombus interface across the neck

keeps the aneurysm alive. For rapid neointima coverage at the

neck, multiple devices may be the only solution. While economic

factors may impact operators’ decisions, nevertheless, patients

with such aneurysms must be adequately treated. All these theo-

retic arguments await reconsideration in significantly larger series

and eventually in comparative trials.

The experience of our institution may be 1 reason for the low

AJNR Am J Neuroradiol 36:2082–89 Nov 2015 www.ajnr.org 2087



rate of multiple-device complications in this series. By the time we

used the first p64, �200 patients had already been treated with the

PED.

Device Selection of the p64
Chalouhi et al19 presented 5 selected patients with spontane-

ous delayed migration or shortening of the PED from a series

of 155 patients. Two of these observations resulted in serious

clinical issues (1 fatal SAH and 1 permanent disability due to a

MCA occlusion). Correct device selection, based on precise

measurements of healthy landing zones, is critical to proper

deployment and treatment. A correlation between the diame-

ter of the target vessel and the resulting length of the device is

provided for each p64. A 4.5 � 21 mm device at minimum will

expand to a diameter of 4.5 mm and a length of 21 mm but will

lengthen to 28 mm when deployed into a 4 mm vessel, which

results in a decrease of surface coverage. Moderate oversizing

of the implant may be used intentionally to increase the poros-

ity (eg, in perforator-rich territories). We observed delayed

shortening of the p64 in 2 patients, requiring a second

treatment.

Hemorrhagic Complications
Intracranial hemorrhages after flow-diversion procedures raised a

major concern. This phenomenon is not common after endovas-

cular coiling or microsurgical clipping.

Several reports of delayed aneurysm rupture after flow di-

version have been published. The hemodynamic theory as-

sumes a valve mechanism, induced by the flow diverter, which

increases the wall stress to the aneurysm. The enzymatic the-

ory, which appears more convincing, is based on the assump-

tion that thrombus releases enzymes that cause lysis of the

aneurysm wall.20

In a series of 295 intracranial aneurysms treated with PED

or Silk in 25 Italian centers, the authors reported a high inci-

dence of aneurysm ruptures after treatment of large and giant

aneurysms, even though the flow diverters were used in com-

bination with coils. The mortality in the subgroup of patients

treated with additional coils was 35.7%. These data suggest that

the use of coils does not prevent delayed aneurysm ruptures.2

Kulcsár et al21 reported that very large aneurysms containing a

heavy thrombus burden were most prone to delayed rupture. We

have not observed any case of delayed aneurysm rupture in our

p64 series so far. One possible explanation is that aneurysms with

a fundus diameter of �10 mm were at least partially coiled before

flow-diversion treatment.

Parenchymal hemorrhages distal to the target vessel, occurring

several days after flow-diverter treatment, may have different un-

derlying causes. The incidence of delayed parenchymal hemor-

rhages in the Retrospective Analysis of Delayed Aneurysm Rup-

tures after Flow Diversion study was 1.9%. This retrospective

multicenter study analyzed the incidence of hemorrhagic events

after flow diversion.21

The underlying mechanism for remote parenchymal hemor-

rhages remains unclear. Periprocedural microguidewire perfora-

tions are an implausible explanation. Hemorrhagic transforma-

tion of clinically silent procedural embolic infarcts was proposed.1

Hu et al22 performed a histopathologic assessment of brain sec-

tions of 3 patients with fatal ipsilateral intracranial hemorrhages

after uneventful treatment with the PED. They detected a nonbio-

logic material occluding the lumen of the vessels in the region of

the hemorrhage. They suggested that a rise in venule pressure due

to foreign body embolic occlusion was responsible for an in-

creased microvascular permeability, resulting in the ipsilateral

hemorrhagic infarction. The material was polyvinylpyrrolidone,

which is part of the coating of many neurovascular devices. One

explanation for the absence of delayed hemorrhages in the pre-

sented series might be found in the preparation of the p64 by

complete submersion of the device in saline before the deploy-

ment to remove trapped air bubbles.

CONCLUSIONS
The p64 offers an effective treatment option for intracranial

aneurysms with low complication rates, particularly due to the

ability to reposition and/or remove the device in cases of poor

deployment. It allows complete aneurysm occlusion within a

few months, mostly achieved with a single device. Safety mar-

gins are within expected limits, with device-related complica-

tions being infrequent. A prospective study to confirm these

findings is warranted.
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ORIGINAL RESEARCH

INTERVENTIONAL

Platelet Testing is Associated withWorse Clinical Outcomes
for Patients Treated with the Pipeline Embolization Device

W. Brinjikji, G. Lanzino, H.J. Cloft, A.H. Siddiqui, R.A. Hanel, and D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: The necessity for platelet-inhibition testing before aneurysm treatment in patients premedicated with

antiplatelet agents is controversial. Using the International Retrospective Study of Pipeline Embolization Device registry, we studied

complication rates in groups of patients who underwent platelet testing and those who did not undergo platelet testing to determine if

these test results were associated with improved outcomes.

MATERIALS AND METHODS: Patients in the International Retrospective Study of Pipeline Embolization Device registry with an unrup-

tured aneurysm were categorized as those who underwent platelet testing before Pipeline embolization device treatment or those who

did not. Complication rates were compared by using the Fisher exact or Pearson �2 test. Multivariate analysis was performed to determine

if platelet function testing was independently associated with poor outcomes after adjusting for age, number of devices and aneurysms,

aneurysm location and size, and practitioner and center volume.

RESULTS: Compared with the patients who received a Pipeline embolization device without platelet testing, those who underwent platelet

testing and Pipeline embolization device placement experienced higher rates of intracranial hemorrhage (0 of 187 [0.0%] vs 12 of 511 [2.3%],

respectively;P� .04), neurologicmorbidity (4of 187 [2.1%] vs42of511 [8.2%], respectively;P� .01), andcombinedneurologicmorbidityandmortality

(6 of 187 [3.2%] vs 45 of 511 [8.8%], respectively; P� .01). More patients in the platelet testing and Pipeline embolization device groupwere treatedwith

multipledevices (227[38.0%]vs56[27.8]patients, respectively;P� .01).Onmultivariateanalysis, thegroupofpatientswhounderwentplatelet testing
and Pipeline embolization device placement had higher odds of neurologic morbidity (OR, 3.25 [95% CI, 1.10–9.61]; P� .03).

CONCLUSIONS: Platelet testing in patients who undergo Pipeline embolization device placement is associated with higher rates of

morbidity. Additional prospective studies are needed to determine if and when platelet testing in these patients is appropriate.

ABBREVIATION: PED� Pipeline embolization device

The Pipeline embolization device (PED; Covidien, Irvine, Califor-

nia) is increasingly used in the treatment of intracranial aneu-

rysms.1-4 The PED flow diverter is a bare-metal construct that serves as a

scaffoldforneointimalproliferation.5,6 Becauseofthethrombogenicna-

tureofthebare-metalcomponentofthedevice,dual-antiplatelettherapy

is required in both the preoperative and postoperative settings, and

patients are required to take dual-antiplatelet therapy for several

months after the procedure.

In addition to aspirin, clopidogrel is currently the most com-

monly prescribed antiplatelet drug for dual-antiplatelet therapy

among patients who undergo PED placement. However, there

exists wide variability in the activation of clopidogrel among in-

dividual patients.7 As a result, platelet function testing is widely

used among neurointerventionists to ensure proper function of

the drug.8,9 However, controversy exists as to whether platelet

testing is necessary in patients who undergo PED placement, be-

cause the benefits have yet to be proved.10 By using the Interna-

tional Retrospective Study of Pipeline Embolization Device

(IntrePED) registry,11 we compared the clinical outcomes of pa-

tients who underwent platelet testing and those who did not to

determine whether this testing was associated with better out-

comes among patients who undergo PED placement.

MATERIALS AND METHODS
Study Design and Participants
We retrospectively evaluated all patients with an unruptured in-

tracranial aneurysm who were treated with the Pipeline emboli-

zation device between July 2008 and February 2013 in 1 of 17
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centers in 6 countries experienced in PED use. The local institu-

tional review boards or ethics committees approved the study and

granted waivers of informed consent for use of the patients’ ret-

rospective data. This postmarket observational registry was

funded and supported by Covidien, which had scientific oversight

of the study’s steering committee members.

Patients were included if they underwent PED treatment

for an intracranial aneurysm after the date of regulatory ap-

proval in that region or country. Patients were excluded if they

had not undergone “meaningful” follow-up, defined as imag-

ing and clinical evaluations after treatment during the window

of time defined by each institutional review board/ethics com-

mittee approval. Seven hundred ninety-three patients with 906

aneurysms (76 [8.4%] ruptured, 824 [91%] unruptured, and 6

[0.7%] unknown) were included. Of the patients with an un-

ruptured aneurysm, information on whether antecedent plate-

let testing was performed was available for 698 patients with

802 aneurysms. Any patient with a ruptured aneurysm was

excluded from the analysis.

Procedures
Because this was a retrospective study, procedural details and

periprocedural patient management varied across the centers.

All the centers used a common study protocol. The steering

committee defined neurologic “clinical safety events of inter-

est” a priori, including spontaneous rupture of the target an-

eurysm causing subarachnoid hemorrhage or cavernous-ca-

rotid fistula, intraparenchymal hemorrhage, ischemic stroke,

parent artery stenosis, and permanent cranial neuropathy. Site

investigators identified events of interest according to the

study protocol. All events of interest were reviewed in detail by

an adverse events review committee, comprising 3 members of

the steering committee, including the overall principal inves-

tigator. The adverse events review committee was independent

of the sponsor. The committee determined the category of

event and whether the event was major or minor. A major

adverse event was defined as ongoing clinical deficit 7 days

after the event. All major adverse events are included in the

neurologic morbidity and mortality rates. The timing of every

adverse event was recorded in relation to the timing of the PED

procedure, not the timing of platelet testing. Information col-

lected during the study included baseline characteristics of the

patients and aneurysms, procedural information, and fol-

low-up clinic visits or telephone calls. The use of platelet test-

ing was indicated on the case report forms for each patient.

Every patient who underwent platelet testing did so before the

procedure.

Baseline Characteristics and Outcomes
Patients were categorized as those who underwent platelet testing

before PED treatment (platelet testing/PED group) or those who

underwent PED treatment only (PED alone group). No patient in

the PED alone group underwent platelet testing, and every patient

in the platelet testing/PED group underwent platelet testing be-

fore treatment. The decisions to perform platelet testing varied

according to operator and center. The following baseline charac-

teristics were compared between the groups: age, aneurysm size

(in millimeters), aneurysm location (ICA, MCA, posterior non-

basilar, basilar, or other), number of PEDs used, aneurysm shape

(dissecting, fusiform, saccular, or other), mean and median center

volume of PED procedures during the study period, and the mean

and median practitioner volume of PED procedures during the

study period.

The primary outcome of this study was combined neurologic

morbidity and neurologic mortality. The secondary outcomes

were spontaneous rupture, intracranial hemorrhage, ischemic

stroke, parent artery stenosis, cranial neuropathy, neurologic

morbidity, neurologic mortality, and all-cause mortality. These

outcomes were compared between the groups.

Statistical Analysis
Statistical analyses were performed by using SAS version 9.1 or

higher (SAS Institute, Cary, North Carolina). Summary statis-

tics are presented for all data available by using means and

standard deviations for continuous variables and frequency

tabulations for categoric variables. Comparisons between the

groups for continuous variables were evaluated by using t tests

or ANOVA and for binary categoric variables using the Fisher

exact or Pearson �2 test. Most statistical analyses were per-

formed across patient groups (ie, on a per-patient basis). Be-

cause some patients had �1 aneurysm, however, each patient’s

first aneurysm treated was used to classify him or her into the 4

anatomic/size subgroups, and the largest aneurysm was used to

classify patients into 1 of the 3 aneurysm size categories. The

first aneurysm treated was defined a priori.

A multivariate logistic regression analysis was performed to

determine if platelet function testing was independently associ-

ated with the outcomes listed above. Adjusted variables in this

model included age, aneurysm size, aneurysm location, num-

ber of aneurysms treated, number of PEDs, center volume

(modeled as a continuous variable), and practitioner volume

(modeled as a continuous variable). These variables were in-

cluded in the model because they were associated with adverse

outcomes in either the original International Retrospective

Study of Pipeline Embolization Device study or subsequent

subgroup analyses that are currently being performed. For

complications with a low incidence rate (eg, spontaneous rup-

ture, cranial neuropathy), the Firth penalized maximum-like-

lihood estimation was used to reduce bias in the parameter

estimates caused by separability, as often occurs when the

event is rare. Goodness-of-fit tests were performed for the

multivariate models by using the Hosmer–Lemeshow models.

Role of the Funding Source
An academic principal investigator and an academic steering

committee supervised the trial design and operations. The

principal investigator, steering committee, and adverse events

committee were independent of the sponsor. The steering

committee interpreted the results, and the principal investiga-

tor wrote the report. The study sponsor was responsible for site

management, data management, statistical analysis, and safety

reporting. The corresponding author had full access to all

study data and had final responsibility for the decision to sub-

mit for publication.
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RESULTS
Baseline Characteristics
A total of 698 patients with 802 treated unruptured aneurysms

were included in this study; 511 (73.2%) patients with 601 aneu-

rysms underwent platelet testing before PED placement, and 187

(26.8%) patients with 201 aneurysms underwent PED placement

without platelet testing. Aneurysm sizes were significantly larger

in the PED alone group than in the platelet testing/PED group

(mean � SD, 12.0 � 7.7 vs 10.8 � 7.7 mm, respectively; P � .04).

More patients in the platelet testing/

PED group were treated with multiple

PEDs (227 [38.0%] vs 56 [27.9%] pa-

tients, respectively; P � .01). No differ-

ences in aneurysm shape (P � .58) or

location (P � .11) were seen between the

groups. More patients in the platelet

testing/PED group were treated for mul-

tiple aneurysms than in the PED alone

group (14.3% vs 5.9%, respectively; P �

.008). The median follow-up time was

19.3 months. Patients in the platelet test-

ing/PED group had a higher mean prac-

titioner volume than those in the PED

alone group (25 vs 21, respectively; P �

.004). The mean center volumes were

similar in both groups (65 [platelet test-

ing/PED] vs 63 [PED alone]; P � .06).

Ninety percent of the patients were fol-

lowed up for �12 months. These data

are summarized in Table 1.

Complication Rates According to
Platelet-Testing Status

Bivariate Analysis. Among patients in

the platelet testing/PED group, 12 of 511

(2.3%) patients suffered intracranial

hemorrhage compared with 0 of 187

(0.0%) patients in the PED alone group

(P � .04). There was a trend toward

higher rates of ischemic stroke in the

platelet testing/PED group; 28 (5.5%)

patients in the platelet testing/PED group experienced ischemic

stroke compared with 4 (2.1%) patients in the PED alone group

(P � .06). The neurologic morbidity rate was higher in the platelet

testing/PED group than in the PED alone group (42 [8.2%] vs 4

[2.1%] patients, respectively; P � .01). There was also a trend

toward a higher neurologic mortality rate in the platelet testing/

PED group than in the PED alone group (18 [3.5%] vs 2 [1.1]

patients, respectively; P � .12). The combined neurologic mor-

bidity and mortality rate was higher in the platelet testing/PED

group than in the PED alone group (45 [8.8%] vs 6 [3.2%] pa-

tients, respectively; P � .01). The all-cause mortality rate was also

higher in the platelet testing/PED group than in the PED alone

group. There were 3 cases of nonneurologic mortality, 2 in the

platelet testing/PED group and 1 in the PED alone group. Causes

of nonneurologic mortality included extracranial hemorrhage,

sudden death, and hepatic fibrosis with cirrhosis. All adverse

events occurred after PED placement. The median and mean

times for complications were 7 and 40 days after the procedure,

respectively (range, 0 –397 days). These data are summarized in

Table 2.

Multivariate Analysis. On multivariate logistic regression analy-

sis with adjustment for age, aneurysm size, aneurysm location,

number of PEDs, center volume, practitioner volume, and num-

ber of aneurysms, the platelet testing/PED group had a higher

odds of neurologic morbidity (OR, 3.25 [95% CI, 1.10 –9.61]; P �

Table 1: Anatomic and clinical characteristics

Demographic Characteristic

Platelet
Testing/PED
Group

PED Alone
Group P Value

No. (%) of patients 511 (73.2) 187 (26.8)
Age, y
Mean� SD 58.1� 14.1 55.7� 13.2 .022
Median (minimum, maximum) 59 (9, 86) 57 (13, 81)
No. (%) male 98 (19.2) 40 (21.4) .52
Follow-up duration, mo
Mean� SD 21.5� 8.0 23.5� 10.1 .20
Median (minimum, maximum) 20.8 (0.1, 48.0) 21.3 (0.2, 60.5)
Total no. (%) of aneurysms 601 (74.8) 201 (25.2)
No. (%) of patients with
1 aneurysm 438 (85.7) 176 (94.1)
2 aneurysms 61 (11.9) 9 (4.8) .008
�3 aneurysms 12 (2.4) 2 (1.1)
Mean center volume� SD, n 65� 45 63� 32 .06
Median center volume (minimum, maximum), n 47 (21, 149) 69 (19, 149)
Mean practitioner volume� SD, n 25� 15 21� 13 .004
Median practitioner volume (minimum, maximum), n 21 (1, 54) 21 (1, 54)
Aneurysm size, mm
Mean� SD (n) 10.8� 7.7 (595) 12.0� 7.7 (200) .01
Median (minimum, maximum) 8.8 (1.0, 55.0) 10.5 (1.0, 40.0)
Aneurysm location, % (n/N)
Internal carotid artery 78.0 (469/601) 77.1 (155/201)
Middle cerebral artery 4.7 (28/601) 3.0 (6/201)
Posterior cerebral artery 1.7 (10/601) 1.0 (2/201) .11
Basilar artery 4.0 (24/601) 8.5 (17/201)
Other 11.6 (70/601) 10.4 (21/201)
Multiple PEDs used 38.0 (227/598) 27.9 (56/201) .01
Aneurysm shape, % (n/N)
Saccular 76.9 (462/601) 77.1 (155/201)
Fusiform 13.1 (79/601) 13.4 (27/201) .58
Dissecting 5.0 (30/601) 6.5 (13/201)
Other 5.0 (30/601) 3.0 (6/201)

Table 2: Complications

Complication

Platelet
Testing/PED
Group
(N = 511)
(% [n])

PED Alone
Group
(N = 187)
(% [n]) P Value

Primary outcome: neurologic
morbidity and neurologic
mortality

8.8 (45) 3.2 (6) .01

Secondary outcomes
Spontaneous rupture 0.6 (3) 0.5 (1) 1
Intracranial hemorrhage 2.3 (12) 0.0 (0) .04
Ischemic stroke 5.5 (28) 2.1 (4) .07
Parent artery stenosis 0.2 (1) 0.5 (1) .46
Cranial neuropathy 0.4 (2) 0.0 (0) 1
Neurologic morbidity 8.2 (42) 2.1 (4) �.01
Neurologic mortality 3.5 (18) 1.1 (2) .12
All-cause mortality 4.1 (21) 1.1 (2) .05
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.03). There was also a trend in the platelet testing/PED group

toward higher odds of combined neurologic morbidity and mor-

tality (OR, 2.37 [95% CI, 0.95–5.93]; P � .064) and all-cause

mortality (OR, 3.67 [95% CI, 0.81–16.74]; P � .09) relative to

those in the PED alone group. For all the models, P values from

the Hosmer–Lemeshow goodness-of-fit test were nonsignificant

(P � .05), indicating that there was no evidence of poor fit. These

data are summarized in Table 3.

DISCUSSION
Our study of patients included in the International Retrospective

Study of Pipeline Embolization Device registry found higher

complication rates and higher rates of neurologic morbidity in the

platelet testing/PED group than in the PED alone group. How-

ever, there were significant differences in the baseline character-

istics of the 2 groups. Namely, patients in the PED alone group

were younger and were less likely to be treated with multiple

PEDs, and the group had a larger mean aneurysm size. In addi-

tion, patients in the platelet testing/PED group were more likely to

be treated at high-volume centers and to be treated by higher-

volume practitioners. In our analysis, which was adjusted for age,

aneurysm size, aneurysm location, number of aneurysms, num-

ber of PEDs, center volume, and practitioner volume, platelet

testing was associated with a significantly higher odds of neuro-

logic morbidity. These findings are important, because they sug-

gest that preoperative platelet testing does not result in improved

outcomes of patients who undergo PED placement and is associ-

ated with higher odds of neurologic morbidity after PED

treatment.

Previous studies have found variable associations between

platelet response and ischemic and hemorrhagic complications

after neurovascular stent placement and after PED placement. In

a study of 96 patients who received a neurovascular (carotid or

intracranial) stent, Fifi et al9 found that clopidogrel-resistant pa-

tients had a significantly higher rate of thromboembolic events

than those who were not resistant. In a study of 74 patients who

underwent PED placement, Tan et al12 found that having a level of

�208 P2Y12 reaction units was associated with a non–statistically

significant trend toward higher rates of symptomatic stroke on

both univariate and multivariate analysis but no significant dif-

ference in infarcts as seen in diffusion-weighted MR imaging. Del-

gado Almandoz et al13 found higher rates of stroke among pa-

tients with clopidogrel hyporesponse who underwent stent-

assisted coiling and PED placement and higher rates of

hemorrhage among patients with clopidogrel hyperresponse.

Similarly, Goh et al found that hyperresponse to clopidogrel was

associated with higher rates of hemorrhage.14 Heller et al15 stud-

ied the effect of antiplatelet therapy on thromboembolic events

after flow diversion with the PED and found no difference in

platelet reactivity between patients with and without infarcts

found with MR imaging.

Although previous studies found an association between

platelet-testing results and neurovascular complications after

stent/PED placement, studies have yet to clearly demonstrate that

altering antiplatelet regimens on the basis of platelet-testing re-

sults leads to improved clinical outcomes. Fifi et al9 compared

thromboembolic event rates among a group of patients who un-

derwent changes in antiplatelet therapy regimens based on plate-

let-testing results and another group of patients who did not un-

dergo any changes and found no difference in thromboembolic

event rates. In a study that compared complication rates among

patients who underwent platelet testing (68 patients) and those

who did not (32 patients), Oran et al16 found higher rates of

morbidity and thrombotic complications in the group that did

not undergo testing (P � .03). However, in a study of 81 patients

who underwent flow-diverter placement, Nordeen et al17 found

that despite the fact that most clopidogrel-resistant patients re-

ceived higher loading and maintenance doses of clopidogrel, the

mortality rate was significantly higher in the clopidogrel-resistant

group, and higher loading doses were associated with a trend to-

ward higher complication rates (P � .07). The results of these

studies range from demonstrating a mild benefit for platelet func-

tion testing to mild harm.

However, our study of �800 patients revealed that platelet

function testing is associated with a significantly higher odds of

morbidity in patients who undergo PED placement. Although it is

unclear from this cohort exactly what the precise reasons might be

for these findings, it is clear that testing by itself has no reason to

affect outcome. We can speculate on the causes, but there are no

available details in this dataset to indicate what actions were taken

or not taken in response to the test results. We speculate that

aggressive periprocedural manipulation of loading doses or other

adjunctive drugs may be causal; however, there is no definitive

evidence from this study to suggest that this is the case. It should

be recognized, however, that there was a higher number of PEDs

used in the platelet testing/PED group, which may have played a

significant role in contributing to the morbidity related to the

procedure. However, even when adjusting for this variable, the

use of platelet testing was still associated with higher complication

rates. Other unmeasured factors, such as the presence of comor-

bidities or baseline platelet dysfunction, may have contributed to

the higher morbidity rate seen in the platelet testing/PED group.

What may be recommended is that testing and any responses to

the test results be performed days before the actual procedure to

reduce the potential for overshooting targets and incurring po-

tentially greater morbidity rates in the postprocedural period, as

noted in this cohort of tested patients.

Table 3: Multivariate logistic regression analysis: odds of
complications according to platelet-testing status

Complication ORa 95% CI P Value
Primary outcome: neurologic
morbidity and neurologic
mortality

2.37 0.95 to 5.93 .06

Secondary outcomes
Spontaneous rupture 1.46 0.28 to 7.67 .65
Intracranial hemorrhage 6.56 0.50 to 85.80 .15
Ischemic stroke 2.03 0.67 to 6.20 .21
Parent artery stenosis 0.06 �0.001 to 24.51 .37
Cranial neuropathy 1.17 0.22 to 6.38 .85
Neurologic mortality 3.24 0.80 to 15.01 .13
Neurologic morbidity 3.25 1.10 to 9.61 .03
All-cause mortality 3.67 0.81 to 16.74 .09

a Shown are the odds in the platelet testing/PED group versus those in the PED alone

group. For each of the complications, the OR is for the platelet testing/PED versus

the PED alone group. The analysis was adjusted for age, gender, aneurysm size, num-

ber of aneurysms treated, use of multiple PEDs, practitioner’s previous experience,

and center volume.
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The effects of altering antiplatelet therapy to alter the rate of

adverse thrombotic events have been studied extensively in the

cardiology literature. The Gauging Responsiveness with a

VerifyNow Assay-Impact on Thrombosis and Safety (GRAVI-

TAS) trial compared the effects of high-dose and standard-dose

clopidogrel with high on-treatment platelet reactivity after percu-

taneous coronary intervention; no differences in fatal cardiovas-

cular events, stent thrombosis, or nonfatal myocardial infarction

were seen between the standard- and high-dose-clopidogrel

groups,18 despite the fact that the high-dose group had signifi-

cantly decreased platelet activity compared with that in the stan-

dard-dose group. Although the GRAVITAS study did not find a

benefit with increased clopidogrel doses, it demonstrated an in-

creased incidence of adverse events in the high-reactivity group

compared with that of the clopidogrel responders. A meta-analy-

sis of 10 randomized clinical trials in which an intensified anti-

platelet protocol based on adenosine diphosphate–specific plate-

let-reactivity testing was used found that the intensified protocol

was associated with lower mortality and myocardial infarction

rates; however, the benefit of intensified antiplatelet therapy was

highly dependent on the patient’s initial risk of stent thrombo-

sis.19 In a recent position paper by the Working Group of the

European Society of Cardiology, high platelet reactivity (resis-

tance to clopidogrel) was recognized as a marker for a high event

rate during coronary intervention, especially during acute myo-

cardial infarct intervention.20 The use of alternative second anti-

platelet agents such as prasugrel and ticagrelor has been recom-

mended in such cases. The significance and translation of these

findings to neurointervention remain unclear.

Limitations
Our study had limitations. It was a retrospective study in which

sites followed their own standard of practice for treating aneu-

rysms with PED placement, and there was a wide range of treat-

ment regimens (eg, antiplatelet therapy) between centers. Al-

though we compared complication rates in the platelet testing/

PED and PED alone groups, we do not have information

regarding which patients in the testing group were nonresponders

or hyperresponders. Thus, it is possible that more patients in the

PED alone group had normal platelet function. We cannot report

data on complication rates by antiplatelet-response status. We

included only patients with an unruptured aneurysm, so the re-

sults of this study may not apply to patients with a ruptured an-

eurysm. Furthermore, we do not have information regarding

which patients had changes to their antiplatelet regimens based

on results from platelet-response testing. Last, outcomes were not

ascertained while blinded to testing status. Overall, however, our

study shows that platelet testing in and of itself does not lead to

superior outcomes among patients who undergo PED placement.

CONCLUSIONS
Our study from a large retrospective registry shows that platelet

testing of patients who underwent PED placement was not asso-

ciated with improved outcomes. The underlying cause of this

finding is unclear. Further prospective studies, similar to those

published in the cardiology literature, are needed to determine if

and when platelet testing and correction of antiplatelet therapies

are appropriate in patients who undergo PED placement.
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ORIGINAL RESEARCH

INTERVENTIONAL

LEO Baby Stent Use following Balloon-Assisted Coiling:
Single- and Dual-Stent Technique—Immediate andMidterm

Results of 29 Consecutive Patients
P. Machi, V. Costalat, K. Lobotesis, C. Ruiz, Y.B. Cheikh, O. Eker, G. Gascou, F. Danière, C. Riquelme, and A. Bonafé

ABSTRACT

BACKGROUND AND PURPOSE: We report our preliminary results in terms of safety and efficacy in using the low-profile LEO Baby stent

for the treatment of large-neck and complex intracranial aneurysms with balloon-then-stent-assisted coiling and single- or dual-stent-

assisted coiling.

MATERIALS AND METHODS: Clinical and radiologic data of all consecutive patients treated at our institution from September 2012 to

October 2013 for an intracranial aneurysm by using a LEO Baby stent were retrospectively analyzed. Immediate and midterm clinical and

anatomic follow-up of each patient is reported.

RESULTS: Twenty-nine patients with 29 aneurysms were treated with LEO Baby stents at our institution. Themean age of patients was 48

years; 20 patients were women (71%). One patient was treated in the acute phase of a subarachnoid hemorrhage. In 8 procedures, a

double-lumen-catheter balloon was used for balloon-then-stent-assisted coiling. In 3 cases, a LEO Baby stent was used in a Y-, T-, and

telescopic dual-stent configuration. In 18 cases, a single LEO Baby stent was used. In 2 cases, technical failure to deploy the stent resulted

in acute parent artery thrombosis. In 3 further cases, thromboembolic complications occurred intraoperatively. MR imaging and angio-

graphic midterm follow-up showed complete aneurysm occlusion for 96% of the followed patients (27/29). Clinical outcome was

favorable for all patients followed up.

CONCLUSIONS: Results obtained in our study by using the LEO Baby stent for balloon-then-stent and single- or dual-stent-assisted

coiling of complex and distally located intracranial aneurysms are encouraging. Incomplete or inadequate opening of the device is a

potential cause of laminar blood flow alteration and thrombus formation.

ABBREVIATIONS: ACA� anterior cerebral artery; AcomA� anterior communicating artery; LBS� LEO Baby stent

The results of endovascular treatment of wide-neck and com-

plex intracranial aneurysms have improved following the in-

troduction of balloon remodeling and stent-assisted coiling.1-6

Theoretically, intracranial stents act as a scaffold to maintain the

coil mass within the aneurysmal sac, allowing higher packing den-

sity. This leads to a reduction of the blood flow into the aneurys-

mal sac while diverting it toward the parent vessel and provides

support for the neointima growth across the neck.7,8 The LEO

Baby stent (LBS; Balt Extrusion, Montmorency, France) is a new

self-expandable stent with 16 nitinol wires (2 of which are ra-

diopaque). This braided microstent can be delivered through a

0.0165-inch microcatheter or a dual-lumen balloon catheter sys-

tem (Scepter XC; MicroVention, Tustin, California) and de-

ployed within arteries with diameters ranging from 1.5 to 3.1

mm. In the present study, we report our preliminary results in

terms of safety and efficacy by using the LBS for the treatment

of large-neck and complex intracranial aneurysms with bal-

loon-then-stent-assisted coiling and single- or dual-stent-as-

sisted coiling.

MATERIALS AND METHODS
Patient Sample
Clinical and radiologic data of all consecutive patients treated at

our institution from September 2012 to October 2013 for an in-

tracranial aneurysm by stent-assisted coiling by using LBSs were

retrospectively analyzed. This study followed institutional review

board approval. Written informed consent was obtained from

every patient before treatment.
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Medications
Patients treated for an unruptured aneurysm were premedi-

cated the day before the procedure with a loading dose of 300

mg of clopidogrel. Resistance to clopidogrel was tested in the

angiosuite by using a VerifyNow P2Y12 assay (Accumetrics,

San Diego, California) just before the procedure. The day after

the procedure, a dual-antiplatelet regimen was introduced for

3 months (75 mg clopidogrel and 75 mg aspirin, once daily);

thereafter mono-antiplatelet therapy was maintained with as-

pirin for an additional 3 months. Patients treated in the acute

phase of a subarachnoid hemorrhage were not premedicated

and received an intravenous bolus of aspirin or anti-glycopro-

tein IIb/IIIa intraoperatively after LBS placement. All proce-

dures were performed in patients on systemic anticoagulation

with an activated clotting time maintained between 200 and

300 seconds. At the end of the procedure, the systemic antico-

agulation was not continued.

Techniques
All procedures were performed with the patient under general

anesthesia and by a senior interventional neuroradiologist with

prior experience in intracranial stent placement. Depending on

the technique of choice, a single or bilateral femoral artery ap-

proach was performed. A 6F or 7F guide catheter was placed prox-

imally in the aneurysm parent artery (internal carotid or vertebral

artery); a second guide catheter was placed in the contralateral

corresponding artery; the contralateral catheter was not used sys-

tematically. Patients in this series were treated with different tech-

niques: single-stent or dual-stent-assisted coiling or remodelling

balloon-assisted coiling followed by parent artery stent place-

ment. Moreover, in 1 case of a ruptured blister aneurysm, 2 LBSs

were used in a telescopic configuration to produce a flow-divert-

ing effect without adjunctive aneurysm coiling. In cases of dual-

stent-assisted coiling, the LBSs were deployed in a Y- or T-config-

uration. In 3 cases of dual-stent placement, a Neuroform EZ stent

system (Stryker Neurovascular, Fremont, California) was used in

combination with an LBS.

Radiologic and Clinical Follow-Up
All patients were scheduled for an MR imaging/MRA follow-up at

6 months and conventional DSA at 12 months. The MR imaging

follow-up consisted of structural imaging and time-of-flight MR

angiography performed by using a 1.5T MR imaging scanner

(Avanto; Siemens, Erlangen, Germany). Clinical outcomes were

assessed at the time of the radiologic follow-up by using the mod-

ified Rankin Scale. An mRS of �2 was considered a good

outcome.

RESULTS
Patient Sample
Between September 2012 and October 2013, 41 patients were

treated at our institution endovascularly by stent-assisted coiling.

Among them, 29 patients with 29 aneurysms were treated with

LBSs (Table). Patients were selected for the specific treatment

because of either the small parent vessel diameter or the need for

Patient findings
Pt Aneurysm Location Procedural Technique Adverse Events Clinical Outcome Aneurysm Cure

1 AcomA Single stent Yes Favorable Yes
2 BA Single stent No Favorable Yes
3 MCA Dual Y-stents No Favorable No
4 ICA bifurcation Single stent Yes Favorable Yes
5 ACA (A1) Single stent No Favorable Yes
6 MCA Single stent No Favorable Yes
6bisa MCA Dual T-stents No Favorable Yes
7 ACA (A1) Telescopic Yes Unfavorable
8 MCA Balloon/stent No Favorable Yes
9 MCA Single stent No Favorable Yes
10 MCA Single stent Yes Favorable Yes
11 Callosomarginal Balloon/stent No Favorable Yes
12 ACA (A1) Dual T-stents No Favorable Yes
13 MCA Balloon/stent No Favorable Yes
14 AcomA Single stent Yes Unfavorable
15 MCA Balloon/stent No Favorable Yes
16 MCA Single stent No Favorable Yes
17 AcomA Single stent No Favorable Yes
18 MCA Single stent No Favorable Yes
19 AcomA Single stent No Favorable Yes
20 AcomA Single stent No Favorable Yes
21 AcomA Single stent No Favorable Yes
22 PICA Single stent No Favorable Yes
23 AcomA Single stent No Favorable Yes
24 MCA Balloon/stent No Favorable Yes
25 BA Single stent No Favorable Yes
26 MCA Balloon/stent No Favorable Yes
27 AcomA Balloon/tent No Favorable Yes
28 MCA Balloon/stent No Favorable Yes
29 ACA (A1) Single stent No Favorable Yes

Note:—Pt indicates patient; BA, basilar artery.
a Retreatment of patient 6 for the second time with a LEO baby stent.
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delivery of the stent via a “low-profile” microcatheter or balloon.

One patient was treated twice for the same aneurysm (patient 6).

The mean age of patients was 48 years (range, 23– 68 years), and

20 patients were women (71%). One patient was treated in the

acute phase of a subarachnoid hemorrhage due to a blister aneu-

rysm. In 11 patients, an LBS was deployed for retreatment of an

aneurysm previously treated endovascularly (10 cases) or surgi-

cally (1 case).

Aneurysm Location
Twelve aneurysms were located at the MCA bifurcation (1 treated

twice), 8 were located at the anterior communicating artery

(AcomA), 4 were located on the anterior cerebral artery (ACA, A1

segment), 1 was located at the pericallosal/callosomarginal artery

bifurcation, 1 was located at the ICA bifurcation, 2 arose from the

top of the basilar artery, and 1 was located on the proximal por-

tion of the posterior inferior cerebellar artery.

Techniques
In 8 procedures, a double-lumen Scepter XC catheter balloon was

used for balloon-then-stent-assisted coiling. In this setting, fol-

lowing balloon-assisted coiling, an LBS was navigated through the

Scepter XC catheter balloon and deployed in the branch on which

the aneurysm was implanted. In 3 cases, an LBS was used to per-

form dual-stent configurations. In 18 cases, an LBS was used via a

single-stent-placement assisted-coiling technique. In all these

cases, the LBS was navigated and deployed across the aneurysm

neck via a 0.0165-inch microcatheter. The aneurysm coiling was

performed through a 0.0165-inch microcatheter previously jailed

in the aneurysmal sac.

Intraprocedural Adverse Events
Five intraprocedural adverse events occurred in our series. In 3

cases (patients 1, 4, and 10), a partial intrastent thrombosis was

noted after stent deployment. All these patients were good re-

sponders to clopidogrel. In all cases, the complication was man-

aged by intravenous injection of glycoprotein IIb/IIIa (abcix-

imab) and patients had no clinical consequences. In 2 cases, the

deployment of the stent was not adequate (patients 7 and 14). The

first event happened during the treatment of a ruptured right A1

blister aneurysm for which telescopic deployment of 2 LBSs was

planned. The apposition of the 2 devices was not optimal, and the

distal portion of the proximal stent did not expand correctly

(Fig 2). An angiographic examination at 24 hours demonstrated

A1 thrombosis. The second technical complication occurred dur-

ing the retreatment of an AcomA aneurysm (patient 14). Follow-

ing stent detachment, the operator was not able to recover the

delivery wire because it was locked through the stent struts. Fur-

ther attempts resulted in migration of the LBS into the right A1.

Following this, the operator managed to recover the delivery wire

but the stent had partially collapsed and was left in the A1. Despite

several attempts to retrieve the LBS with an Amplatz goose neck

snare (Covidien, Irvine, California), the stent was not recovered

and the artery thrombosed. Both patients developed right ACA

territory ischemia and subsequently died because of diffuse cere-

bral vasospasm.

Immediate and Midterm Anatomic and Clinical Results
Angiography performed at the end of the procedure showed com-

plete aneurysm occlusion in 16 of 29 patients (55%). Residual

neck was recorded in 8 patients (27%), and residual aneurysms, in

3 patients (10%). In the remaining 2 patients, the aneurysm

thrombosed with the parent artery intraprocedurally.

Twenty-seven patients of 29 (93%) had midterm radiologic

and clinical follow-up, and 2 patients died. Eleven patients had

MR imaging follow-up between 6 and 14 months (median, 7

months), and 16 patients had DSA follow-up between 3 and 25

months (median, 12 months) after the treatment (Fig 3). Radio-

logic follow-up demonstrated complete aneurysm occlusion for

26 of 27 patients (96%). In only 1 case (patient 3) did the 14-

month MR imaging follow-up show a persisting residual aneu-

rysm. All patients underwent clinical assessment at the time of the

radiologic follow-up. Clinical outcome was assessed by a senior

neurologist by using the mRS. In all patients followed up, an mRS

�2 was recorded.

Flow-Diverter Effect
In 1 case of an AcomA residual aneurysm (patient 17), in which

following the detachment of the first coil, there was premature

expulsion of the jailed microcatheter, the 9-month angiogram

showed complete aneurysm occlusion. In 2 cases of A1 fusiform

aneurysms (patients 5 and 29), immediate contrast media stagna-

tion was visualized before the coiling and just after stent deploy-

ment. In both of these cases, the final postoperative angiogram

showed residual aneurysms. The radiologic follow-up of both pa-

tients (DSA at 13 months and MR imaging at 6 months, respec-

tively) showed remodelling of the parent artery and complete

healing of the aneurysm. In 1 patient (patient 2) presenting with

mass effect symptoms due to a large, partially thrombosed, basilar

tip aneurysm, an LBS was deployed across the aneurysm neck

after complete aneurysm coiling. The 8-month DSA showed com-

plete aneurysm exclusion, and the 15-month MR imaging fol-

low-up showed aneurysm shrinkage with considerable mass effect

reduction. Clinical outcome was favorable, with resolution of the

mass-related symptoms.

In-Stent Neointimal Growth
In 3 cases, angiography demonstrated neointimal in-stent growth

within the stented artery. In 1 case, this neointimal hyperplasia

was associated with reduction of the caliber of the origin of a

collateral branch covered by the LBS (patient 28, Fig 4). In 1 case

of an MCA aneurysm in which both bifurcation branches were

stented (patient 6), angiography showed complete occlusion of

the inferior branch. None of these angiographic findings were

associated with any documented clinical symptoms.

DISCUSSION
The endovascular treatment results of wide-neck and complex

aneurysms improved following the introduction of the balloon-

and stent-assisted coiling techniques.1-6 Remodelling balloons act

as a temporary scaffold for coils positioned in aneurysms with

unfavorable dome-to-neck ratios. Intracranial stents act as a per-

manent scaffold, which, to facilitate coiling, leads to moderate

diversion of the blood flow out of the aneurysm sac toward the
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vessel lumen and hence assists neck endothelialization due to neo-

intima growth over the stent struts.7-12 A major limitation of

“conventional” intracranial stents is that they must be delivered

through “large-profile” 0.021- or 0.027-inch microcatheters.

These represent a technical drawback, especially for the treatment

of lesions with complex angioarchitecture or distal locations.

Moreover, conventional stents, especially laser-cut stents, are

prone to kinking and do not adequately conform to the parent

artery.13 The LBS, with its technical features, represents an evolu-

tion in intracranial stents. The low profile of this device differen-

tiates it from other conventional intracranial stents. The LBS

can be navigated and delivered through standard-coiling

0.0165-inch microcatheters and dual-lumen balloon catheters.

Consequently, it can be deployed in distal and tortuous vessel

anatomy not achievable with conventional 0.021- or 0.027-

inch stent-delivery microcatheters. Furthermore, it can be

navigated through relatively small AcomAs, and this feature

allows a contralateral approach for the treatment of aneurysms

for which an ipsilateral approach is not feasible or effective. In

addition, it can be easily navigated and deployed through an-

other intracranial stent to perform dual-stent-assisted coiling,

especially the open-cell type.

Nevertheless, the LBS can be deployed within arteries with a

diameter of �2 mm, such as the posterior inferior cerebellar ar-

tery or callosomarginal artery. Finally, its 16 braided filaments aid

the optimal artery wall apposition and conformability of the de-

vice to the arterial anatomy.14 The LBS cell size is approximately

0.9 mm, and when it is released, the cells are usually com-

pressed due to the advancement of the device, performed by

the operator, over the delivery wire while the delivery catheter

is maintained in a fixed position. The consequence of this de-

livery technique is that along the neck the cells size is reduced

and the metal coverage increases.15 Also, the hemodynamic

deflection across the neck segment is higher in comparison

with conventional laser-cut stents.16 This feature probably ex-

plains the flow-diverter-like effect that we noted in some cases

in our series, along with the extremely high rate of complete

aneurysm occlusion reported at the midterm radiologic fol-

low-up (26 of 27 patients, 96%).

Balloon-Then-Stent-Assisted Coiling Technique
Spiotta et al17 first described the balloon-then-stent-assisted coil-

ing technique. This procedure incorporates the use of a coaxial

dual-lumen balloon catheter system (Scepter XC) through which

a microstent, an LVIS Junior (MicroVention) in the original re-

port, is advanced and delivered following aneurysm balloon-as-

sisted coiling. This strategy is performed to add the benefits of the

remodeling technique, such as better control of the microcatheter

positioning and increasing packing density, to the benefits of the

parent artery stent placement. The single-access technique for

balloon-then-stent-assisted coiling was performed in 8 patients in

our series by using the Scepter XC balloon first and then the LBS.

FIG 1. Patient 12. Retreatment of an ICA bifurcation aneurysm.A, A Neuroform EZ stent is initially deployed from the rightMCA to the ipsilateral
ICA then a 0.0165-inchmicrocatheter is navigated in the rightMCA via the AcomA from the left ICA. B andC, An LBS is deployedwithin the right
A1, and additional coils are released into the aneurysm sac. D and E, Postprocedural angiographic run.
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No technical complications were recorded among these proce-

dures, and the midterm radiologic follow-up showed complete

aneurysm occlusion for all these aneurysms except for 1 for which

a 3-mm residual neck was noted. To our knowledge, the use of the

LBS single-access technique for balloon-then-stent-assisted coil-

ing has not been reported in the literature.

LBS Used For Dual-Stent-Assisted Coiling
Akmangit et al18 recently reported a series of 12 patients treated

with the LBS used in a dual-stent configuration for the treatment

of wide-neck, complex, and distal intracranial aneurysms. Nine

patients from this series were treated with dual-stent-assisted coil-

ing with 2 LBSs deployed in Y-, X-, and T-configurations, while 3

patients were treated with 2 telescoped LBSs without adjunctive

coiling. Similar to findings in our series, good results in terms of

technical feasibility and clinical and anatomic outcome were re-

ported. In our series, 4 patients were treated with a dual-stent

configuration. In 2 cases, an LBS was used in a dual-stent config-

uration with a Neuroform EZ stent. The Neuroform EZ stent is an

open-cell laser-cut autoexpandable nitinol stent, which is deliv-

ered through a 0.027-inch microcatheter system. The Neuroform

EZ stent was used with an LBS in 1 case of an MCA aneurysm for

a Y-stent-assisted coiling and in 1 case of A1 T-stent-assisted

coiling.

The rationale for the use of an open-cell stent is that when it

is first placed in one of the bifurcation branches (in cases of

bifurcation aneurysms), the catheterization of the other bifur-

cation branch through its open cells with a 0.0165-inch micro-

cathter is relatively easy. Furthermore, the intersection be-

tween a low-profile stent and an open-cell stent reduces,

theoretically, the risk of obstruction of the second stent at the

point of intersection with the first one. In this setting, both

stents provide a scaffold for aneurysm coiling and branch pro-

tection; moreover, the LBS provides a flow-diverter-like effect

from the aneurysm toward the parent vessel. It could be argued

that the intersection between 2 intracranial stents in a Y-con-

figuration is suitable for intra-aneurysmal flow disruption and

that it is not related to a higher rate of thromboembolic com-

plications.19-21 Nevertheless, long-term results of patients

treated with such Y-intersecting stents are lacking, and our

experience demonstrates that a novel nonintersecting dual-

stent Y-configuration is feasible by using the LBS in combina-

tion with the Neuroform EZ stent. To our knowledge, this

configuration has not been reported.

Intraprocedural Complications
Five intraoperative complications occurred in our series (5 of 29,

17%); in 3 cases, an intrastent thrombus formation was noted

FIG 2. Patient 7. A, A ruptured A1 blister aneurysm. B and C, A nonoptimal apposition of telescoped LBSs (right oblique view).D, Postprocedural
DSA. E and F, Angiograms obtained the day following the intervention show complete A1 occlusion.
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after LBS deployment. The complication was managed with in-

travenous injection of glycoprotein IIb/IIIa (abciximab), and all

patients had a good clinical outcome. In 2 of the transient throm-

botic cases (patients 1 and 11), retrospective analysis of the non-

subtracted angiograms obtained after stent placement showed

suboptimal deployment of the device. The radiopaque struts of

the stents appeared elongated and not fully expanded. This non-

complete expansion of the stent probably led to turbulent blood

flow within the device and subsequently platelet aggregation. In 2

cases, we recorded an intraprocedural technical complication:

The first was a case of dual-telescopic stent configuration in which

the apposition of the devices was not adequate and led to altera-

tion of the laminar blood flow and to acute thrombosis of the

parent vessel. The second was a case in which after LBS deploy-

FIG 3. Two examples (A–C, D–F) of MCA aneurysms followed by MR imaging time-of-flight angiography.

FIG 4. Patient 28. A, Postprocedural DSA of anMCA aneurysm treated with an LBS (in the same session the patient was treated for an ipsilateral
carotid-cave aneurysmwith a Silk flow-diverter [Balt Extrusion]). B, TheDSAmidterm follow-up shows shrinkage of the stented artery and of the
origin of the MCA branch covered by the LBS.
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ment, the operator was not able to recover the delivery wire be-

cause it was caught by the stent struts; additional attempts of

delivery wire retrieval resulted in migration and collapse of the

device. In these cases, the LBS was responsible for parent artery

occlusion and IV abciximab was not effective in artery reopening.

Both patients developed parenchymal ischemia in the territory of

the stented artery and thereafter died because of diffuse cerebral

vasospasm (these patients were in the acute and subacute phase of

subarachnoid hemorrhage).

These deaths were taken into account for the mortality rate of

our series (2/29, 6.8%). Therefore, the permanent morbidity and

the mortality rates of our series were 0% and 6.8%, respectively. In

3 of 5 cases of complications in our series, the probable cause was

related to the nonoptimal deployment of the device. It is unclear

whether this was due to inappropriate maneuvering of the oper-

ator or the behavior of the stent itself. The LBS seems to have a

moderate tendency to shorten after deployment. On the other

hand, the higher “metal-to-artery” ratio of the braided stents in

comparison with laser-cut stents, especially when placed in low-

diameter arteries, might be related to a higher incidence of acute

intrastent thrombus formations. Turk et al22 reported a series of 8

distal aneurysms treated by stent-assisted coiling by using the

Neuroform stent. The authors reported 2 intraprocedural throm-

botic events, which were successfully treated by IV injection of

abciximab. The incidence of intraprocedural thrombotic compli-

cations in this series (2 of 8, 25%) seems to be higher in compar-

ison with our results.

LVIS Junior Stent
In a recent publication, Behme et al23 reported their experience in

using the LVIS Junior (MicroVention) stent for the treatment of

32 patients with 34 aneurysms. The LVIS Junior is an intracranial

self-expandable stent made of 12 braided nitinol wires with tech-

nical features similar to those of the LBS. Similar to findings in our

report, 5 complications occurred in this series, and 2 were related

to intrastent periprocedural thrombosis. In both cases, patients

were treated with intravenous eptifibatide and had a good clinical

outcome. No information about stent deployment or opening is

available in these patients. The anatomic results of this series are

also similar to those in our study, with a rate of complete aneu-

rysm occlusion at the midterm follow-up of �90%. Möhlenbruch

et al24 reported the results of a series of 22 patients treated with

LVIS Junior–assisted coiling. In this cohort, 3 cases of partial,

nonocclusive in-stent thrombosis occurred. All these complica-

tions completely resolved after intravenous injection of tirofiban.

The authors reported no mortality or new neurologic deficits as-

sessed in the periprocedural period or at the midterm follow-up

in any patient in this series. Even for this cohort of patients, the

midterm radiologic follow-up showed a rate of complete aneu-

rysm occlusion of 90%.

Conventional Intracranial Stents and Thrombotic
Complications
In our series, we recorded an extremely high radiologic rate of

complete aneurysm cure at the midterm follow-up. Nevertheless,

we experienced an intrastent thrombotic complication in 5 cases

(of 29, 17%), and even if this led to the death of 2 patients (2 of 29,

6.8%), we have to compare these data with those reported in the

literature on conventional stents. Bodily et al25 reported a meta-

analysis of 339 ruptured aneurysms treated by stent-assisted coil-

ing with different types of laser-cut stents during the acute phase

after rupture. The rate of clinically relevant thromboembolic

complications in this series was 6%, while the incidence of clini-

cally relevant hemorrhagic complications was 8%. The authors

concluded that thromboembolic complications appeared reason-

ably well-controlled. Hetts et al26 compared the results of a series

of 361 patients treated for an unruptured aneurysm with stent-

assisted coiling (performed with laser-cut stents) or simple coil-

ing; 137 patients in this series (of 361, 38%) underwent stent

placement. At 1 year, total significant adverse events, mortality

and morbidity, were similar in both groups, but ischemic strokes

were more common in patients with stent-assisted coiling than in

those with simple coiling, 8.8% versus 2.2%. The authors con-

cluded that patients in both groups had similar outcomes, and the

increased ischemic events in stent-coiled aneurysms were attrib-

utable to baseline risk factors and aneurysm morphology.

Luo et al11 reported results of a series of 15 patients with 17

aneurysms treated with LEO stents. Similar to findings in our

series, the authors reported 2 cases of technical complications and

2 cases of periprocedural thromboembolic complications. Lv et

al27 reported a series of 28 patients treated with coiling assisted by

LEO stents. The authors reported 3 (of 28, 10.7%) asymptomatic

parent artery occlusions related to the deployment of the stent and

1 stent migration. Given the above results, the rate of thrombotic

complications recorded with the LBS seems to be quite compara-

ble with the rate reported in other conventional intracranial

stents. Occurrence of thromboembolic complications after stent

placement is the most frequent adverse event reported in the lit-

erature and in our series. In 3 of 4 thrombotic complications

recorded in our series, an inadequate deployment of the stent was

noted. In our opinion, the incidence of this type of complication is

directly related, beyond the responsiveness of the patient to anti-

platelet drugs, to the quality of the deployment of the device,

hence its opening and apposition to the vessel wall. Incomplete or

inadequate opening of the device is a potential cause of laminar

blood flow alteration and thrombus formation.

CONCLUSIONS
The results obtained in our study by using the LBS for balloon-

then-stent and single- or dual-stent-assisted coiling of complex

and distally located intracranial aneurysms are encouraging. Due

to its technical features, this device allows the treatment of lesions

with complex angioarchitecture, not accessible with standard

0.021- or 0.027-inch microcatheters. Furthermore, we noted that

the LBS may have some flow-diverter-like properties that can lead

to aneurysm cure even after partial or incomplete coiling. The

results of our study should be compared with those in larger series

and long-term clinical outcome data.
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ORIGINAL RESEARCH

INTERVENTIONAL

Could Statin Use Be Associated with Reduced Recurrence
Rates following Coiling in Ruptured Intracranial Aneurysms?

X W. Brinjikji, V. Shahi, H.J. Cloft, X G. Lanzino, D.F. Kallmes, and R. Kadirvel

ABSTRACT

BACKGROUNDAND PURPOSE: A number of studies have examined the role of matrix metalloproteinases in aneurysm healing following

endovascular coiling. Because ruptured aneurysms are known to express higher levels of matrix metalloproteinases, we hypothesized that

patients with subarachnoid hemorrhage who were on a statin at the time of coil embolization would have lower aneurysm recanalization

and retreatment rates than patients not on statins.

MATERIALS ANDMETHODS: We performed a retrospective chart review of patients who underwent intrasaccular coil embolization of

ruptured intracranial aneurysms of�10 mmwith at least 6months of imaging follow-up. Patients were separated into 2 groups: 1) those on

an oral statin medication at the time of coiling, and 2) those who were not. Outcomes studied were aneurysm recurrence and aneurysm

retreatment after endovascular coiling. Student t and �2 tests were used for statistical significance of differences between groups.

RESULTS: One hundred thirty-two patients with 132 ruptured aneurysmswere included in our study. Sixteenwere on statins (12.1%) and 116

were not (87.9%). The recurrence rate was 6.3% in the statin group (1/16) and 36.2% in the nonstatin group (42/107) (P � .02). Unplanned

retreatment rates were 6.3% (1/16) for the statin group and 25.9% (30/116) for the nonstatin group (P� .08).

CONCLUSIONS: Statins were associated with a lower rate of aneurysm recurrence following endovascular coiling of small- and medium-

sized ruptured aneurysms in this small retrospective study. Further studies are needed to confirm this finding to determinewhether statins

can be used to reduce recurrence rates in these aneurysms.

ABBREVIATION: MMP� matrix metalloproteinase

Approximately 20% of patients undergoing endovascular

coiling of intracranial aneurysms have an aneurysm recur-

rence, and 10% require retreatment of the coiled aneurysm.1

Given the risk of morbidity and mortality associated with re-

treatment, considerable research has been dedicated to deter-

mine methods to reduce the rate of aneurysm recurrence and

retreatment. Statin medications are commonly prescribed and

have been shown to have a number of beneficial health effects,

including reducing the risk of cardiovascular disease and

stroke. Statins have been found to stimulate production of

extracellular matrix and chemotactic migration and mobiliza-

tion of endothelial and mesenchymal progenitor cells and stro-

mal osteoblasts, factors important to aneurysm healing.2-5 St-

atins also inhibit chemotaxis of proinflammatory cells such as

macrophages by inhibiting expression of adhesion molecules

and decreasing macrophage expression of matrix metallopro-

teinases (MMPs).6 MMPs are molecules that have been shown

to promote recanalization of arteries and aneurysms following

endovascular embolization.7

Because statins stimulate cellular and molecular pathways

known to be helpful for aneurysm healing and inhibit the ex-

pression of MMPs, molecules thought to contribute to aneu-

rysm recanalization following endovascular coiling, it would

be interesting to study the effect of statins on aneurysm recan-

alization and retreatment rates. We retrospectively reviewed a

large series of ruptured intracranial aneurysms treated with

endovascular coiling and compared the rates of aneurysm re-

canalization and retreatment among patients who were taking

statins at the time of treatment and those who were not. We

chose to specifically study ruptured aneurysms because these

aneurysms have high recanalization rates and have been shown
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to highly express MMPs, molecules that are inhibited by statin

medications.8

MATERIALS AND METHODS
Patient Selection
Following institutional review board approval, we conducted a

retrospective chart review of all patients who underwent endovas-

cular treatment of ruptured intracranial aneurysms from January

2005 to December 2013. Inclusion criteria were the following: 1)

patients receiving intrasaccular coil embolization of an intracra-

nial aneurysm with a maximum diameter of �10 mm, 2) having

follow-up imaging with either digital subtraction angiography or

MR angiography at least 6 months later, and 3) having a recording

of a medical list from the time of presentation at aneurysm rup-

ture. Patients who did not meet all 3 of these criteria were ex-

cluded from the analysis.

Baseline Characteristics
Patients were then stratified into 2 groups: 1) patients on statin

medications, and 2) those not on statin medications. Use of statin

medications was determined from the patient’s medical chart

from the time of admission for subarachnoid hemorrhage. Dis-

charge notes were searched to ensure that the patient was not taken

off the statin on hospital discharge. Thus, all patients in the statin

group were on statins at the time of rupture and during the follow-up

period. No patients were started on statins at the time of aneurysm

rupture or at discharge. In addition to statin use, we obtained the

following information: type and dose of statin, age, sex, comor-

bidities (hypertension, diabetes mellitus, and current smoking),

aneurysm location, aneurysm maximum size, initial degree of oc-

clusion, and use of balloon assistance. Current smokers were de-

fined as patients who were smoking at the time of aneurysm rup-

ture and continued to smoke on follow-up.

Outcomes
The 2 primary outcomes of this study were aneurysm recurrence

and unplanned aneurysm retreatment following endovascular

treatment. Initial aneurysm occlusion was categorized on the ba-

sis of the Raymond scale into the following groups: 1) residual

aneurysm, 2) residual neck, and 3) complete occlusion. Fol-

low-up aneurysm occlusion was categorized into 2 outcomes: 1)

stable occlusion, and 2) aneurysm recurrence defined as coil com-

paction and/or recanalization. Retreatments were categorized as

unplanned and planned-staged. A retreatment was considered

planned-staged if the treating team mentioned in the operative

note or follow-up clinical notes that further treatment was recom-

mended to improve aneurysm occlusion (ie, planned coiling of an

aneurysm followed by Pipeline Embolization Device [Covidien,

Irvine, California] placement). Planned-staged retreatments were

excluded from our analysis.

Statistical Analysis
Continuous variables were presented as mean (SD), and categor-

ical variables, as frequency (percentage). Student t and �2 tests

were used for statistical significance in aneurysm recurrence

and/or retreatment in relation to patient statin use. We also per-

formed a multivariate logistic regression analysis to determine

whether statin use was independently associated with recanaliza-

tion and retreatment. Any baseline variables that were signifi-

cantly different between the 2 groups were included in this model.

RESULTS
Baseline Characteristics
When we considered patients with ruptured aneurysms of �10

mm, 16 patients were on statin medications at the time of treat-

ment and 116 patients were not. The mean age of the statin group

was higher than that of the nonstatin group (70.2 versus 57.0

years, P � .0001). Mean aneurysm size was similar between

groups (5.4 versus 5.6 mm, P � .63). Baseline occlusion status

(P � .51) and use of balloon assistance were similar between

groups (P � .31). There were similar rates of hypertension (P �

.59), diabetes mellitus (P � .20), and smoking (P � .19) between

groups. Mean follow-up was 23.4 months for the statin group and

25.1 months for the nonstatin group (P � .59).

Among patients in the statin group, the most common statin

medication used was simvastatin (6 patients; dose, 20 – 40 mg),

followed by atorvastatin (5 patients; dose, 10 –20 mg), rosuvasta-

tin (3 patients; dose, 5–20 mg), and pravastatin (2 patients; dose,

20 – 80 mg). All patients were on statin therapy for the duration of

their follow-up (25–96 months). The indication for statin therapy

was hyperlipidemia in all cases.

Outcomes
Recurrence rates were significantly lower in the statin group than

in the nonstatin group. Recurrence rates were 6.3% (1/16) for the

statin group and 36.2% (41/116) for the nonstatin group (P �

.02). There was a trend toward lower retreatment rates in the

statin group. Unplanned retreatment rates were 6.3% (1/16) for

the statin group and 25.9% (30/116) for the nonstatin group (P �

.08). Among patients in the nonstatin group, 16 were recoiled, 5

underwent flow-diverter treatment, and 9 underwent clipping.

One patient in the statin group was retreated with a flow diverter.

These data are summarized in the Table.

The only baseline characteristic that differed between the sta-

tin and nonstatin groups was mean age. When we considered

patients with ruptured aneurysms of �10 mm and adjusted for

age, statin use was associated with significantly lower odds of re-

currence (OR � 0.13; 95% CI, 0.01– 0.72; P � .016) and a non-

statistically significant lower odds of retreatment (OR � 0.29;

95% CI, 0.01–1.55; P � .16).

DISCUSSION
Our small, retrospective study demonstrated that patients with

ruptured aneurysms of �10 mm who were on a statin at the time

of aneurysm treatment had lower rates of aneurysm recurrence

and had a trend toward lower retreatment rates compared with

those who were not on a statin. These findings are important

because they suggest that statin use may represent a low-cost and

efficacious therapy in reducing recurrence rates in some patients

with ruptured aneurysms. However, these results need to be con-

firmed in future, larger studies before they can be applied in rou-

tine clinical practice.

We chose to specifically study the recanalization rates of rup-

tured aneurysms undergoing endovascular coiling because
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MMPs are expressed at significantly higher levels in ruptured

compared with unruptured aneurysms.8-10 MMPs, specifically

MMP-2 and MMP-9, are proteases that are thought to play a role

in aneurysm formation, growth, rupture, and recanalization.11-14

Statins are potent inhibitors of MMP-2 and MMP-9 formation

and expression.15-18 We hypothesized that by inhibiting MMPs

early in the healing process, statins can prevent any further growth

of the aneurysm, thus reducing recurrence rates. This hypothesis

is supported by work from Hasan et al,19 who demonstrated that

aneurysm sac growth, not coil compaction, is the primary mech-

anism associated with postcoiling aneurysm recurrence. In addi-

tion, statins likely enhance many other facets of the aneurysm

healing process such as cellular infiltration of the aneurysm dome,

deposition of extracellular matrix, and endothelialization of the

aneurysm neck.5,15,20 Statins upregulate expression of transform-

ing growth factor � and bone morphogenetic protein 2, factors

important in stimulating migration of osteoblasts and mesenchy-

mal progenitor cells to the aneurysm dome.21

There are some other, previously reported preclinical data to

suggest that statins could improve aneurysm healing following

endovascular treatment of intracranial aneurysms. One previous

study comparing statin-coated coils with bare metal coils in the

coil embolization of rat aneurysms demonstrated that aneurysms

treated with statin-covered coils had improved aneurysm occlu-

sion due to increased tissue organization around the coils and

increased collagen deposition in the aneurysm dome. In addition,

this same previous study demonstrated increased endothelial-

ization of the aneurysm neck in statin-covered-coil-treated an-

eurysms compared with non-statin-covered-coiled aneu-

rysms.22 A number of previous clinical studies of patients

receiving endovascular aortic aneurysm repair have demon-

strated that statin therapy can promote aneurysm sac regres-

sion and healing. A study by Raux et al23 demonstrated that

patients undergoing endovascular aortic aneurysm repair who

were on statins had a significantly higher rate of aneurysm sac

regression compared with their non-statin-using counterparts.

These results were confirmed by a later study performed by

Gray et al,24 who demonstrated that statin use was indepen-

dently associated with aneurysm sac regression following en-

dovascular aortic aneurysm repair.

Limitations
Our study has limitations. First, we included only patients with

aneurysms of �10 mm. We excluded patients with large and giant

aneurysms because these patients had much higher recanalization

rates than those with small- and medium-sized aneurysms due to

difficulties in achieving high packing attenuation.25 Thus, inclusion

of large aneurysms may mask the benefit isolated to small- and me-

dium-sized ones. Our study included only ruptured aneurysms be-

cause they have a different biology from unruptured aneurysms as

evidenced by elevated recurrence rates in many series.26 In our

study, only 16 patients were on statin medication. This low num-

ber may have limited our ability to detect differences between the

statin and nonstatin groups in aneurysm retreatment rates. In

addition, the low number of statin-using patients in our study

makes our conclusions unreliable because if only 1 additional

patient had a recurrence in the statin group, statistical significance

would be lost. Another limitation is that patients were on various

statin agents and on various doses. There are differences in statin

efficacy by type and dose.

Given the small size and limitations, our study should not

serve to alter clinical management of patients with ruptured an-

eurysms. Ultimately, this study sought to determine whether sys-

temic statin therapy warrants further study as a potential way to

reduce aneurysm recanalization for patients with ruptured aneu-

rysms. Future studies, including animal studies examining the

effects of statins on the cellular response to endovascular coiling,

large retrospective reviews combining data with multiple centers,

and prospective clinical trials studying the impact of statins on

angiographic outcomes of patients with ruptured intracranial an-

eurysms are needed to confirm these findings.

Baseline characteristics and recurrence and retreatment rates: ruptured aneurysms of<10 mm
Statin Group Nonstatin Group P Value

No. 16 116 –
Mean age (SD) (yr) 70.2 (9.0) 57.0 (11.7) �.0001
No. (%) women 12 (75.0) 77 (66.4) .58
No. (%) hypertension 10 (62.5) 61 (52.6) .59
No. (%) diabetes 3 (18.8) 10 (8.6) .20
No. (%) current smoker 3 (18.8) 41 (35.3) .19
Aneurysm location
ICA (No.) (%) 6 41 .88
ACA/AcomA (No.) (%) 9 50
MCA (No.) (%) 0 7
VBA (No.) (%) 1 16
Other (No.) (%) 0 2
Mean size (SD) (mm) 5.4 (1.8) 5.6 (2.0) .63
Initial occlusion
Complete 8 (5.0) 60 (51.7) .51
Residual neck 6 (37.5) 50 (43.1)
Residual aneurysm 2 (12.5) 6 (5.2)
Balloon assistance 4 (25.0) 18 (15.5) .31
Mean follow-up (months) 23.4 (14.4) 25.1 (25.4) .59
No. (%) recurrence 1 (6.3) 42 (36.2) .02
No. (%) retreatment 1 (6.3) 30 (25.9) .08

Note:—ACA indicates anterior cerebral artery; AcomA, anterior communicating artery; VBA, vertebrobasilar arteries; –, no P value.
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CONCLUSIONS
Our study found that patients with ruptured aneurysms of �10

mm who were on statins had significantly lower aneurysm recan-

alization rates than those who were not on statins. In addition,

there was a trend toward lower retreatment rates in the statin

group. These results suggest that the role of systemic statin ther-

apy in reducing aneurysm recanalization rates in patients with

ruptured aneurysms undergoing coiling should be further stud-

ied. More data from preclinical and retrospective and prospective

clinical studies are needed to determine whether statins do, in fact,

reduce aneurysm recanalization in the ruptured aneurysm

population.
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ORIGINAL RESEARCH

INTERVENTIONAL

Clinical and Imaging Follow-Up of Patients with Coiled Basilar
Tip Aneurysms Up to 20 Years

M. van Eijck, R.S. Bechan, M. Sluzewski, J.P. Peluso, G. Roks, and X W.J. van Rooij

ABSTRACT

BACKGROUND AND PURPOSE: Long-term follow-up data of coiled basilar tip aneurysms are scarce, and little is known about the risk of

late aneurysm-related adverse events. We followed a cohort of 154 patients with basilar tip aneurysms coiled between 1995 and 2006.

MATERIALSANDMETHODS: Imaging and clinical datawere retrospectively reviewed. The incidence and timing of retreatment, rebleeds,

and progressive mass effect by continuous aneurysm growth were recorded. Risk factors for retreatment were assessed.

RESULTS: Clinical follow-upof 144of 154 patientswho survived the admissionperiodwas ameanof 9.8 years (median, 10.2; range, 0.3–20.1 years).

During this period, 37 basilar tip aneurysms (26%) were additionally coiled (annual incidence rate, 2.6%; 95% CI, 1.8%–3.6%). Aneurysm size of�15

mmwas themost important independent predictor for retreatment (OR, 8.7; 95% CI, 3.4–22.5). The first additional coiling was performed in the

first year of follow-up in 17 of 37 patients (46%) and in 20 patients (54%) at a later time up to 17.2 years. Nine rebleeds occurred in 9 of 106 patients

who initially presented with SAH after a median follow-up of 8.3 years (range, 0.3–16.6 years). The annual incidence rate was 0.7% (95% CI,

0.4%–1.5%). Eight patients died of aneurysm-related adverse events: 3 of rebleed and 5 of progressive mass effect.

CONCLUSIONS: Retreatment of coiled basilar tip aneurysms was frequently needed during follow-up, also at long intervals. Most late

mortality was from progressive mass effect, not from rebleeds. Life-long MRA follow-up at yearly intervals is recommended.

Approximately 20% of coiled of intracranial aneurysms show re-

opening at follow-up, of which half are retreated.1 Risk factors

for reopening with time are large aneurysm size, a wide neck, the

presence of intraluminal thrombus, low packing attenuation, initial

incomplete occlusion, duration of follow-up, and location in the pos-

terior circulation.2-17 In general, additional coiling is advocated in

reopened aneurysms to prevent rebleeding. Most reopenings occur

in the first year after coiling and become apparent at the first imaging

follow-up after 6–12 months. A first time reopening beyond the 12-

month follow-up is infrequent.6,7,9,10,12,13

Aneurysms at the basilar tip form a special subset of intracra-

nial aneurysms. First, surgery is a less likely option in these aneu-

rysms, and even aneurysms with unfavorable configuration are

coiled, whereas unfavorable aneurysms in the anterior circulation

can be clipped. Basilar tip aneurysms are located on a vascular

bifurcation and often have a wide neck. Therefore, reopening in

basilar tip aneurysms is more frequent than in aneurysms at other

locations.1,2,10,13,16,17 Second, some coiled basilar tip aneurysms

show continuous growth with progressive mass effect on the brain

stem.17

We followed a cohort of 154 patients with basilar tip aneu-

rysms coiled between 1995 and 2006 for up to 20 years, to assess

survival, frequency and timing of reopening, and retreatment. In

addition, clinical events from the basilar tip aneurysm, such as

rebleeds and progressive mass effect by continuous growth, were

recorded.

MATERIALS AND METHODS
We retrospectively followed a cohort of 154 consecutive patients

with basilar tip aneurysms coiled between January 1995 and Au-

gust 2006. Details on the follow-up of a mean of 4.4 years of this

patient cohort have been published previously.18 We extended the

clinical and MR angiographic follow-up time to obtain long-term

clinical data and assess possible risk factors for late basilar tip

aneurysm–related adverse events.

Study Population
The cohort of 154 patients with coiled basilar tip aneurysms in-

cluded 42 men (27%) and 112 (73%) women, with a mean age of
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50.5 years at the time of coiling (median, 50 years; range, 25–73

years). There were 114 ruptured (74%) and 40 unruptured aneu-

rysms (26%). The mean aneurysm size was 11.1 mm (median, 10

mm; range, 2–30 mm). There were 83 small aneurysms (�10

mm), 61 large aneurysms (11–24 mm), and 10 giant aneurysms

(�25 mm). Demographics during follow-up of patients who sur-

vived the hospital admission period included sex, age, rupture

status of the aneurysm, occlusion after coiling, use of supporting

devices during coiling, procedural complications, and clinical and

imaging outcomes. Additional coiling and its complications and

timing during the years were documented. After we encountered

several unexpected late adverse events in a short period in patients

with coiled basilar tip aneurysms in 2012, we adapted our fol-

low-up protocol and actively attempted to extend the MRA fol-

low-up in as many patients as possible. Patients without imaging

follow-up in the past 4 years were invited for follow-up MRA by

letter. If there was no response, we contacted the general practi-

tioner to find out whether the patient was still alive, and if not, we

asked for the date and cause of death. Patients in poor clinical

condition in nursing homes were excluded from extended imag-

ing follow-up. Patients with a contraindication for MR imaging

were invited for follow-up conventional angiography.

Follow-Up MR Imaging and Indications for Retreatment
MR imaging was performed on a 3T system (Intera R10; Philips

Healthcare, Best, the Netherlands) by using a phased array head

coil (MR Imaging Devices, Gainesville, Florida) with sensitivity

encoding.

The MR imaging protocol included axial and coronal T2-

weighted fast spin-echo, coronal T1-weighted spin-echo, and

high-resolution multiple overlapping thin-slab acquisition 3D

time-of-flight MRA sequences. The MRA protocol was validated

in the follow-up of coiled intracranial aneurysms.19

Reopening was defined as flow on MRA at the base of the

aneurysm, caused by either compaction of the coil mesh, aneu-

rysm regrowth, or migration of coils into intra-aneurysmal

thrombus. Results of follow-up MRA were evaluated by a multi-

disciplinary team. In general, any reopening was an indication for

additional coiling. Only exceptionally, additional treatment was

not performed or postponed for anatomic or clinical reasons.

Statistical Analysis

Putative risk factors for retreatment of the basilar tip aneurysm

were assessed with univariate logistic regression analysis. Odds

FIG 1. Follow-up scheme of 154 patients with a basilar tip aneurysm.
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ratios were calculated for the following

variables: median aneurysm size, rup-

ture status, sex, age at first treatment,

and duration of follow-up in years.

Then, multivariate logistic regression

analysis was performed with reopening

of the basilar tip aneurysm as a depen-

dent variable. Aneurysms that were ad-

ditionally coiled were expressed as a pro-

portion, and timing of the first

retreatment was graphically displayed in

a cumulative event plot.

For ruptured basilar tip aneurysms,

rebleed was expressed as an annual in-

cidence rate with corresponding 95%

confidence intervals and was graphi-

cally displayed in a cumulative event

plot.

The occurrence of progressive mass

effect by the aneurysm was also calcu-

lated as an incidence rate.

The t test was used for continuous

variables, and the Fisher exact test, for

categoric data. A P value � .05 was con-

sidered statistically significant. Statisti-

cal analysis was performed with Med-

Calc Statistical Software, Version

14.12.0 (MedCalc Software, Mariakerke,

Belgium).

RESULTS
Clinical and Imaging Follow-Up
Figure 1 is a follow-up scheme of the co-

hort. Of 154 patients, 32 had died by

2010.

Of 122 patients who were eligible for

FIG 2. A 41-year-oldmanwith a coiled ruptured basilar tip aneurysm in 1997 and a rebleed 15 years
later. A, Angiography in 2006, 9 years after coiling in 1997, shows an adequately occluded basilar
tip aneurysm. B, CT in 2012 demonstrates a rebleed from the basilar tip aneurysm. C, Angiography
reveals regrowth of the aneurysm (arrow).D, After additional coiling, the aneurysm is completely
occluded (arrow).

FIG 3. Timing of first retreatments in 37 patients with reopened basilar tip aneurysms.
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extended follow-up in 2010, 85 (70%) had extended MRA (n �

81) or angiographic (n � 4) follow-up at a median of 11.8 years

(range, 4.9 –18.4 years). In 2 of these patients, angiography was

performed after a rebleed from the basilar tip aneurysm at 16.6

and 15.2 years after coiling (Fig 2).

Incidence of Retreatment
Clinical follow-up of 144 patients who survived the admission

period was for a mean of 9.8 years (median, 10.2 years; range,

0.3–20.1 years), totaling 1461 patient-years. During this period,

37 basilar tip aneurysms (26%) were additionally coiled. The an-

nual incidence rate for retreatment was 2.5% (95% CI,

1.8%–3.5%).

The timing of the first additional coiling is graphically dis-

played in Fig 3. First additional coiling was performed in the first

year of follow-up in 15 of 37 patients (41%) and in 22 patients

(59%) later, up to 17.2 years after the first coiling. In 15 of 37

patients (41%), additional coiling was performed more than once

and up to 5 times. The timing of additional treatments in these

patients is displayed in Fig 4. In total, 68 additional coilings were

performed during follow-up, all without complications (compli-

cation rate, 0%; 95% CI, 0%–5.7%).

Risk Factors for Retreatment
The results of logistic regression analysis are summarized in Table 1.

In univariate analysis, age at first coiling, ruptured aneurysm status,

and the mean period of follow-up were not different between pa-

tients with or without additional coiling during follow-up. Male sex

and median aneurysm size were significantly associated with addi-

tional coiling (OR, 2.6 and 1.1). Because large aneurysm size is a

well-known risk factor for aneurysm reopening, aneurysm size was

further analyzed in quintiles. Aneurysms of 16–30 mm had a 9-fold

higher chance of retreatment during follow-up than aneurysms of

2–6 mm (OR, 8.5; 95% CI, 2.5–29.3).

In multivariate analysis, aneurysm size of �15 mm was a

strong independent predictor (OR, 8.7; 95% CI, 3.4 –22.5). In

addition, male sex was an independent risk factor for retreatment

(OR, 2.7; 95% CI, 1.1– 6.5). Age at first treatment, the mean pe-

riod of follow-up, and ruptured aneurysm status were not inde-

pendent risk factors.

Incidence of Rebleed
The mean follow-up of 38 of 40 patients who presented with un-

ruptured basilar tip aneurysms and who survived the first treat-

ment was 8.5 years (median, 9.1 years; range, 0.3–17 years). There

were no first-time hemorrhages in these patients.

The clinical follow-up of 106 patients with a ruptured basilar

tip aneurysm who survived the hospital admission period was a

mean of 9.8 years (median, 10.2 years; range, 0.4 –18.7 years),

totaling 1158 patient-years. Nine episodes of rebleed were re-

corded in 9 patients. Three patients died of the rebleed (0.3, 7.2,

and 16.1 years after first treatment). Rebleeds occurred after a

median follow-up of 8.3 years (range, 0.3–16.6 years). The annual

incidence rate for rebleed was 0.7% (95% CI, 0.4%–1.5%).

Progressive Mass Effect
Progressive compression on the brain stem by continuous growth

of the basilar tip aneurysm occurred in 6 patients (Fig 5). Fol-

low-up in these patients was a mean of 7.2 years (median, 5 years;

range, 0.5–17.8 years), totaling 42.8 patient-years (Table 2). The

annual incidence rate of progressive

mass effect was 0.4% (95% CI, 0.2%–

0.9%). In 5 deceased patients, this was

the cause of death; in 4 patients, it was by

progressive brain stem compression. In

1 patient, progressive growth of the aneu-

rysm in an anterior direction caused com-

pression of the chiasm with loss of vision

10.8 years after the first coiling. Despite

partial surgical resection of the aneurysm,

the patient died 1 month later.

Aneurysm-Related Mortality
During the follow-up period, 8 patients

died of aneurysm-related adverse

events: Three patients died of rebleedFIG 4. Timing of retreatments in 15 patients with coiled basilar tip aneurysms and�1 recurrence.

Table 1: Univariate analysis of risk factors for retreatment of coiled basilar tip aneurysms in 144 patients
No Recurrence (n = 107) Recurrence (n = 37) OR (95% CI) P Value

Median age at first treatment (yr) 54 46 0.97 (0.9–1.0) .13
Male sex 25 (23%) 16 (43%) 2.6 (1.2–5.6) .02
Median aneurysm size (mm) 9 15 1.1 (1.1–1.2) �.001
Size of aneurysm in quintilesa

Quintile 2 versus 1 0.9 (0.2–3.3)
Quintile 3 versus 1 0.9 (0.2–3.3)
Quintile 4 versus 1 1.6 (0.4–6.3)
Quintile 5 versus 1 8.5 (2.5–29.3)
Ruptured aneurysm 88 (82%) 14 (38%) 0.8 (0.3–1.9) .62
Median follow-up (yr) 10.5 10 1.0 (0.98–1.14) .20
a Size range in quintiles: quintile 1� 2–5 mm; quintile 2� 6–8 mm; quintile 3� 9–12 mm; quintile 4� 13–15 mm; quintile 5� 16–30 mm.
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and 5 died of progressive mass effect from the basilar tip

aneurysm.

DISCUSSION
This long-term follow-up study of 154 coiled basilar tip aneu-

rysms showed that retreatment during follow-up was performed

in a quarter of patients. Almost half of retreatments were in the

first year after coiling, but first retreatments were also performed

up to 17 years after the first coiling. In 4 patients, the first retreat-

ment was �10 years after coiling. A substantial proportion of

retreated aneurysms were retreated more than once, up to 5 times.

All retreatments were without complications. The incidence of

retreatment of basilar tip aneurysms of 25% is significantly higher

than that of aneurysms at other locations: In a meta-analysis by

Ferns et al,1 the overall retreatment rate was 10%, with aneurysm

sizes of �10 mm and location in posterior circulation as risk

factors. There are probably 3 reasons for this higher incidence of

retreatment in aneurysms located on the basilar tip: First, in gen-

eral, all basilar tip aneurysms are coiled; they are also aneurysms

with unfavorable anatomy and an inherent higher chance of re-

opening. Surgical clipping is rarely considered an alternative for

coiling. Second, almost half of the basilar tip aneurysms were of

large or giant size. Third, our follow-up duration was extremely

long, and various first retreatments were performed at very long

follow-up intervals: In 8 of 37 patients, the first retreatment was

�8 years after the first coiling.

The most important independent risk factor for retreatment

was aneurysm size; increasing aneurysm size increases the chance

of reopening and retreatment. Large aneurysm size as a risk factor

for reopening and retreatment is a well-known and consistent

finding in follow-up studies after coiling.1-3,5-10,12-17 The second

independent risk factor was male sex. We have no explanation for

this finding. In 1 previous study, male sex was also found to be a

risk factor for reopening after coiling.7

Rebleeds occurred in 9 of 106 patients with ruptured basilar tip

aneurysms who survived the admission period at time intervals

ranging from 4 months to 16.6 years after coiling. In 3 patients,

the rebleed was fatal. The annual incidence rate for recurrent

hemorrhage was a 0.7%, low but higher than approximately 0.3%

in other studies comprising aneurysms at all locations.20,21 This

finding emphasizes the need for a regular and life-long follow-up

scheme to detect reopening in a timely manner and prevent re-

bleeds by retreatment. Even after many years of stable aneurysm

occlusion, reopening and rebleed may still occur.

Our study also demonstrated that most late mortality was

due to continuous growth of some basilar tip aneurysms de-

spite adequate first-time occlusion with coils and additional

coiling when possible.22,23 Why this phenomenon occurs in

some aneurysms remains unclear. We were unable to identify

risk factors for this infrequent event. Aneurysm growth may

become apparent at any time during follow-up. The growth

rate varies, and episodes of growth may alternate with stable

periods. Patients with a growing basilar tip aneurysm can pres-

ent with various clinical signs because of compression on the

brain stem, such as cognitive dysfunction with apathy and loss

of initiative, motor and gait difficulties, and cranial neuropa-

thies with or without signs of hydrocephalus. In our popula-

tion, most patients presented with gradually progressive cog-

nitive decline; 1 patient presented with progressive loss of

FIG 5. Serial MR images of a 40-year-old man with a coiled ruptured basilar tip aneurysm in 2003. A, Transversal T2-weighted MR image from
December 2003 shows a basilar tip aneurysm 6 months after coiling. B, MR imaging in May 2008 shows enlargement of the aneurysm and
compression of the brain stem. C, MR imaging in March 2009 shows further growth, now with edema in the brain stem. D, MR imaging in
December 2009 shows a rapid increase in size with enormous compression of the brain stem. The patient died 1 month later.

Table 2: Characteristics of 6 patients with progressive mass effect by continuous growth of the basilar tip aneurysm despite (repeat)
coiling
Date of First
Treatment

Sex, Age
(yr) SAH

First Signs of
Mass Effect

Compression
Organ

No.of
Coilings Death

Follow-Up
(yr)

Jan 10, 1996 M, 52 Yes January 1996 Brain stem 1 Yes 0.5
June 5, 1996 M, 39 Yes May 2008 Brain stem 5 No 11.8
June 18, 2001 F, 69 Yes September 2004 Brain stem 1 Yes 3.3
July 27, 2001 M, 39 Yes March 2009 Brain stem 5 Yes 8.4
November 5, 2001 M, 58 Yes July 2012 Brain stem 5 Yes 12.5
May 30, 2002 M, 49 No October 2002 Optic chiasm 2 Yes 0.5
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vision from compression on the chiasm. The prognosis of a

growing basilar tip aneurysm is poor, with variable times from

onset of symptoms to death. Therapy can only be palliative,

with steroids and treatment of hydrocephalus. Aneurysm deb-

ulking was performed in 1 patient but was not effective.

Our protocol for coiled aneurysms was fairly consistent during

the follow-up period. Patients with large and giant basilar tip an-

eurysms and those who were coiled more than once had a tailored

follow-up scheme, with MRA every 1–3 years. Patients with no

regular follow-up scheme were actively contacted at different

times to participate in various follow-up studies.2,5,10,12,13,16,18

Despite this close monitoring, in 2012, we encountered several

unexpected serious late clinical adverse events in a short time in

patients with coiled basilar tip aneurysms. At that point, we de-

cided to recall patients without follow-up imaging in the past 4

years for MR imaging and MRA, and 85 of 122 eligible patients

responded positively. This response resulted in a very long clinical

and imaging follow-up for the cohort. There are no other compa-

rable studies with very long-term follow-up of basilar tip aneu-

rysms, to our knowledge.

This retrospective study has several drawbacks. Clinical and

imaging follow-up was not complete in all patients. Some pa-

tients had irregular or large intervals between follow-up imag-

ing, and the assessment of the timing of reopening was thus

inaccurate. In some patients, the cause of death remained un-

known. Not all patients responded positively to an invitation

for extended imaging follow-up.

The principal conclusion from this extended follow-up study

of coiled basilar tip aneurysms is that serious adverse events may

become apparent for the first time very long after a first or addi-

tional coiling. Aneurysms may be stable for long periods before or

after reopening or rebleed. Coiled basilar tip aneurysms that in-

crease in size despite adequate occlusion at first or repeated treat-

ment have a poor prognosis. The growth rate is unpredictable; it can

be slow or quick and gradual or alternating. When hydrocephalus

occurs, it should be treated. When brain stem compression is accom-

panied by edema, steroids may be administered as palliation. With

our follow-up scheme, most aneurysm-related mortality was from

continuous aneurysm growth, not from rebleeds.

CONCLUSIONS
A regular and life-long clinical and imaging follow-up protocol is

advisable in patients with both ruptured and unruptured basilar

tip aneurysms that have been coiled. In our opinion, yearly MR

imaging should be adequate to detect reopening needing addi-

tional treatment in a timely manner. Recurrent episodes of hem-

orrhage can thus be prevented.
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Combined Selective Cerebral Hypothermia andMechanical
Artery Recanalization in Acute Ischemic Stroke: In Vitro Study

of Cooling Performance
G. Cattaneo, M. Schumacher, J. Wolfertz, X T. Jost, and X S. Meckel

ABSTRACT

BACKGROUND AND PURPOSE: Therapeutic hypothermia represents a promising neuroprotective treatment for patients with ischemic

stroke. Selective, intracarotid blood cooling may initiate rapid and early brain hypothermia, reduce systemic effects, and allow combined

endovascular mechanical thrombectomy. For this approach, a balloon cooling catheter system was designed and studied in vitro to

optimize its cooling performance.

MATERIALSANDMETHODS: Computational fluid dynamics of blood coolingwas performedwithin the common carotid artery lumen by

using 3 different catheter designs (1-, 2-, and 4-balloon array). On the basis of these results, a first catheter prototype was manufactured,

and its heat-exchange performance was tested in an artificial in vitro circulation simulating the common carotid artery lumen at different

flow rates (inflow temperature of 37°C).

RESULTS: In the computational fluid dynamics model, the catheter with the 4-balloon array achieved the highest cooling rate of

�1.6°C, which may be attributed to disruption of the thermal boundary layers. In the in vitro study, cooling of the blood substitute

at flow rates of 400 mL/min (normal common carotid artery flow) and 250 mL/min (reduced common carotid artery flow due to

distal MCA occlusion) achieved a temperature drop inside the blood substitute along the cooling balloons of �1.6°C and �2.2°C,

respectively.

CONCLUSIONS: The feasibility of intracarotid blood cooling using a new catheter system was demonstrated in vitro. A serial

4-balloon array led to an optimized cooling capacity approaching optimum target temperatures of mild therapeutic hypothermia.

To determine the therapeutic efficacy of combined selective therapeutic hypothermia and mechanical thrombectomy, further in

vivo studies by using a model of temporary ischemia with large-vessel occlusion and recanalization are required.

ABBREVIATIONS: CCA� common carotid artery; MT� mechanical thrombectomy; TH� therapeutic hypothermia

Therapeutic hypothermia (TH) has become a clinical stan-

dard in patients with successful resuscitation after cardiac

arrest and in neonates with severe asphyxia, to increase the rate

of favorable neurologic outcome and reduce mortality.1-4

Neuroprotection provided by TH affects multiple aspects of

brain physiology during all stages of ischemia (eg, excitotoxic-

ity, apoptosis, inflammation, free radical production, blood

flow, metabolism, and blood-brain barrier integrity).5 Re-

cently, the feasibility and safety of TH in patients with acute

ischemic stroke was proved in controlled studies,6-9 and 2 mul-

ticenter, randomized clinical trials (European Stroke Research

Network for Hypothermia-1 and Intravenous Thrombolysis

plus Hypothermia for Acute Treatment of Ischemic Stroke

2/3)10,11 are currently underway to study its efficacy. Until

now, TH in patients with acute stroke has been applied only

systematically by surface cooling, intravenous cooling, or cold

saline infusions.

In patients with acute ischemic stroke related to large-ar-

tery occlusions, rapid treatment with mechanical thrombec-

tomy (MT) by using stent retrievers for vessel recanalization

reduces mortality and improves functional outcome according

to the recent release of landmark randomized controlled tri-

als.12-14 However, reperfusion of ischemic brain tissue may

also induce additional tissue damage and hemorrhagic trans-
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formation, which potentially limit the benefits of such recan-

alization therapies.15 Although the neuroprotective effects of

TH may positively modulate mechanisms responsible for rep-

erfusion injury, current systemic cooling approaches involve

long induction times so that the therapeutic window may still

be missed for many patients.16

We aimed to develop a combined approach of selective ce-

rebral TH and MT within a single procedure by using a cooling

catheter system that will be positioned in the common carotid

artery (CCA) and proximal ICA and simultaneously serve as

access for the intracranial MT procedure (Fig 1). Thus, cooled

blood may first reach the ischemic penumbra via collaterals

before recanalization and then further provide a “cold reper-

fusion” of the ischemic core during and after recanalization

treatment of the occluded cerebral arteries. Moreover, this ap-

proach of selective TH may enable an earlier and faster induc-

tion of brain cooling and the reduction of systemic adverse

effects of TH (ie, pneumonia) compared with systemic cooling

techniques. In particular, early initiation of TH before or dur-

ing vessel recanalization therapy is expected to be a critical

determinant of clinical outcome.10

Before in vivo testing, the goal of this numeric and experimen-

tal in vitro study was to assess the feasibility and optimize the

blood cooling performance of the newly developed balloon cool-

ing catheter system for TH within the CCA lumen.

MATERIALS AND METHODS
Concept of Heat Exchange with the Balloon Cooling
Catheter System
The balloons at the tip of the catheter system act as a heat ex-

changer between the bypassing blood stream and the separated

cooling fluid circuit inside the cooling catheter, which is schemat-

ically depicted in Fig 2. The cooling fluid is circulated from the

inlet lumen up to the distal catheter tip and then diverted within

the outlet lumen, where openings to the balloons are provided

that allow heat exchange with the bypassing blood via thin balloon

surface membranes. In case of a multiple balloon array at the

catheter tip, the balloons are serially connected with the direction

of cooling fluid flow from distal to proximal. Thus, the catheter

outlet lumen is interrupted between the openings of each balloon

to prevent cooling fluid flow from bypassing the balloons. The

third central lumen designed for delivery of catheter systems for

MT is not depicted in the schematic.

FIG 2. Schematic of the cooling catheter system as a heat exchanger
between streaming blood and closed-loop circulation of cooling fluid
inside thecatheter.Bluearrows representflowpathwaysof coolingfluid
inside the inlet and outlet catheter lumen, with diversion from distal to
proximal into 2 adjacent balloons. Red arrows represent the blood flow
direction from the CCA into the ICA and external carotid artery.

FIG 1. Schematic illustration of combined simultaneous intracarotid
blood cooling in CCA and MT procedures by using a stent retriever
device for the treatment of acuteMCA occlusion. The colored arrow
indicates transfer of cooled blood to ischemic brain and penumbra
via collateral arteries before the MT procedure with the stent re-
triever device placed across MCA occlusion.
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Numeric Simulation
A numeric calculation of the fluid flow and heat transfer was

performed by using the computational fluid dynamics software

SolidWorks Flow Simulation 2013 SP3.0 (Dassault Systèmes

SolidWorks, Waltham, Massachusetts) by using a simplified

steady-state model without consideration of pulsatile flow behav-

ior. We simulated 3 cooling catheter configurations with different

balloon arrays: 1) 1 balloon with an 80-mm length, 2) 2 balloons

with 40-mm lengths, and 3) 4 balloons with 20-mm lengths, all of

which had a similar total surface area for heat exchange. Balloon

wall thickness was 15 �m.

The computational mesh grid consisted of rectangular par-

allel-pipe-shaped fluid, solid, and partial cells, whose bound-

aries were orthogonal to the axes of the Cartesian global coor-

dinate system. The meshing of the fluid domain presented

approximately 2 million cells with mesh refinement near the

balloon wall, where the heat transfer takes place. For simula-

tion, the distal catheter tip with the heat exchanging balloons

was immobile and centered in a rigid

vessel that represented a simplified ge-

ometry of the CCA (7-mm diameter).

An adiabatic behavior of the vessel

wall was assumed; hence, heat transfer

with the surrounding tissues was not

considered. The rheology of the hu-

man blood was depicted through the

Power Law model, by using the blood

fluid parameters provided in the

SolidWorks data base.

Closed-loop circulation of the cool-

ing fluid (normal saline) inside the bal-

loon catheter was provided by a simpli-

fied symmetric 2-lumen catheter, as

shown in Fig 2. We set the cooling fluid

temperature to 10°C at the inlet of the

computational domain, considering an

estimated heat loss of 4°C along the

whole catheter length. The blood inlet

temperature was set to 37°C. Blood and

cooling fluid flow rates were set to 400

and 100 mL/min, respectively. Flow was

steady for both fluids.

The bulk-average blood temperature

(area- and flow-rate-weighted average)

was calculated proximal and distal to the

balloon array at the cooling catheter tip.

Because of steady-state flow conditions,

the temperature calculation was per-

formed time-independently.

In Vitro Artificial “Blood Circuit”
Testing
An artificial “blood circuit” was con-

structed with an internal diameter of 7

mm, compatible with the human CCA

(mean diameter, 7.4 mm17); the artifi-

cial blood circuit was made of PVC

tubes (Guttasyn Kunststoff, Witten,

Germany). The complete installation of the in vitro bench test is

illustrated in Fig 3.

This circuit was filled with a blood substitute consisting of a

water-glycerine mixture (56% glycerin, 44% bi-distilled water),

which approximated the rheologic properties of human blood

(dynamic viscosity of 3.6 cP at 37°C). Constant warming to a

temperature of 37°C proximal to the cooling catheter inlet was

provided by a heating circulator bath (Haake DC10-B3; Thermo

Haake, Karlsruhe, Germany). Pulsatile circulation of the blood

substitute was achieved by a gear pump (Optima 1000 PD12; Die-

ner Precision Pumps, Embrach, Switzerland). The distal part of

the cooling catheter system with the heat-exchange balloons was

inserted into the circuit via a hemostatic valve.

The coolant (0.9% sodium chloride) was circulated inside

the cooling catheter circuit by means of a roller pump (Beh-

rotest PLP 220 with pump head PPH 303; Behr Labor-Technik,

Düsseldorf, Germany) at a flow rate of 100 mL/min. The cool-

FIG 3. Schematic illustration of a bench test array for in vitro analysis of balloon cooling catheter
system performance.

FIG 4. Temperature gradient across heat exchange balloons with 3 different balloon arrays.
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ant temperature was kept constant at �6°C provided by a cir-

culation thermostat (Ministat 125; Peter Huber Kältemaschi-

nenbau, Offenburg, Germany). Flow rates of both circuits were

constantly measured by ultrasonic flow meters (M-2111;

Malema Engineering, Boca Raton, Florida). Pressures were

measured inside the cooling catheter circuit proximal to the

catheter inlet (HPSA-B10DVAB-020-G; Althen, Kelkheim,

Germany) and inside the “blood circuit” proximal to the cool-

ing balloons (HPSA-B10DVAC-0,4BG; Althen). The coolant

temperature was measured at the catheter inlet and outlet hub

with precision fine-wire thermocouples (5TC-KK-KI-24 –2 m;

Omega Engineering, Stamford, Connecticut). Temperatures

inside the blood circuit were measured by customized 1-mm

mineral-insulated thermocouples (NiCr-Ni; Temperatur Mes-

selemente Hettstedt, Maintal, Germany) proximal and distal to

the cooling catheter system. To compensate for temperature

stream layering of cooled and noncooled fluid distal to the

balloon cooling catheter, we positioned the distal point of tem-

perature measurement behind a flow indicator (CheMobil

PMP; Bürkle, Bad Bellingen, Germany), which had an inte-

grated impeller function for mixing of different temperature

fluid layers.

Three similar prototypes of the cooling catheter were tested

inside the blood circuit. We performed measurements sepa-

rately at 2 predefined flow rates of the blood circuit: 400 mL/

min, which is compatible with the mean blood flow rate of a

human CCA (389 � 73 and 381 � 79 mL/min; left and right

CCA, respectively18), and 250 mL/min, which aims to simulate

the CCA flow reduction caused by an MCA occlusion (150 �

31 and 145 � 27 mL/min; normal left and right MCA flow rate,

respectively18), neglecting potential autoregulatory flow

changes. All temperature, fluid pressure, and flow data were

continuously recorded and processed with an in-house-pro-

grammed software (LabVIEW 2013; National Instruments

Corporation, Austin, Texas). After the start of the blood sub-

stitute and coolant pumps and a brief transient time of 2 min-

utes to allow steady-state flow conditions, recording of tem-

perature data was performed for 2 minutes (100 temperature

measurements per second). The temperature data were time-

averaged over the 3 catheter prototypes.

RESULTS
The results of the numeric simulation are depicted in Fig 4, show-

ing the temperature gradient across the cooling catheter for the 3

tested balloon arrays. The increasing number of balloons corre-

lated with a higher blood-cooling performance, though the total

heat-exchange surface area remained the same for all balloon ar-

rays. This improved heat exchange for serial balloon alignments

may be attributed to a disruption of the thermal boundary layer

and increase of flow convection between the adjacent balloons

(Fig 5). The highest temperature decrease across the catheter was

�1.63°C by using a serial array of 4 � 20 mm balloons, while a

single 1 � 80 mm balloon provided a temperature decrease of

only �1.21°C.

On the basis of these results, the first prototype of the bal-

loon cooling catheter was manufactured, which consisted of 4

FIG 5. Temperature profiles derived from numeric simulation are illustrated along the cooling catheters with different serial balloon arrays (all
4-mm diameters): 1� 80 mm (A); 2� 40 mm (B); and 4� 20 mm (C). C, The direction of blood flow is indicated by small black arrows, and the
direction of coolant flow inside the catheter lumina is indicated by small white arrows. Temperatures are not visualized on solid catheter
material (gray); larger rectangular gray areas represent blocked endoluminal portions, which enable serial coolant flow through respective
balloons. The magnified inlet image shows the junction between adjacent balloons: Disruption of thermal boundary layers is depicted at both
junction zones (small black arrowheads). Color coding corresponds to respective fluid temperature (10°C–37°C range; see scale).
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polyamide balloons (Bavaria Medizin Technologie, Wessling,

Germany) with a diameter of 4 mm, a length of 20 mm, and a wall

thickness of 15 �m each. These were serially arranged at the cath-

eter tip communicating with 2 separate catheter lumina that con-

stituted the closed-loop cooling circuit. The third central “work-

ing lumen” with a diameter of 1 mm had an end-hole at the

catheter tip allowing passage of a 2.5F microcatheter and thus

distal access for MT treatment with a stent retriever device (Fig 6).

The in vitro experiments in the artificial blood circuit revealed

a mean temperature gradient induced by the cooling catheter sys-

tem (time-averaged over 3 similar catheter prototypes) of 2.17 �

0.07°C and 1.55 � 0.06°C at “blood” flow rates of 250 and 400

mL/min, respectively (Fig 7). During cooling, the temperature of

the coolant inside the balloon catheter circuit increased by 5.46 �

.55°C and 5.95 � 0.76°C at 250 and 400 mL/min, respectively. The

mean pressure drop of the coolant within the cooling catheter

system was 4.33 bar.

DISCUSSION
In this in vitro feasibility study, the blood-cooling performance of

a newly developed balloon cooling catheter system designed for

combined selective intracarotid TH and MT in acute stroke due to

large-artery occlusion was investigated. Intra-CCA blood cooling

was feasible with a mean temperature drop of 1.55°C. This result

was closely matched by the numeric simulation (temperature

drop of 1.63°C), which underlines the value of numeric simula-

tion as a developmental tool.

These measured temperature drops imply an in vivo blood

outlet temperature of �35.5°C (based on a physiologic tempera-

ture of 37°). Clinical trials evaluating mild TH aim for optimum

target temperatures between 33°C and 35°C.11 In both the nu-

meric and in vitro models, however, temperatures were kept con-

stant to 37°C proximal to the inlet of the balloon catheter system,

which neglects the in vivo recirculation effect of already cooled

blood. The latter may add to a further decrease in blood temper-

ature distal to the balloon catheter system in an in vivo applica-

tion. The latter effects should be dependent on the duration of

cooling. Moreover, at a lowered “blood” flow rate of 250 mL/min

reproducing the reduction of CCA blood flow because of distal

MCA occlusion, cooling reached �2.17°C, which more closely

approached the target of mild TH. This effect of heat exchange

improvement may likely be explained by the longer contact time

between balloons and blood substitute at lower flow rates.

It can be assumed that the blood temperature distal to the

balloon does not necessarily represent the parenchymal brain

temperature due to further heat loss through the arterial walls.

However, heat transfer with surrounding tissues is limited in

larger vessels and occurs predominantly in smaller arteries and

capillaries, suggesting that cooling is mostly transferred to the

region of perfused brain tissue: first, the ischemic penumbra;

then, following successful MT treatment, the ischemic core.

With regard to the cooling catheter design, numeric simula-

tion helped to improve the heat exchange performance by �30%

by using the serial balloon array at the catheter tip (4 � 20 mm).

The observed disruption of thermal boundary layers and increase

of flow convection between the adjacent balloons appear crucial

FIG 6. Photograph of the cooling catheter tip with 4 sequentially
arrayed balloons.
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for optimization of cooling performance in view of the limited

volume within the CCA lumen and in a limited time window.

Our in vitro model has several limitations: Straight plastic tubing

has different thermal conductivity than arterial walls, and the artifi-

cial blood substitute has different thermal conductivity than blood.

Further assumptions were made relative to a constant pulsatile blood

flow and straight vessel anatomy with constant diameters, which is

not like individual human in vivo variations. Moreover, the follow-

ing assumptions are limitations to the computational fluid dynamics

model: the rigid and adiabatic behavior of vessel walls, an immobile

centered balloon catheter tip with a simplified symmetric 2-lumen

catheter model, data base–derived values of human rheology, esti-

mated heat loss along whole catheter length, and a simplified steady-

state flow model with nonpulsatile flow.

Intracarotid cold saline infusions have been investigated as an

alternative approach to selective brain hypothermia for the treat-

ment of acute ischemic stroke. Thus, a rapid induction of moder-

ate brain hypothermia was achieved in theoretic models of selec-

tive brain cooling.19-22 However, the in vivo experiments with

infusion of cold isotonic saline (4°C–17°C; 33 mL/min for 10

minutes) into the ICA could only demonstrate a temperature

drop of 0.84°C within the jugular venous bulb; these experiments

were performed in patients undergoing diagnostic cerebral an-

giography.23 Moreover, hemodilution effects and volume over-

load may be other limiting factors for longer application of this

technique in patients with acute stroke.

As the next step, we will perform an in vivo study of intraca-

rotid blood cooling that will aim to evaluate the safety and efficacy

of the presented balloon catheter system in a large animal model

of temporary MCA ischemia and reperfusion.

CONCLUSIONS
In this in vitro study, the feasibility of intracarotid (CCA) blood

cooling was demonstrated by using a new 3-lumen balloon cath-

eter system, which was designed for combined selective TH and

MT in acute stroke due to large cerebral artery occlusion. This

approach appears particularly promising due to rapid and early

induction of cooling before vessel recan-

alization within a single procedure. An

optimized balloon catheter design with a

serial array of 4 balloons improved the

cooling capacity of the system by �30%,

reaching the target of mild TH with

a blood temperature decrease of

1.6°C–2.2°C.
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CLINICAL REPORT

INTERVENTIONAL

Foreign Body Emboli following Cerebrovascular Interventions:
Clinical, Radiographic, and Histopathologic Features

M. Shapiro, M.D. Ollenschleger, C. Baccin, T. Becske, G.R. Spiegel, Y. Wang, X. Song, E. Raz, D. Zumofen, M.B. Potts, and P.K. Nelson

ABSTRACT

SUMMARY: Foreign material emboli following cerebral, cardiac, and peripheral catheterizations have been reported since the mid-1990s.

Catheter coatings have been frequently implicated. The most recent surge of interest in this phenomenon within the neurointerventional

community is associated with procedures using flow-diversion devices for the treatment of cerebral aneurysms. Following coil-supported

Pipeline embolization in 4 cases and stent-supported coiling in 1, 5 patients developed multiple subcentimeter enhancing lesions, usually

with surrounding edema and variable magnetic susceptibility in the vascular territories of the treated aneurysms. Conventional angiogra-

phy findings were unrevealing. Laboratory work-up showed mild CSF protein elevation with no leukocytosis. Brain biopsy in 2 cases

revealed granulomatous angiitis encasing foreign material, identical in stain appearance to a polyvinylpyrrolidone catheter coating.

Corticosteroid administration typically produced clinical improvement. A heterogeneous radiographic and clinical course was noted, with

rise and fall in the number of enhancing lesions in 2 patients and persistence in others. The etiologymay be related towidespread adoption

of increasingly sophisticated catheterization techniques.

ABBREVIATIONS: PRU� P2Y12 reaction units; PVP� polyvinylpyrrolidone

Foreign material embolization into the cerebral arteries during

neurointerventional procedures has emerged as 1 potential

cause of periprocedural ischemic stroke and ipsilateral parenchy-

mal hemorrhage. A histopathologic study by Hu et al1 described 3

patients dying from intracerebral hemorrhage shortly after embo-

lization with the Pipeline Embolization Device (Covidien, Irvine,

California). Postmortem examination showed polyvinylpyrroli-

done (PVP), a hydrophilic material coating the outer surface of

many catheters,2 within cerebral vessels surrounding parenchymal

hematomas. Cruz et al3 described 7 patients with subacute develop-

ment of nonlethal enhancing lesions in the territory of prior catheter

intervention, with extensive surrounding vasogenic edema and vari-

able susceptibility. No biopsy was reported; the authors concluded

that foreign body emboli were likely responsible.

Occurrence of foreign body embolization has been previously

described in the neurointerventional literature following throm-

bolysis, tumor embolization, and coiling.4-6 Development of sub-

cutaneous foreign body granulomas after coated sheath radial ar-

tery access is well-documented in the cardiac literature.7-9 Foreign

body pulmonary emboli producing angiocentric granulomas

have also been observed.10 Another source is a histopathologic

review by Mehta et al.11

Case Series
Patient 1 (Figs 1 and 2) underwent unremarkable coil-supported

Pipeline embolization of an incidental right trigeminal aneurysm

using dual-groin access; the Pipeline deployment axis consisted of

5F Shuttle (Cook, Bloomington, Indiana), 058 Navien (Covi-

dien), and Marksman (Covidien) catheters. The patient felt per-

sistently tired during the subsequent 8 weeks, followed by devel-

opment of left-sided weakness and left homonymous

quadrantanopsia. CT showed multifocal right-hemisphere

edema. MR imaging demonstrated multiple subcentimeter le-

sions, predominantly within the subcortical white matter and at

the gray-white junctions. Most lesions showed both magnetic sus-

ceptibility and enhancement. None had restricted diffusion, and all

were surrounded by extensive vasogenic edema. Empiric 6-week an-

tibiotic treatment was undertaken concurrently with a 2-month

course of dexamethasone. All neurologic symptoms resolved in 4

weeks. Serial MR imaging showed near-resolution of the edema. All
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lesions continue to enhance. Currently, the extent of magnetic sus-

ceptibility is unchanged, and no new lesions have developed.

Patient 2 (Fig 3) underwent uneventful coil-supported Pipe-

line embolization of a right paraophthalmic aneurysm,12 also us-

ing dual-groin access, with the Pipeline deployed through a

triaxial system of 5F Arrow Sheath (Teleflex, Limerick, Pennsyl-

vania), 5F Navien, and Marksman catheters. This patient also was

tired during the next 2 months. On week 8 postembolization, she

developed sudden headache and neck pain while watching a for-

eign movie and noticed difficulty reading the subtitles. Neuro-

logic examination revealed left inferior homonymous quadran-

tanopsia. CT and MR imaging demonstrated a 2 � 3 cm right

parieto-occipital hematoma, with multiple subcortical enhancing

lesions scattered throughout the ipsilateral hemisphere. The

clopidogrel dosage was titrated to an empiric range of 100 –200

P2Y12 reaction units (PRU). After an 8-week course of dexameth-

asone, MR imaging showed near-complete resolution of perile-

sional edema and decreased lesion enhancement, with no new

lesions.

Patient 3 (Figs 4 and 5) presented with incidental bilateral

paraophthalmic aneurysms, treated 4 weeks apart by coil-sup-

ported Pipeline embolization using single-groin access, with se-

quential deployment of coils and the Pipeline device, the latter

through a triaxial system of 6F Shuttle, DAC 057 (Stryker, Kala-

mazoo, Michigan) and Marksman catheters. Persistent daily

headaches developed 2 weeks later; MR imaging performed 2

months postembolization showed bilateral predominantly sub-

cortical enhancing lesions, in this case with little edema and no

susceptibility artifacts. Findings of extensive rheumatologic and

infectious evaluations were negative. No treatment was under-

taken. Two follow-up MRIs during 18 months showed an increase

in the number and size of the lesions. A six-week course of corti-

costeroids had minimal effect on baseline mild edema or daily

headaches. Biopsy of the left frontal lobe showed giant cell gran-

ulomas and reactive gliosis surrounding foreign body material

with staining characteristics identical to those of a PVP coating. A

FIG 1. CT and MR images of patient 1.

FIG 2. Patient 1, following a 2-month course of oral dexamethasone
treatment.

FIG 3. MR images of patient 2 on initial presentation.
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more delayed MR imaging 3 months post-steroid taper showed a

decrease in the number and size of enhancing nodules. Surveil-

lance is ongoing.

Patient 4 underwent Pipeline-supported coiling of an inciden-

tally discovered right paraophthalmic aneurysm using single-

groin access, with Pipeline deployment through 6F Shuttle, 058

Navien, and Marksman catheters. She developed transient mild

left hemiparesis 1 day postprocedure. MR imaging showed several

diffusion-positive lesions. A catheter angiogram at this time

showed complete patency of the Pipeline; however, at 6 months,

the internal carotid artery was closed with asymptomatic com-

plete hemisphere reconstitution via the anterior communicating

artery. She developed periodic involuntary movements of the left

upper extremity and left eyelid 3 months postembolization, in-

creasing in duration and frequency; mild hemiparesis followed.

CT and MR imaging showed right-hemisphere edema, with mul-

tiple subcortical enhancing lesions, many demonstrating suscep-

tibility. Electroencephalography demonstrated focal slowing in

the right parietal region with no epileptiform discharges. Right

frontal biopsy showed granulomatous angiitis surrounding

amorphous foreign material, identical in staining characteristics

to the coating of the Shuttle guide catheter (Fig 6). Abnormal

movements resolved after treatment with antiepileptics and dexa-

methasone. Follow-up MR imaging showed near-complete disap-

pearance of enhancing nodules, with areas of persistent white

matter T2 hyperintensity. Several weeks after completion of the

taper, symptoms recurred and steroid treatment was reinstated;

the patient is being considered for alternative immunomodulat-

ing regimens due to steroid-related side effects.

Patient 5 underwent Y-stent-assisted coiling of a left middle

cerebral artery aneurysm with single-groin access consisting of 6F

Shuttle, Navien 070, Excelsior XT-27 (Stryker), and Echelon-10

(Covidien) catheters. Embolization was notable for intraproce-

dural occlusion of 2 superior division frontal branches, with no

immediate clinical sequelae. Transient episodes of right upper

extremity paresthesia and spasm developed 2 weeks postemboli-

zation. Conventional angiography demonstrated recanalization

of the aforementioned frontal branches. MR imaging and MR

spectroscopy showed multiple enhancing lesions throughout the

left MCA territory, the largest involving

areas subserved by initially occluded

branches. A course of oral corticosteroids

was administered. MR imaging 3 months

after the event showed decreased perile-

sional edema and reduced enhancement.

DISCUSSION
This article reports 2 biopsy-proved and

3 suspected cases of foreign body emboli

after endovascular interventions. An in-

cidence of �0.6% is estimated on the ba-

sis of the total number of aneurysm em-

bolizations (�720) performed at our 6

institutions during the 2-year period,

during which 5 cases came to attention.

Because asymptomatic patients are not

routinely subjected to cross-sectional im-

aging, additional clinically silent cases may exist. The embolic

material appears to be a PVP catheter coating. Presumably the

same substance was found on postmortem examination of pa-

tients dying after Pipeline embolization from ipsilateral paren-

chymal hemorrhage, as reported by Hu et al.1 Thus, both clinical

and histopathologic evidence suggest that PVP embolization may

have a spectrum of presentations, with the conditions of survivors

of the initial event evolving into a subacute granulomatous angi-

itis. Although most patients present with symptoms related to

perilesional edema, the frequently observed intralesional suscep-

tibility signal and subacute development of nonlethal hematoma

FIG 4. T1 postcontrast images of patient 3, demonstrating an increase
in the size and development of new enhancing lesions after 12months
of follow-up. Some new lesions are marked by arrows.

FIG 5. Patient 3. Right frontal lobe biopsy. Hematoxylin-eosin stain at �200 (A) and �400 (B)
magnification demonstrates granulomatous angiitis with central blue-gray nonpolarizable for-
eign material, some with “cotton thread-like” appearance (arrows).
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in patient 2 attest to a continued hemorrhagic potential beyond

the periprocedural window. In our case, the catheter coating was

identified by histopathologic staining techniques, whereas Hu et

al1 used mass spectroscopy for what is likely a more definitive

analysis. PVP-coated catheters were used in all 5 cases; however,

coating methods, including other substances in the coating, may

vary among manufacturers.

Foreign body granulomatous reaction seen in our cohort adds

to previously documented instances in the neurointerventional,

cardiology, and peripheral interventional literature.8,10,11 Both

clinical and radiographic courses were similar to those in the case

series of Cruz et al.3 Our management relies on corticosteroid

modulation of the inflammatory response and empiric titration

of antiplatelets to balance the risks of hemorrhagic conversion

and thromboembolism. Most patients report headache and/or

malaise throughout the postoperative period. Focal symptoms

typically appear after �2 months, often reflecting the conse-

quences of corticosteroid-responsive vasogenic edema. A radio-

graphically heterogeneous course is notable—for example, the

initial rise in the number and size of lesions followed by a decline

in patients 3 and 4 versus a more static picture in patient 1. Con-

tributing factors may include the nature, extent, and effectiveness

of individual immune reactions; phases of response to possible

PVP breakdown products; and the role of corticosteroids.

Case 3 is unique in demonstrating bilateral lesions following 2

separate procedures performed 4 weeks apart. Coincidental bilat-

eral embolization is possible. However, a cell-mediated allergic-

type reaction may be an intriguing alternative explanation,

whereby only a subset of patients experiencing PVP embolization

develop clinicopathologic manifestations based on individual re-

actions to the emboli. Allergies to food/medication/contrast ma-

terial were reported in 4 of 5 patients (Table 1). The prevalence of

allergy to any food in the US population is 10%–15%,13,14 while

medication allergies and adverse reactions are at 5%–15%.15

Thus, a 30% estimate of combined food and medication allergy in

the US population is substantially lower than the 80% seen in our

cohort.

Allergic reactions to PVP have been reported.16-18 Aside from

its use in catheter technology, PVP has many applications—for

example, as a thickening and emulsifying agent in toothpastes,

shampoos, contact lens solutions, and gel and tablet formula-

tions. In combination with iodine, it forms the polyvinylpyrroli-

done-iodine solution better known as Betadine (Betadine Micro-

bicides, Stamford, Connecticut). Two instances of anaphylaxis to

Betadine were traced to its PVP, rather than iodine, compo-

nent.17,18 An anaphylactic reaction to an acetaminophen tablet

was traced to its PVP ingredient.16 However, our cases would be

more consistent with a type IV, cell-mediated response, rather

than a type I, an anaphylactic one. Materials other than PVP are

also present in the hydrophilic coating. Further investigation may

be warranted.

From a technical standpoint, all our procedures were associ-

ated with the use of potentially tight-fitting catheter combinations

FIG 6. Hematoxylin-eosin stain of the outer coating (arrows) from
the Flexor Shuttle guide catheter (Cook Medical, Bloomington,
Indiana).

Table 1: Case details
Parameter Case 1 Case 2 Case 3 Case 4 Case 5

Allergy Iodinated contrast Peanuts; sesame oil Carisoprodol; NSAIDs No known allergies Iodinated contrast
Length of clinical follow-up to
date (mo)

15 13 33 4.5 3.5

ESR (mm/h) 56 12 8 11 46, then 21
CRP (mg/dL) �5 �7 �0.2 0.25 1.3 then 3.7
Periprocedural antiplatelet
monitoring

PRU� 97 PRU� 96 PRU� 38 PRU� 120 ADP� 35%

Antiplatelet monitoring at
readmission

PRU� 101 PRU� 2 Not done PRU� 215 Not done

WBC (K/�L) 7 11.4 8.8 11.6 9.7
Platelets (K/�L) 297 345 254 184 314
Blood culture Negative Negative Negative Negative Not done
CSF appearance Clear, colorless Clear, colorless Clear, colorless Clear, pale yellow Clear, colorless
CSF opening pressure (cm H2O) 17 15 NA NA 20
CSF RBC (No./HPF) 0 6 0 273 3
CSF WBC (No./HPF) 4 1 1 2 25
CSF % lymphocytes 90% NA 62% 80% 78%
CSF protein (mg/dL) 96 71 35 92 66
CSF Gram stain Negative Negative Negative Negative Negative
CSF culture Negative Negative Negative Negative Negative

Note:—ESR indicates erythrocyte sedimentation rate; CRP, C-reactive protein; WBC, white blood cell count; RBC, red blood cell count; HPF, high-power field.; NSAID,
nonsteroidal anti-inflammatory drug; ADP, adenosine diphosphate; NA, not applicable.
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(Table 2). PVP embolization could be related to intercatheter fric-

tion, made increasingly common by the adoption of triaxial con-

figurations for deployment of present day devices. We modified

our protocols to avoid marginally accommodated access compo-

nents and favor 2-groin access for coil-supported Pipeline embo-

lization. No new case has yet emerged after these changes. Our

series does not suggest that the Pipeline device is the source of

emboli, nor is the Shuttle guide catheter the sole culprit as high-

lighted by case 2, in which an Arrow guide catheter was used. In

another instance, we have aspirated coating from a 4.3 DAC cath-

eter used in combination with a Marksman microcatheter, an-

other very tight coupling we have abandoned. Notably, this pa-

tient did not develop evidence of foreign body emboli, lending

further support to the allergic mechanism hypothesis.

Although the numeric incidence of symptomatic catheter-

coating embolization appears to be low, it is disturbing to see that

having been identified as a concern in the cerebrovascular and

other fields �15 years ago, the issue seems to be on the rise rather

than declining, creating lethal and long-term nonlethal damage.

We hope that highlighting such cases will result in prompt atten-

tion from catheter and coating manufacturers so that this chapter

in the book of neurointerventional complications may finally be

completed.

CONCLUSIONS
Catheter-coating embolization is well-documented in peripheral,

cardiology, and neurointerventional literature. While some pa-

tients with CNS emboli develop catastrophic hemorrhage shortly

after the procedure,1 this and other series3 confirm that foreign

body emboli elicit a spectrum of manifestations. Survivors of the

initial insult may develop a granulomatous angiitis characterized

by enhancement, perilesional edema, and local microhemor-

rhage. The PVP coating appears to be responsible for the current

generation of cases. We propose the possibility of an allergic-type

response, with emboli possibly remaining asymptomatic in some

or most cases or reactions developing after the breakdown of PVP

into more biologically active components. From the technical

standpoint, embolization may be related to the use of sophisti-

cated catheter-support systems, increasing the possibility of inter-

catheter friction. Symptoms may be successfully managed with

corticosteroids and antiplatelet monitoring. One should consider

the following recommendations:

• Avoid tight-fitting catheter-intermediate catheter-micro-

catheter combinations; consider 2-groin access for multicatheter

scenarios, especially those involving larger sized microcatheters

required for the delivery of many currently implanted devices.

• Focal symptoms emerging several months after emboliza-

tion in a background of nonspecific symptoms, such as headache

and malaise, are typical, especially in patients with food or drug

allergies.

• An MR imaging pattern of multiple enhancing lesions with

surrounding edema and susceptibility, in the vascular territory of

an index lesion, is highly characteristic.

• A corticosteroid regimen of 4- to 8-week duration is typi-

cally effective in controlling perilesional edema, which is often

responsible for focal symptoms. A decrease in the size and/or

number of enhancing lesions may not be evident for several weeks

after completion of the taper. This should be taken into account

when assessing the effectiveness and contemplating alternative

regimens.

Table 2: Equipment
Tools Case 1 Case 2 Case 3 Case 4 Case 5

Diagnostic catheter 5F VERa 5F VERa 4F Glidecathb 4F Glidecathb 5F VERa

Diagnostic wire 038b 038b 038b 038b J&J 035c

Exchange wire Wholey Exchanged Wholey Exchanged Amplatz SuperStiffe Amplatz SuperStiffe Amplatz SuperStiffe

Sheath Shuttle 5F Arrow 5F Shuttle 6F� 2 Shuttle 6F Shuttle 6F
Second catheter Envoy 5Ff Envoy 5Ff None None None
Distal support catheter Navien 058 Navien 058 Neuron-053,g DAC-057 Navien 058 Neuron 070g

Microcatheter Marksman-150 Marksman-150 Marksman-150� 2 Marksman-150 Excelsior XT-27
Microcatheter, other Echelon-10 Excelsior SL-10j Echelon 10, PX-400,h Prowler

Select Plusf
PX-Slimg Echelon-10

Microwire Transend 014j

Platinumi
Transend 014j

Platinumi
Fathom-16,e X-Celerator-14d Synchro2 Std,e

X-Celerator-14d
SilverSpeed-14d

Devices Pipeline 4.5� 14 Pipeline 3.75� 12 Pipeline 3.5� 20, 3.5�
18, 4.0� 20

Pipeline 4.0� 18 Neuroform EZ,j LEO
Babyk

Coils Targetj Targetj Cosmos,l Penumbra 400g Penumbra 400g Axiumd

Other Alligator,m Amplatz goose
neck snared

ScepterC 4� 15 mml

a Cordis, Miami Lakes, Florida.
b Terumo, Tokyo, Japan.
c Cordis, Fremont, California.
d Covidien.
e Boston Scientific, Natick, Massachusetts.
f Codman & Shurtleff, Raynham, Massachusetts.
g Penumbra, Alameda, California.
h biyodenge, Ankara, Turkey.
i Eagle Eye Platinum; Volcano Corporation, Rancho Cordova, California.
j Stryker Neurovascular, Kalamazoo, Michigan.
k Balt Extrusion, Montmorency, France.
l MicroVention, Tustin, California.
m Chestnut Medical Technologies, Menlo Park, California.
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• Adjustment of the antiplatelet regimen to avoid overinhibi-

tion may be beneficial.
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ORIGINAL RESEARCH

EXTRACRANIAL VASCULAR

Intraplaque Hemorrhage and the Plaque Surface in Carotid
Atherosclerosis: The Plaque At RISK Study (PARISK)

A.C. van Dijk, M.T.B. Truijman, B. Hussain, T. Zadi, G. Saiedie, A.A.J. de Rotte, M.I. Liem, A.F.W. van der Steen, M.J.A.P. Daemen,

P.J. Koudstaal, P.J. Nederkoorn, J. Hendrikse, X M.E. Kooi, and A. van der Lugt

ABSTRACT

BACKGROUND AND PURPOSE: An important characteristic of vulnerable plaque, intraplaque hemorrhage, may predict plaque rupture.

Plaque rupture can be visible on noninvasive imaging as a disruption of the plaque surface. We investigated the association between

intraplaque hemorrhage and disruption of the plaque surface.

MATERIALS ANDMETHODS: We selected the first 100 patients of the Plaque At RISK study, an ongoing prospective noninvasive plaque

imaging study in patients with mild-to-moderate atherosclerotic lesions in the carotid artery. In carotid artery plaques, disruption of the

plaque surface (defined as ulcerated plaques and/or fissured fibrous cap) and intraplaque hemorrhage were assessed by usingMDCTA and

3T MR imaging, respectively. We used a �2 test and multivariable logistic regression to assess the association between intraplaque

hemorrhage and disrupted plaque surface.

RESULTS: One hundred forty-nine carotid arteries in 78 patients could be used for the current analyses. Intraplaque hemorrhage and

plaque ulcerations were more prevalent in symptomatic compared with contralateral vessels (hemorrhage, 38% versus 11%; P� .001; and

ulcerations, 27% versus 7%; P � .001). Fissured fibrous cap was more prevalent in symptomatic compared with contralateral vessels (13%

versus 4%; P� .06). After adjustment for age, sex, diabetes mellitus, and degree of stenosis, intraplaque hemorrhage was associated with

disrupted plaque surface (OR, 3.13; 95% CI, 1.25–7.84) in all vessels.

CONCLUSIONS: Intraplaque hemorrhage is associated with disruption of the plaque surface in patients with a carotid artery stenosis of

�70%. Serial studies are needed to investigate whether intraplaque hemorrhage indeed increases the risk of plaque rupture and subse-

quent ischemic stroke during follow-up.

ABBREVIATIONS: ECST� European Carotid Surgery Trial; PARISK� Plaque At RISK

The need to identify patients with mild-to-moderate carotid

artery stenosis and an increased stroke risk who might benefit

from surgical treatment has shifted research interest from assess-

ment of the degree of carotid stenosis to assessment of vulnerable

plaque characteristics.1 Vulnerable plaques are atherosclerotic

plaques more prone to rupture and are associated with a higher

risk for thromboembolism and ischemic stroke.2,3 Intraplaque

hemorrhage is an important characteristic of the vulnerable

plaque.4 Prevalence of intraplaque hemorrhage has been shown to

be higher in symptomatic than in asymptomatic lesions.5 More-

over, the presence of intraplaque hemorrhage in carotid artery

disease is associated with an increased risk of cerebral ischemic

events.6-8

The pathophysiologic mechanism leading to intraplaque hem-

orrhage is a topic of debate. However, a common viewpoint is that

small leaky neovessels in the atherosclerotic plaques are a likely
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source of intraplaque hemorrhage.5,9,10 The presence of intra-

plaque hemorrhage is thought to initiate several biologic pro-

cesses like phagocytosis and local inflammation, leading to the

release of proteolytic enzymes, deposition of free cholesterol and

subsequently plaque growth, plaque destabilization, and possible

plaque rupture.5,9-12 Plaque rupture can be visible on imaging as

a disruption of the atherosclerotic plaque surface (plaque ulcer-

ation and/or a fissured fibrous cap).13,14 A previous study re-

ported that plaque ulceration on CTA was useful for the predic-

tion of intraplaque hemorrhage on MR imaging in a broad group

of symptomatic patients referred for carotid artery imaging.15 Ul-

cerated plaques themselves are independently associated with an

increased risk of ipsilateral ischemic events as well.16,17

The aim of the current study was to investigate the association

between intraplaque hemorrhage, as assessed on MR imaging,

and disruption of the plaque surface, assessed on MDCTA, in

symptomatic patients with a carotid artery stenosis of �70%.

MATERIALS AND METHODS
Study Population
Patients were derived from the Plaque At RISK (PARISK) study

(clinical trials.gov, NCT01208025). Details of the PARISK study

are previously described.18 The PARISK study is an ongoing pro-

spective multicenter cohort study focusing on the identification

of patients with mild-to-moderate carotid artery stenosis with an

increased risk of recurrent stroke by using noninvasive plaque

imaging. Eligible for inclusion are patients with a TIA, including

amaurosis fugax, or minor stroke in the carotid artery territory

and a mild-to-moderate stenosis (30%– 69%) of the ipsilateral

internal carotid artery. “TIA” was defined as an episode of tem-

porary and focal cerebral dysfunction of vascular origin, lasting

for a maximum 24 hours, leaving no persistent neurologic defi-

cits. “Minor stroke” was defined as an episode of temporary and

focal cerebral dysfunction of vascular origin, lasting for �24

hours or a nondisabling stroke with a modified Rankin Scale score

of �3. “Amaurosis fugax” was defined as a sudden loss of vision of

presumed vascular origin and confined to 1 eye. The degree of

stenosis was determined with clinically obtained Doppler sonog-

raphy or MDCTA. The upper cutoff value of 70% was based on

the NASCET criteria. The lower cutoff value was an atheroscle-

rotic plaque with a thickness of at least 2–3 mm, which corre-

sponds to a European Carotid Surgery Trial (ECST) stenosis of

30%.19 Exclusion criteria were a probable cardiac source of em-

bolism, a clotting disorder, severe comorbidity, standard contra-

indications for MR imaging, a documented allergy to MR imaging

or CT contrast agents, or a renal clearance of �30 mL/min. Insti-

tutional review board approval was obtained in all university hos-

pitals, and all patients gave written informed consent. For the

current analyses, we selected the first 100 included patients.

Cardiovascular Risk Factors
“Hypercholesterolemia” was defined as fasting total cholesterol of

�5 mmol/L or the use of cholesterol-lowering medication at the

time of the TIA or ischemic stroke. We defined “hypertension” as

systolic blood pressure of �140 mm Hg or a diastolic blood pres-

sure of �90 mm Hg during 2 episodes of at least 15 minutes of

continuous noninvasive blood pressure measurement or treat-

ment with antihypertensive medication. “Diabetes mellitus” was

defined as a fasting serum glucose level of �6.9 mmol/L, 2-hour

postload glucose level of �11.0 mmol/L, or the use of antidiabetic

medication. We assessed smoking status at the time of the TIA or

ischemic stroke and dichotomized it into current smoker or no

current smoker. In addition, we recorded body mass index, the

use of cardiovascular medications, and medical history.

MDCTA Data Acquisition and Analysis
We performed image acquisition by using a standardized proto-

col, as discussed in the study design article.18 All MDCTA studies

were evaluated by trained readers blinded to clinical data and

other imaging tests. The MDCTA images were transferred to a

workstation equipped with dedicated 3D analysis software (Leon-

ardo and syngo.via; Siemens, Erlangen, Germany). The multipla-

nar reformatting application allowed analysis of both carotid ar-

teries in oblique, coronal, and sagittal planes. Image quality was

rated on a 3-point scale: 1) poor, defined as low contrast and

major artifacts and not eligible for analysis; 2) moderate, defined

as moderate artifacts and eligible for analysis; and 3) good, de-

fined as few or no artifacts and eligible for analysis.

First, we evaluated the presence of an atherosclerotic plaque in

both carotid arteries, defined as the presence of calcifications

and/or thickening of the vessel wall (��1 mm). If present, dis-

ruption of the plaque surface was assessed in both arteries at the

same time. “Disruption of the plaque surface,” defined as the

presence of plaque ulceration and/or a fissured fibrous cap, was

assessed by 2 independent observers (B.H., 12 months, and

A.C.v.D., 4 years of experience); discrepancies were solved by

consensus and/or an experienced third observer (A.v.d.L, 10 years

of experience). We defined “plaque ulceration” as an extension of

contrast material of �1 mm into the atherosclerotic plaque on at

least 2 orthogonal planes (Fig 1).13,20 We defined “fissured fibrous

cap” according to the criteria of Saba and Mallarini,21 extension of

contrast material of �1 mm into the atherosclerotic plaque and

an angle of �230° with the lumen (Fig 2).

Interobserver variability for the initial review was moderate

(� � 0.41) for the detection of disruption of the plaque surface

(plaque ulceration and/or fissured fibrous cap), moderate (� �

0.46) for the detection of plaque ulceration, and fair (� � 0.24) for

the detection of fissured fibrous cap. Moreover, the most severe

FIG 1. Plaque ulceration onMDCTA. Transversal (left) and longitudinal
(right) MDCTA images of the carotid bifurcation. A “plaque ulcer-
ation,” defined as the extension of contrast material in the athero-
sclerotic plaque, is visible on both planes (arrows; arrowheads indi-
cate the edges of the plaque ulceration). ECA indicates external
carotid artery.
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stenosis in the carotid bifurcations and internal carotid arteries

was measured according to the ECST and NASCET criteria, per-

pendicular to the central lumen line.19,22 A custom-made plug-in

for the freely available ImageJ software (National Institutes of

Health, Bethesda, Maryland) was used to quantify calcifications in

both carotid arteries within 3 cm proximal and distal to the bifur-

cation. We used a threshold of 600 HU to differentiate calcifica-

tions from contrast material in the lumen; calcification volume

was expressed in cubic millimeters. A detailed description of the

measurements is provided elsewhere.23

MR Imaging Data Acquisition and Analysis
Image acquisition was performed on a 3T MR imaging system

(Achieva; Philips Healthcare, Best, the Netherlands; or Discovery

MR 750; GE Healthcare, Milwaukee, Wisconsin). A multi-

sequence contrast-enhanced protocol was used; a detailed de-

scription of this protocol is provided in the study design article.18

For this study, we used the 3D-T1W fat suppressed spoiled gradi-

ent echo sequence (GE Healthcare) or the 2D-T1W inversion re-

covery turbo field echo sequence (Philips Healthcare). A 3D vol-

ume of the extracranial carotid artery (GE Healthcare) or 15

transverse adjoining sections of 2 mm each covering the entire

plaque (Philips Healthcare) were imaged.

All MR imaging studies were evaluated by a trained reader

(M.T.B.T., 4 years of experience) blinded to clinical data and

other imaging tests. MR images were reviewed by using a standard

DICOM viewer. Image quality was rated on a 5-point scale: 1) low

SNR, limits use, arterial wall and vessel margins unidentifiable; 2)

marginal SNR, arterial wall visible, with the substructure, lumen,

and outer boundaries indistinct; 3) marginal SNR, wall structures

identifiable with the lumen and outer boundaries partially ob-

scured; 4) high SNR with minimal artifacts; vessel wall, lumen,

and adventitial margins well-defined; and 5) high SNR without

artifacts, wall architecture depicted in detail, lumen and adventi-

tial boundary clearly defined.24 Intraplaque hemorrhage was

scored in both arteries at the same time and was defined as a

hyperintense signal in the plaque compared with the adjacent

sternocleidomastoid muscle (Fig 3).24 In 47 vessels, the presence

of intraplaque hemorrhage was assessed by a second independent

observer (A.C.v.D, 4 years of experience; the minimum interval

between MDCTA and MR imaging scores was 8 months) to assess

interobserver variability, and an excellent agreement was found

(� � 0.95; 95% CI, 0.86 –1.00).

Statistical Analysis
Baseline characteristics are shown for all patients; vessel charac-

teristics are shown for all vessels and for symptomatic and con-

tralateral vessels separately. Data are presented as mean � SD,

median (25th–75th percentile), or number of patients (percent-

age). Differences between symptomatic and contralateral vessels

were evaluated by using a �2 test for categoric data and a Student

t test or Mann-Whitney U test for continuous data. For the anal-

ysis of calcification volume, we used natural log-transformed val-

ues and added 1.0 mm3 to the nontransformed values to deal with

participants with a calcification volume of zero. First, we used a �2

test to assess the association between intraplaque hemorrhage and

disrupted plaque surface (ulcerated plaques and/or a fissured fi-

brous cap) in all vessels. We used all vessels because we assumed

that the underlying pathophysiologic mechanism would be simi-

lar in symptomatic and contralateral vessels. Additionally, a logis-

tic regression was used to further investigate the association be-

tween intraplaque hemorrhage, other plaque characteristics, and

cardiovascular risk factors on the one hand and disrupted plaque

surface on the other. We used a generalized estimation equation

approach with an unstructured correlation matrix to adjust for

the correlation between both carotid arteries in each patient. Ad-

justments were made for age and sex (model 1) supplemented

with all variables with a P value � .10 in model 1 (model 2, in-

cluded the degree of stenosis according to the ECST criteria to

correct for differences in stenosis).

Analyses were repeated to assess the association between intra-

plaque hemorrhage and ulcerated plaques alone. In addition,

analyses were repeated for the symptomatic artery. The location

of intraplaque hemorrhage and disrupted plaque surface was vi-

sually correlated by 2 independent observers after manual align-

ment of the MR imaging and MDCTA scans based on vessel ge-

ometry and the location of the plaque. Statistical analyses were

performed by using STATA software (Version 13.1; StataCorp,

College Station, Texas). P � .05 was considered statistically

significant.

FIG 2. Fissured fibrous cap on MDCTA. Transversal (left) and longitu-
dinal (right) MDCTA images of the carotid bifurcation. A “fissured
fibrous cap,” defined as an extension of contrast material of �1 mm
into the atherosclerotic plaque and an angle of�230° with the lumen,
is visible only on the transversal plane (arrows).

FIG 3. Intraplaque hemorrhage on MR imaging. Carotid bifurcations
of 2 patients: left, the 3D-T1W fat suppressed spoiled gradient echo
sequence (Discovery MR 750; GE Healthcare), and right, the 2D-T1W
inversion recovery turbo field echo sequence (Achieva; Philips
Healthcare). In both patients, intraplaque hemorrhage is present (ar-
rows; arrowheads indicate the edges of the intraplaque hemorrhage),
defined as a hyperintense signal in the atherosclerotic plaque com-
pared with the sternocleidomastoid muscle (asterisk).
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RESULTS
Patient Characteristics
In 20 of the 100 patients, MDCTA (n � 18) or MR imaging (n �

2) of the carotid arteries had not been performed due to contra-

indications. Two patients were excluded due to inferior image

quality of the MDCTA. Of the remaining 78 patients, 149 vessels

could be used for the current analyses. Seven contralateral vessels

were excluded from analysis due to the absence of plaque (n � 5)

or occlusion of the carotid artery (n � 2). Baseline characteristics

are shown in Table 1. Forty-one of the 78 patients (53%) had an

ischemic stroke; 37 (47%) patients had a TIA, including 7 with

amaurosis fugax.

Vessel Characteristics
The median interval between the neurologic event and MDCTA

was 32 days (25th to 75th percentile, 14 –56 days); the median

interval between the event and MR imaging was 44 days (25th to

75th percentile, 27– 62 days). Characteristics of all vessels and

symptomatic and contralateral vessels separately are shown in

Table 2. The mean severity of stenosis was 51% � 17% (ECST).

The prevalence of intraplaque hemorrhage in the symptomatic

and contralateral vessels was 38% and 11%, respectively. Twenty-

six of the 149 vessels (17%) showed plaque ulceration; the preva-

lence in the symptomatic vessels and the contralateral vessels was

27% and 7%, respectively. In 13 of the 149 vessels (9%), a fissured

fibrous cap was present; most were found in the symptomatic

vessels (n � 10), but the difference was not significant (P � .06).

Intraplaque Hemorrhage and Disrupted Plaque Surface
In Table 3, the association between the presence of intraplaque

hemorrhage and disrupted plaque surface (ulcerated plaque

and/or fissured fibrous cap) is shown. In vessels with intraplaque

hemorrhage, a disrupted plaque surface was significantly more

prevalent compared with vessels without intraplaque hemorrhage

(45% versus 15%; P � .001). Table 4 shows the results of the

multivariable logistic regression. After correction for age and sex,

the presence of intraplaque hemorrhage was associated with a

disrupted plaque surface (OR, 3.98; 95% CI, 1.73–9.16; P � .001).

Additionally, we found an association between the degree of ste-

nosis and disrupted plaque surface (OR per 10% increase 1.42;

95% CI, 1.09 –1.84; P � .009). After correction for age, sex, and all

variables with P � .10, intraplaque hemorrhage was still signifi-

cantly associated with disrupted plaque surface (OR, 3.13; 95%

CI, 1.25–7.84; P � .02). Diabetes mellitus was inversely associated

with disrupted plaque surface (OR, 0.31; 95% CI, 0.11– 0.94; P �

.04). Similar results were found when the analyses were repeated

to assess the association between intraplaque hemorrhage and

ulcerated plaque alone. The association between intraplaque

hemorrhage and disrupted plaque surface was attenuated when

the analyses were repeated in only the symptomatic arteries (On-

line Tables 1–3). The location of the plaque ulceration and/or

fissured fibrous cap was the same as that of the intraplaque

hemorrhage in 16 of the 21 lesions (76%); an example is shown

in Fig 4.

Table 1: Clinical characteristics of patients (n� 78)a

Clinical Characteristic

Age (yr) 67� 9
Male sex 57 (73%)
Classification event
TIA 30 (38%)
Stroke 41 (53%)
Amaurosis fugax 7 (9%)
Hypercholesterolemia 43 (55%)
Hypertension 56 (72%)
Diabetes mellitus 19 (24%)
Current smoking
No 58 (74%)
Yes 20 (26%)
Body mass index 25.2 (24.3–28.4)
Current use
Antiplatelet therapy 36 (46%)
Oral anticoagulants 0 (0%)
Statins 36 (46%)
Antihypertensive medication 50 (64%)
Antidiabetic medication 13 (17%)
History
Ischemic stroke or TIA 13 (17%)
Ischemic heart disease 16 (21%)
Peripheral arterial disease 15 (19%)

a Data are mean� SD, absolute numbers of patients (%), or median (25th–75th per-
centile).

Table 2: Vessel characteristicsa

Vessel Characteristic All Vessels
Symptomatic
Vessels

Contralateral
Vessels

P Value, Symptomatic versus
Contralateral Vessels

No. 149 78 71
Plaque ulceration 26 (17%) 21 (27%) 5 (7%) .001b

Fissured fibrous cap 13 (9%) 10 (13%) 3 (4%) .06
Calcium volume (mm3) 21.0 (3.6–56.2) 24.2 (6.2–71.8) 17.2 (1.9–53.1) .09
Degree of stenosis (ECST) (%) 51� 17 55� 17 47� 16 .004b

Degree of stenosis (NASCET) (%) 8 (0–32) 14 (0–35) 2 (0–26) .03b

Intraplaque hemorrhage 38 (26%) 30 (38%) 8 (11%) �.001b

a Data are absolute numbers of vessels (%), median (25th–75th percentile), or mean� SD.
b P� .05.

Table 3: Association of intraplaque hemorrhage and disrupted
plaque surface in all vesselsa

Disrupted
Plaqueb

Intact
Plaque
Surface Total

Intraplaque hemorrhage present
(n� 38)

17 (45%) 21 (55%) 38

Intraplaque hemorrhage absent
(n� 111)

17 (15%) 94 (85%) 111

Total 34 115 149
a P� .001.
b Defined as ulcerated plaque and/or fissured fibrous cap.
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DISCUSSION
This study shows that intraplaque hemorrhage is associated with a

disrupted plaque surface (plaque ulceration and/or fissured fi-

brous cap) and plaque ulceration alone. In 76% of the vessels with

both intraplaque hemorrhage and a disrupted plaque surface, in-

traplaque hemorrhage and plaque ulceration or fissured fibrous

cap shared the same location. The association between these 2

vulnerable plaque characteristics may support the notion that in-

traplaque hemorrhage increases the risk of plaque rupture. How-

ever, because of the cross-sectional study design, serial studies are

needed to further investigate the role of intraplaque hemorrhage

in plaque rupture.

Some methodologic issues need to be discussed first. A

strength of our prospective study is that most vessels showed a

mild stenosis. Most previous studies focused on patients with a

moderate or severe carotid artery stenosis. However, plaque im-

aging in this patient group is less relevant for clinical decision-

making because patients with a moderate (male patients) or se-

vere (all patients) symptomatic carotid artery stenosis are already

eligible for carotid endarterectomy.16 Moreover, the amount of

calcification will probably be higher in patients with a moderate

or severe carotid artery stenosis, complicating the detection of

plaque surface morphology. Second, we reviewed MDCTA and

MR images of all patients with a disrupted plaque surface and

intraplaque hemorrhage to investigate whether the intraplaque

hemorrhage and plaque disruption were at the same location.

The finding that the location was indeed similar in 76%

strengthens the association between the 2 vulnerable plaque

characteristics.

A limitation of our multicenter study is that we used different

MDCTA and MR imaging scanners. MDCTA scanning protocols,

however, were similar. We used the 3D-T1W fat suppresssed

spoiled gradient echo or the 2D-T1W inversion recovery turbo

field echo MR imaging sequence to detect intraplaque hemor-

rhage. Bitar et al25 and Cappendijk et al26 used sequences like ours

and found a good sensitivity, specificity, and interobserver agree-

ment for the detection of intraplaque hemorrhage in both se-

quences. They also found good agreement between MR imaging–

depicted intraplaque hemorrhage and histologic sections. In

addition, our overall prevalence of intraplaque hemorrhage of

26% is in accordance with that in the literature.4,5,15 Correction

for MR imaging protocol used in the multivariate model did not

change our results. A second limitation is the lack of histology. We

used MDCTA instead of MR imaging for the evaluation of the

plaque surface, because MDCTA has been shown to have a high

sensitivity and specificity for the detection of plaque ulceration

and has fewer limitations such as partial volume effects and flow

artifacts that mimic plaques.27,28 In addition, when we reviewed

the MR images and MDCTA images side by side, plaque ulcer-

ations were hardly visible on the MR images. Saba et al27 showed

a good sensitivity and specificity for the detection of plaque ulcer-

ation by using MDCTA and multiplanar reconstruction (sensitivity,

FIG 4. Correlated intraplaque hemorrhage onMR imaging and plaque ulceration onMDCTA. An example of MR imaging andMDCTA images of
the left carotid bifurcation. On the 3D-T1W fat suppressed echo-spoiled gradient echoMR imaging sequence, intraplaque hemorrhage is visible
in the atherosclerotic plaque (A, arrow). MDCTA images show a small ulceration on both the transversal and longitudinal plane at the site of the
intraplaque hemorrhage (B and C, arrows; arrowheads indicate the edges of the plaque ulceration).

Table 4: Multivariable OR for the association among clinical characteristics, vessel characteristics, and disrupted plaque surface in all
vessels

Characteristic

Multivariable (Age, Sex)
Multivariablea (Age, Sex,

Factors P < .10)

OR (95% CI) P Value OR (95% CI) P Value
Age 1.05 (1.00–1.10) .07 1.05 (1.00–1.10) .07
Sex 0.42 (0.15–1.12) .08 0.50 (0.17–1.42) .19
Hypertension 1.98 (0.73–5.35) .18
Diabetes mellitus 0.40 (0.14–1.10) .08 0.31 (0.11–0.94) .04b

Hypercholesterolemia 1.41 (0.63–3.15) .40
Current smoking 0.48 (0.16–1.46) .20
Intraplaque hemorrhage 3.98 (1.73–9.16) .001b 3.13 (1.25–7.84) .02b

Degree of stenosis (ECST, per 10%) 1.42 (1.09–1.84) .009b 1.30 (1.00–1.69) .07
Calcification volume 0.86 (0.69–1.08) .21
aWe corrected for age, sex, diabetes mellitus, and degree of stenosis (ECST).
b P� .05.
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75.8%; specificity, 90.8%). We found an overall prevalence of

plaque ulceration of 17%. Similar prevalence of plaque ulceration

was found in other studies, ranging from 13% to 22%.15,20,29,30

Detection of the presence of a fissured fibrous cap has been stud-

ied less intensively. We found an overall prevalence of the pres-

ence of a fissured fibrous cap of 9%, in agreement with the 11%

found by Saba and Mallarini.20 Rupture of the fissured fibrous cap

was significantly associated with cerebrovascular symptoms (P �

.003).20 Based on the good sensitivity and specificity of MDCTA

for plaque ulcerations and the good agreement between MR im-

aging– depicted intraplaque hemorrhage and histology, we there-

fore conclude that it is legitimate to use imaging techniques such

as MDCTA and MR imaging to study the relationship between

intraplaque hemorrhage and the disruption of the plaque sur-

face.25,26 Moreover, the use of MDCTA and MR imaging provides

the opportunity to investigate the relationship in a specific cate-

gory of patients—that is, those with a mild-to-moderate carotid

artery stenosis, patients who are treated medically and thus have

no available histology. The final limitation of our study is that it is

cross-sectional. Our results should therefore be confirmed in a

serial study.

Rupture of an atherosclerotic carotid artery plaque is an im-

portant cause of ischemic stroke. Therefore, understanding the

pathophysiology of plaque rupture is very important. Infiltration

of macrophages in pathologic intima thickening plays a key role in

the development of atherosclerotic plaques. The combination of

macrophage infiltration, apoptosis, and hypoxia-induced necro-

sis leads to the development of more advanced atherosclerotic

plaques with a lipid-rich necrotic core. Previous studies already

showed an association between lipid-rich necrotic core volumes

and plaque ulceration.29-31 In these larger plaques, hypoxia and

the inflammatory response are assumed to promote neovascular-

ization. As stated previously, the common viewpoint is that these

small leaky neovessels are responsible for the occurrence of intra-

plaque hemorrhage and subsequently the development of an un-

stable rupture-prone plaque.5,9-12,32 Our results—if confirmed in

serial studies— can support the pathophysiologic relation be-

tween intraplaque hemorrhage and disrupted plaque surface. An

alternative viewpoint to explain this relationship is that repeated

fissuring of the plaque and associated formation of nonocclusive

luminal thrombus incorporated in the plaque could be the cause

of intraplaque hemorrhage.5 Nevertheless, observations that in-

traplaque hemorrhage is related to high attenuation of plaque

neovessels, in the absence of plaque fissuring, supports the more

common view of small leaky neovessels as the cause of intraplaque

hemorrhage.5,10

CONCLUSIONS
We showed that intraplaque hemorrhage is associated with a dis-

rupted plaque surface (plaque ulceration and/or fissured fibrous

cap) in patients with a �70% carotid artery stenosis. Our findings

suggest a strong association between these 2 vulnerable plaque

characteristics. Nevertheless, because of the cross-sectional study

design, additional serial studies are needed to evaluate whether

intraplaque hemorrhage indeed increases the risk for plaque rup-

ture and subsequent TIA or ischemic stroke.

APPENDIX
Participating centers: Academic Medical Center, Amsterdam (P.J.

Nederkoorn); Atrium Medisch Centrum, Heerlen (A.H.C.M.L.

Schreuder); Erasmus Medical Center, Rotterdam (A. van der

Lugt, P.J. Koudstaal); Flevoziekenhuis, Almere (M. Limburg);

Kennemer Gasthuis, Haarlem (M. Weisfelt); Laurentius Zieken-

huis, Roermond (A.G. Korten); Maasstad Ziekenhuis, Rotterdam

(R. Saxena); Maastricht University Medical Center (M.E. Kooi,

R.J. van Oostenbrugge, W.H. Mess); Orbis Medisch Centrum,

Sittard (N.P. van Orshoven); Sint Antonius Ziekenhuis, Nieu-

wegein (S.C. Tromp); Sint Franciscus Gasthuis, Rotterdam

(S.L.M. Bakker); Slotervaartziekenhuis, Amsterdam (N.D.

Kruyt); Tergooi Ziekenhuizen, Hilversum/Blaricum (J.R. de

Kruijk); University Medical Center Utrecht (J. Hendrikse, G.J. de

Borst); Viecuri Medisch Centrum, Venlo (B.J. Meems); Vlietland

Ziekenhuis, Schiedam (J.C.B. Verhey); IJsselland Ziekenhuis,

Capelle a/d IJsel (A.D. Wijnhoud).
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CarotidWebs and Recurrent Ischemic Strokes in the Era of
CT Angiography

P.M.C. Choi, D. Singh, A. Trivedi, X E. Qazi, D. George, J. Wong, A.M. Demchuk, M. Goyal, X M.D. Hill, and B.K. Menon

ABSTRACT

BACKGROUND AND PURPOSE: Carotid webs may cause recurrent ischemic stroke. We describe the prevalence, demographics, clinical

presentation, imaging features, histopathology, and stroke risk associated with this under-recognized lesion.

MATERIALS ANDMETHODS: A carotid webwas defined on CTA as a thin intraluminal filling defect along the posterior wall of the carotid

bulb just beyond the carotid bifurcation on oblique sagittal section CTA that was seen as a septum on axial CTA. Using a prospective case

series from April 2013 to April 2014, we describe the demographics, spectrum of imaging features on CTA, and histopathology of these

carotid webs. From a retrospective analysis of patients at our center from May 2012 to April 2013 who had a baseline head and neck CTA

followed by a brain MR imaging within 1–2 days of the CTA, we determine the period prevalence of carotid webs and the prevalence of

ipsilateral stroke on imaging.

RESULTS: In the prospective series, the mean age was 50 years (range, 41–55 years); 5/7 patients were women. Recurrent stroke was seen

in 5/7 (71.4%) patients with the carotid web; time to recurrence ranged from 1 to 97 months. Histopathology suggested a high probability

of fibromuscular dysplasia. In the retrospective series, carotid webs were seen in 7/576 patients for a hospital-based-period prevalence of

1.2% (95% CI, 0.4%–2.5%). Two of these 7 patients had acute stroke in the vascular territory of the carotid web.

CONCLUSIONS: A carotid web may contribute to recurrent ischemic stroke in patients with no other determined stroke mechanism.

Intimal variant fibromuscular dysplasia is the pathologic diagnosis in most cases. The prevalence of carotid web is low, while the optimal

management strategy remains unknown.

ABBREVIATIONS: ASA� acetylsalicylic acid; FMD� fibromuscular dysplasia

For �50 years, a shelf-like projection within the lumen of the

carotid bulb on vascular imaging has been referred to as a web

in the carotid artery. Momose and New1 first used the term “web”

in 1973 to describe this entity on carotid angiography in 4 pa-

tients in a series of 7000 patients during 8 years at Massachusetts

General Hospital. The authors distinguished this entity from fi-

bromuscular dysplasia (FMD) and postulated that carotid webs

were developmental in origin. In 1977, Osborn and Anderson2

described a patient with an isolated, smooth, well-defined web at

the origin of the internal carotid artery on conventional angiog-

raphy in a case series of patients with FMD. The radiologic fea-

tures were very similar to those in a histologically proved case of

FMD of the carotid artery described by Rainer et al3 in 1968.

Apart from 1 isolated case report,4 in which “intraluminal

web” was used to described multiple membranous strands within

the carotid artery lumen, the terms “carotid web” and “pseudo-

valvular fold” have been used to refer to an imaging entity that

appears as a small, shelf-like linear filling defect projecting supe-

riorly into the arterial lumen and arising from the posterior aspect

of the proximal internal carotid artery on conventional angiogra-

phy.5 Here, we report 12 cases of carotid web from a combined pro-

spective and retrospective series. We describe in detail the prevalence,

demographics, clinical presentation, imaging features, histopathol-

ogy, and stroke risk associated with carotid webs.

MATERIALS AND METHODS
All patients included in this study are part of the Calgary CT

angiography data base, an ongoing imaging registry of patients
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with acute ischemic stroke. Details of this registry have been pre-

viously described.6

Prospective Case Series
From April 2013, when we first identified a patient with a carotid

web and ipsilesional ischemic stroke on head and neck CTA, we

have identified 7 such patients prospectively until April 2014. The

diagnosis of stroke was based on clinical grounds, supported by

positive MR imaging findings in all cases. We defined a carotid

web on CTA as follows: a thin intraluminal filling defect along the

posterior wall of the carotid bulb just beyond the carotid bifurca-

tion on oblique sagittal section CTA and seen as a septum on axial

CTA (Fig 1A–F). We collected information on demographics,

clinical characteristics, drugs, and treatment offered at baseline

and during hospital stays in these patients. Stroke severity was

assessed by using the NIHSS at baseline, at discharge, and at 90

days. Functional status was assessed by using the mRS at similar

time points. Four of 7 patients underwent carotid endarterectomy

at the discretion of the treating physician. The endarterectomy

specimens were sectioned in the axial plane, fixed in formalin, and

embedded in paraffin. Sections were stained for light microscopy

with the following: hematoxylin-eosin, Masson trichrome, and

Musto (elastin).

Retrospective Series
We also identified consecutive patients who presented to our cen-

ter from May 2012 to April 2013 and had a baseline head and neck

CTA followed by a follow-up brain MR imaging at 24 – 48 hours.

Baseline neck CTA was assessed for the presence or absence of a

carotid web. Follow-up brain MR imaging (DWI and/or FLAIR)

was assessed for the presence of any ischemic stroke. The side of

the carotid web (left versus right) and ischemic stroke (left versus

right versus posterior) was identified on baseline CTA. All images

were read by consensus by 3 experienced raters (P.M.C.C., D.S.,

and A.T.). The readers were blinded to baseline scans while read-

ing follow-up MR imaging.

We describe, by using standard summary statistics, the demo-

graphics and clinical characteristics of all patients (in both pro-

spective and retrospective series). The Conjoint Health Research

Board of the University of Calgary has approved the use of the

CTA data base for imaging-related studies.

RESULTS
Demographics
During a 12-month period, ipsilateral carotid webs were identi-

fied prospectively in 7 patients with acute ischemic stroke (On-

line Table 1). The mean age of these patients was 50 years (range,

41–55 years); 5 of the 7 patients were women. Five of the 7 patients

had recurrent stroke in the ipsilateral vascular territory; 1 of those

5 had 4 recurrent strokes in the same vascular territory. These

patients, in total, experienced 14 ischemic strokes during 8.5 years

with time to recurrence ranging from 1 to 97 months. In 2 pa-

tients, thrombus-like material was seen at the site of the carotid

web, with changing morphology on serial CTAs, despite concur-

FIG 1. Sagittal and axial images of carotid webs. The top panel shows serial sagittal-view CTAs in patient A. A and B, Carotid webs 8 years apart.
C, Changing morphology of the right carotid web within days with possible thrombus formation in the setting of dual antiplatelet therapy. D,
A return to baselinemorphology with the use of unfractionated heparin. The bottom panel shows serial CTAs in patient B. E, A carotid webwith
possible thrombus in the lumen (arrow). F, The same carotid web 1 month later with no thrombus. G, An axial-view CTA with the same carotid
web appearing as a septum (arrow). The broken arrow indicates the carotid bifurcation.
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rent antiplatelet therapy. Four of 5 patients with recurrent strokes

underwent carotid endarterectomy and remained stroke-free at

last follow-up (range, 3–7 months). All our patients had no other

identified cause of stroke after standard work-up. Patient charac-

teristics and other details are described in On-line Table 1.

Prevalence
Estimating the period prevalence of the carotid web would need a

population-based imaging study. This was not practical. We

therefore attempted to study period prevalence in a hospital-

based sample of convenience. CTAs from 576 patients who pre-

sented to our center from May 2012 to April 2013 with suspected

stroke were reviewed. These patients had a brain MR imaging

performed within 1–2 days of presenting symptoms. Seven ca-

rotid webs were identified in 576 individual patients: 4 on the left

and 3 on the right (On-line Table 2).

Thus, the prevalence of carotid webs in a

hospital-based series is estimated at

1.2% (95% CI, 0.4%–2.5%). The mean

age of these patients was 63 years (range,

47–78 years). Four of the 7 patients were

women. Two of 7 patients had acute

stroke in the vascular territory of the ca-

rotid web.

In our retrospective series, we also

identified patients with single, small,

protruding lesions in the proximal ICA.

In contrast to carotid webs, these lesions

were smaller and not seen on the axial

sections (Fig 2). None of the patients in

our prospective series had this appear-

ance on CTA. These small protruding le-

sions were identified in 14/576 patients:

7 on the left and 7 on the right (On-line

Table 2) for an estimated prevalence of

2.43% (95% CI, 1.3%– 4.0%). The mean

age of these patients was also 63 years

(range, 39 –90 years). Six of the 14 pa-

tients were woman. Three of 14 patients

had acute stroke in the vascular territory

of the small protruding lesion.

Pathology
Each of the endarterectomy specimens was characterized by

foci of marked fibroelastic thickening of the intima. None con-

tained the necrotic, cholesterol-rich core of a classic atheroma.

In 1 specimen, there was a shelf of intimal fibrous tissue that

projected into the lumen (Fig 3A). In 2 cases, the fibrous inti-

mal cushion was split by a dissection: One showed an organiz-

ing hemorrhage within (Fig 3B), while another formed an open

endothelial-lined cavity (Fig 3C). Specimens from another case

contained a thick fibrous intimal cushion with a recent mural

thrombus (Fig 3D). As is characteristic of endarterectomy

specimens, each specimen had an attenuated rim of elastin-

FIG 2. Small protruding lesions that are distinct fromcarotidwebs in 3 different patients on sagittal and axial CTA (A–C, arrow). Axial CTA shows
no septum with this lesion, unlike in carotid webs.

FIG 3. Figures show the histopathology of carotid webs. A, A shelf-like projection of abnormal
intimal fibrous tissue. B, Focal hemorrhagic dissection with early organization. C, Fibrous intimal
thickening with focal dissection into the fibrotic intima. D, Focal fibrous intimal thickening with
adherent thrombus.
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rich medial tissue, but in none was a full-thickness medial

section available.

Below we describe the clinical history and imaging findings of

2 patients in detail.

Patient A
A 54-year-old man (patient 1, On-line Table 1) was found

slumped on the sofa with left-sided hemiparesis. He was last seen

healthy 45 minutes prior. Medical history was unremarkable

apart from a remote episode of transient left-arm weakness and

numbness. On arrival, he had moderate left hemiplegia, neglect,

and sensory loss; the National Institutes of Health Stroke Scale

score was 11. Noncontrast brain CT showed early ischemic

changes in the lentiform nucleus and the lateral MCA territory

(ASPECTS � 8). CT angiography showed a mid-M1 occlusion on

the right. Intravenous tPA was given followed by intra-arterial

tPA combined with primary thrombus angioplasty. At 4 hours

poststroke, his NIHSS score was zero. A shelf-like narrowing at

the proximal right internal carotid artery with no ulceration was

noted both on CTA (Fig 1A) and at the time of the catheter an-

giography. Investigations were negative for diabetes or hyperlip-

idemia; 24-hour Holter monitoring and transthoracic echocar-

diogram findings were normal. The patient made a full recovery

and was treated with dual antiplatelet therapy for 3 months, fol-

lowed by acetylsalicylic acid (ASA) and simvastatin, 40 mg long

term.

Eight years later, the patient woke up with acute mild left

hemiparesis with an NIHSS score of 4. He had stopped ASA 7 days

prior for excision of a basal cell carcinoma on his left ear and

FIG 4. Animated figures depict thrombogenicity in the internal carotid artery due to the presence of a carotid web. A, Stasis of blood flow
developing distal to the carotid web results in thrombus formation (B). This thrombus, when of sufficient size, dislodges and embolizes
intracranially (C and D).
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restarted ASA the night before his presentation. NCCT showed no

new ischemic change; CTA showed a new proximal right M1 oc-

clusion and the same shelf-like narrowing in the right ICA (Fig

1B). Because he was last seen healthy �12 hours prior, no throm-

bolysis was administered. He received a loading dose of clopi-

dogrel. MR imaging showed a new striatocapsular infarct with

persistent occlusion of the M1 MCA 2 days later. Repeat CTA 4

days later showed changing morphology of the right carotid web

(shelf-like narrowing), suggestive of thrombus formation in the

setting of dual antiplatelet therapy (Fig 1C). Transcranial Doppler

studies on 2 occasions were negative for microembolic signals.

Clopidogrel was stopped, and he was treated with intravenous

unfractionated heparin and ASA for 3 days with resolution of the

thrombus on repeat CTA 5 days later (Fig 1D). Carotid endarter-

ectomy was performed 12 days poststroke. Pathology from ca-

rotid endarterectomy showed a focal shelf-like projection of the

fibrotic intima into the lumen without any changes typical of

atherosclerosis (Fig 3A).

Patient B
A 59-year-old woman (patient 2, On-line Table 1) presented with

sudden onset of left hemiparesis. There was a history of recurrent

right hemispheric strokes 2 and 7 years prior for which she was

treated with ASA and had no residual symptoms. On arrival, she

had an NIHSS score of 11. NCCT of the brain showed an old right

basal ganglia infarct with early ischemic changes in the right insula

and right M2 region; her ASPECTS was 8. CTA revealed a right

M1 MCA occlusion and a carotid web just distal to the ICA bifur-

cation with probable thrombus-like material attached (Fig 1E).

She received IV tPA followed by endovascular therapy. Recanali-

zation (TICI 2b/3) was achieved postprocedure with an NIHSS

score of 2. She was discharged on dual antiplatelet therapy.

One month later, the patient was found hemiplegic on the left

side. On arrival, her NIHSS score was 12. NCCT showed early

ischemic changes in the right temporal cortex; CTA again showed

a right M1 occlusion. The carotid web in the right ICA was again

noted (Fig 1F). She was treated with endovascular therapy, and

the right MCA recanalized. Her NIHSS score was 1 postproce-

dure. This time, right carotid endarterectomy was performed 8

days poststroke, with pathology showing fibrous intimal thicken-

ing with focal hemorrhagic dissection (Fig 3B). There was no his-

tory to suggest medication noncompliance before her recent

stroke.

DISCUSSION
A carotid web, as an imaging entity, can be observed on both

oblique sagittal reformats and axial sections of CTA. An opera-

tional definition is a thin intraluminal filling defect along the pos-

terior wall of the carotid bulb in oblique sagittal reformats and,

most important, a septum evident on axial section CTA. We dem-

onstrate that carotid webs, though rare, are associated with recur-

rent ipsilateral strokes, possibly because they serve as a nidus for

thrombus formation. CTA provides a reliable representation of

gross structures protruding into the ICA lumen and should there-

fore be the imaging method of choice in noninvasive detection of
carotid webs. Carotid webs may be detected by carotid sonogra-
phy, but sensitivity is limited by their size and non-flow-limiting
nature.5,7 With a few exceptions,5,7-10 previous reports of carotid

web descriptions relied on conventional angiography.1,3,11-15 The

MRA appearance of the carotid web is expected to be similar to

that on CTA, though this needs to be studied.

Endarterectomy performed for atherosclerotic carotid steno-

sis typically produces a specimen with a classic atheroma, charac-

terized by a large necrotic lipid-rich core covered by a fibrous cap.

A thin rim of atrophic media is often adherent to the outer aspect

of the atheroma. The endarterectomy specimen in each of our

cases, in contrast, was characterized by thick fibrous intimal cush-

ions associated with a shelf in 1 (Fig 3A), dissections in 2 (Fig

3B,-C), and a mural thrombus in 1 (Fig 3D). Fibrous intimal

thickening noted in our specimens may be a feature of the intimal

variant of fibromuscular dysplasia in the internal carotid ar-

tery.12,13,15,16 The intimal shelf observed in 1 of our patients has

been previously described as an intimal variant of FMD.16 It is also

possible that the various forms of asymmetric fibrous intimal

cushions observed in the other 3 patients in our study represent

part of the spectrum of intimal FMD in the internal carotid artery.

Our ability to comment on medial variants of FMD is hampered

by a lack of full-thickness medial sampling in our endarterectomy

specimens. Medial fibroplasia,3 medial hyperplasia,11 and medial

dysplasia10 have all been reported previously, the first 2 from full-

segment resection of the carotid artery, while the latter was said to

be from an endarterectomy specimen. Carotid webs containing

fibroelastic-with-muscular tissue14 and fibroelastic tissue with ar-

eas of myxoid degeneration8 have also been reported. Most inter-

esting, none of our cases had an abnormal enlargement of the

carotid bulb (megacarotid) previously described with carotid

webs.5,17 None of our patients had evidence of FMD in any other

vascular bed.

It is likely that the carotid web played an integral part in the

stroke mechanism in all our patients. Even a short period of anti-

platelet discontinuation appeared to be associated with increased

thrombogenicity. In 1 patient, thrombus evolved during anti-

platelet therapy, eventually responding to anticoagulant therapy.

Regardless of the actual pathology, we postulate that it is the mor-

phology rather than the histology of the web that is important in

determining thrombogenicity. We postulate the existence of tur-

bulence and stasis in a cul-de-sac upstream to the web that could

potentially create a thrombogenic milieu (Fig 4). Like the left

atrial appendage, this thrombogenic milieu may potentially re-

spond best to anticoagulants. It is possible that unlike carotid

webs, the small protruding lesions we describe in our retrospec-

tive series (Fig 2) may not be as thrombogenic. Although a recent

case series seems to suggest that these lesions may have the same

pathology as carotid webs, we cannot confirm this.5 Moreover, 3

of 14 patients with these lesions in our retrospective series had

ipsilateral stroke. None of the patients in our prospective case

series who had recurrent strokes had this imaging appearance

though.

CONCLUSIONS
The carotid web may be an important cause of ischemic stroke in

patients with otherwise no determined mechanism of stroke and

may present a high risk of recurrent stroke. Intimal variant FMD

may be the pathologic diagnosis in most cases. The prevalence of

a carotid web in both the general and stroke population is low, and
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the optimal management strategy remains unknown. Future ef-

fort should be directed at further understanding the epidemiol-

ogy, etiology, and factors associated with thrombogenicity of

these lesions.
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ORIGINAL RESEARCH

EXTRACRANIAL VASCULAR

Morphologic Features of Carotid Plaque Rupture Assessed by
Optical Coherence Tomography

S. Shindo, K. Fujii, M. Shirakawa, K. Uchida, Y. Enomoto, T. Iwama, M. Kawasaki, Y. Ando, and S. Yoshimura

ABSTRACT

BACKGROUNDAND PURPOSE: Rupture of the plaque fibrous cap and subsequent thrombosis are the major causes of stroke. This study

evaluated morphologic features of plaque rupture in the carotid artery by using optical coherence tomography in vivo.

MATERIALS AND METHODS: Thirty-six carotid plaques with high-grade stenosis were prospectively imaged by optical coherence

tomography. “Plaque rupture” was defined as a plaque containing a cavity that had overlying residual fibrous caps. The fibrous cap

thickness was measured at its thinnest part for both ruptured and nonruptured plaques. The distance between the minimum fibrous

cap thickness site and the bifurcation point was also measured. Optical coherence tomography identified 24 ruptured and 12

nonruptured plaques.

RESULTS: Multiple ruptures were observed in 9 (38%) patients: Six patients had 2 ruptures in the same plaque, 2 patients had 3 ruptures in

the same plaque, and 1 patient had 5 ruptures in the same plaque. Most (84%) of the fibrous cap disruptions were identified at the plaque

shoulder and near the bifurcation point (within a 4.2-mm distance). The median thinnest cap thickness was 80 �m (interquartile range,

70–100 �m), and 95% of ruptured plaques had fibrous caps of�130 �m. Receiver operating characteristic analysis revealed that a fibrous

cap thickness of�130 �m was the critical threshold value for plaque rupture in the carotid artery.

CONCLUSIONS: Plaque rupture was common in high-grade stenosis and was located at the shoulder of the carotid plaque close to the

bifurcation. A cap thickness of�130 �m was the threshold for plaque rupture in the carotid artery.

ABBREVIATION: OCT� optical coherence tomography

Rupture of the fibrous cap and subsequent thrombosis are the

major causes of cardiovascular events such as heart attack and

stroke.1-3 In a previous study of sudden coronary death, a fibrous

cap thickness of 65 �m was chosen as a criterion of instability

because for a cap to rupture, the average cap thickness was 23 � 19

�m; 95% of caps measured �65 �m within a limit of only 2 SDs.1

Therefore, the fibrous cap thickness of �65 �m is now widely ac-

cepted as the definition of in vivo coronary vulnerable plaque that is

prone to rupture. Disruption of the fibrous cap is frequently ob-

served in symptomatic carotid plaques4,5 and is strongly associated

with an ulceration appearance on angiography,6 which is con-

sidered an independent predictor of stroke on long-term fol-

low-up in patients with symptomatic severe carotid stenosis.7

Redgrave et al8 examined the cross-sections of plaques with

high-grade carotid stenosis and found that the optimum fi-

brous cap thickness for discriminating ruptured and nonrup-

tured plaques was 200 �m; thus, it appears that there is no clear

threshold for classifying plaques that are prone to rupture in

vivo.

Intravascular sonography, which is a widely used imaging

method in the field of carotid artery intervention, has an axial

resolution of 100 –200 �m and a lateral resolution of 250 �m.9

Although it can visualize deep structures, intravascular sonog-

raphy is not a suitable imaging technique for the detection of

thin fibrous caps because its resolution is too low. Optical

coherence tomography (OCT) has been introduced recently as

a high-resolution imaging method.10,11 The typical OCT image

has an axial resolution of 10 �m, approximately 10 times

higher than that of any other clinically available diagnostic

imaging technique, such as intravascular sonography. OCT

provides an accurate representation of the thickness of the
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fibrous cap that could not be measured by other imaging mo-

dalities.12 In the present study, we evaluated the morphologic

features of ruptured plaques in the carotid artery by using

OCT.

MATERIALS AND METHODS
Study Population
Between March 2012 and November 2013, a prospective but non-

consecutive series of 38 carotid arteries in 36 patients who were

scheduled for carotid artery stenting to treat a high-grade stenosis

in previously untreated carotid arteries underwent diagnostic

OCT examinations to evaluate plaque morphology. OCT was per-

formed only when carotid artery stenting was planned under

proximal protection methods, due to the need for continuous

injection of saline and contrast through the guiding catheter to

remove blood from the FOV. Patients with a moderate stenosis at

the proximal common carotid artery, a very tight stenosis at the

target lesion, and intramural thrombus suspected on the basis of

other modalities were not enrolled in this study because of the

potential difficulty in acquiring and interpreting OCT images

with such conditions. OCT examinations were performed for 38

carotid arteries in 36 patients, with 2 patients undergoing bilateral

carotid artery stenting. Two patients were excluded because of

poor OCT images. Finally, 36 carotid arteries in 34 patients were

considered eligible for performing OCT image assessments. The

grade of carotid stenosis was assessed by using angiography,13 and

indications for carotid artery stenting were based on the Stenting

and Angioplasty with Protection in Patients at High Risk for End-

arterectomy trial.14 Because OCT is approved only for coronary

arteries, its use in human carotid arteries was approved by our

institutional ethics committee (No. 21–108), and the study pro-

tocol was submitted to an open-access data base (University Hos-

pital Medical Information Network, trial number UMIN

000002808; http://www.umin.ac.jp/english/). Informed consent

was obtained from all patients before participation.

OCT Procedure
Frequency domain OCT imaging was performed by using a

C7-XR OCT imaging system (St. Jude Medical, St. Paul, Minne-

sota). A 9F guiding catheter with an occlusion balloon was in-

serted into the common carotid artery, and a guidewire with an

occlusion balloon (GuardWire; Medtronic, Minneapolis, Minne-

sota) was introduced into the external carotid artery; or a 9F

Mo.Ma system (Medtronic), which has 2 compliant balloons, was

inserted where the distal balloon was located in the external ca-

rotid artery and the proximal balloon was located in the common

carotid artery. Following a Z offset adjustment, an OCT imaging

catheter (Dragonfly; St. Jude Medical) was advanced into the ca-

rotid artery beyond the stenotic site over a 0.014-inch microgu-

idewire. After the OCT catheter placement, a carefully debubbled

mixture of saline and contrast (1:1 dilution) (iomeprol, Iomeron

300; Bracco, Milan, Italy) at 37°C was flushed through the guiding

catheter at a rate of 6 mL/s for a 5-second period by using a motor-

driven injector. When a blood-free image was observed, the OCT

imaging core was withdrawn by using a stand-alone electronic

control of the pullback motor. We stored OCT images digitally for

subsequent analysis.

OCT Imaging Analysis
All images were recorded digitally and analyzed by 2 independent

investigators who were blinded to the clinical presentations and an-

giographic findings. Qualitative OCT assessment was performed for

each artery by using previously published criteria.15 Plaques were

classified as the following: 1) fibrous (homogeneous with high back-

scatter regions), 2) lipid-rich (low-signal region with diffuse border),

or 3) calcified (low backscattering signal with a sharp border inside a

plaque). For all nonruptured plaques that were determined lipid-rich

with OCT, the fibrous cap thickness was measured at its thinnest

part. The cap thicknesses were measured 3 times, and the average

value was calculated. The distance between the minimum fibrous cap

thickness site and the carotid bifurcation point was measured.

“Plaque rupture” was defined as a plaque containing a cavity that was

in contact with the lumen that had any overlying residual fibrous cap

fragment.16 Rupture sites separated by a length of artery containing

smooth lumen contours and no cavity were considered to represent

different plaque ruptures. The thinnest cap thickness was mea-

sured at the thinnest part of the remnant of the disrupted fi-

brous cap. The distance between the plaque rupture site and

the carotid bifurcation point was also measured. The largest

intraplaque cavity was measured and extrapolated to the rup-

tured capsule area. Representative measurements of the thin-

nest part of ruptured and nonruptured caps are shown in Fig 1.

“Thrombus” was defined as a backscattering protrusion into

the carotid lumen with signal-intensity-free shadowing.17

“Neovascularization” was defined as a microchannel structure

with no signal intensity without a connection to the vessel

lumen that was present in �3 continuous cross-sections of the

OCT images.18

Identification of 2 separate plaques in the same artery (ie, in-

farct-related versus non–infarct-related lesion) required a 5-mm

reference segment between them; if not, they were considered to

be part of 1 long lesion.

Statistical Analysis
JMP, Version 10.0 (SAS Institute, Cary, North Carolina) was used for

all statistical analyses. Categoric data were expressed as absolute fre-

quencies and percentages and were compared by using the �2 or

Fisher exact test, as appropriate. Continuous variables were ex-

pressed as either mean � SD for normally distributed variables or

median (interquartile range, 25th to 75th percentiles) for non-nor-

mally distributed variables and were compared by using either an

unpaired Student t test or a Mann-Whitney U test, respectively. Re-

ceiver operating characteristic analysis was used to determine the best

cutoff cap thickness values for discriminating ruptured and nonrup-

tured plaques. The � statistic was used to define the level of intra- and

interobserver agreement in the identification of plaque rupture. The

interobserver variability for measuring the fibrous cap thickness was

assessed by linear regression analysis. P � .05 was regarded as a sta-

tistically significant difference.

RESULTS
The average time required for the OCT examination was 5.6 � 1.3

minutes. No technical or neurologic complications were encoun-

tered during OCT procedures, though transient carotid artery occlu-

sion and continuous infusion of saline and contrast media were nec-
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essary during the time required for imaging. The average pullback

length imaged by OCT was 54 mm. Among all of the 36 arteries

examined, OCT identified 24 ruptured (67%) and 12 nonruptured

(33%) plaques.

Patient Characteristics
Patient characteristics and angiographic findings are presented

in Table 1. There were no statistically significant differences in

terms of age, sex, or other important stroke risk factors be-

tween patients with plaque rupture and those without plaque

rupture.

Fibrous Cap Thicknesses between Ruptured and
Nonruptured Plaques
Thirty-eight plaque ruptures in 24 arteries were identified by

OCT. Of the 24 arteries with plaque ruptures, multiple rup-

tures were observed in 9 arteries (38%):

Six patients had 2 OCT ruptures in the

same artery, 2 patients had 3 ruptures

each in the same artery, and 1 patient

had 5 ruptures in the same artery. In the

remaining 12 arteries without plaque

ruptures, OCT identified 12 nonrup-

tured lipid-rich plaques in which the

fibrous cap thickness could be reliably

measured. OCT findings are summa-

rized in Table 2. Among the findings

presented, neovascularization was fre-

quently identified in ruptured plaques

compared with nonruptured plaques

(54% versus 17%, P � .03). The median

cap thickness at the thinnest part of the

cap was significantly thinner in rup-

tured fibrous caps than in nonruptured

fibrous caps (80 �m [interquartile

range, 70 –100 �m] versus 175 �m

[155–238 �m]; P � .001) The fibrous

cap thickness was thinner than 130 �m

in 95% of ruptured plaques and thicker

than 130 �m in 85% of nonruptured

plaques. Figure 2 shows the frequency

distribution of ruptured and nonrup-

tured plaques according to the cap

thickness measured at the thinnest

part. On the basis of the receiver oper-

ating characteristic analysis, the opti-

mal cap thickness for predicting plaque

rupture was �130 �m (Fig 3).

The � statistic for intraobserver and

interobserver variability for plaque rup-

ture imaging was 1.00 and 1.00, respec-

FIG 1. Representative measurements of nonruptured (A) and ruptured (B) fibrous cap thickness
at the thinnest part. In these specimens, the thickness of the fibrous cap measured 140 �m for a
nonruptured lipid-rich plaque (A), and 90 �m for a ruptured plaque (B)

.

Table 1: Patient and angiographic characteristicsa

Ruptured Plaques (n = 24) Nonruptured Plaques (n = 12) P Value
Age (yr) 72� 9 72� 6 .85
Male sex (%) 22 (92) 10 (83) .47
Imaged artery .64
Right 12 (50) 10 (83)
Left 12 (50) 2 (17)
Symptomatic (%) 11 (46) 5 (42) .8
Hypertension (%) 17 (71) 11 (92) .13
Diabetes mellitus (%) 14 (58) 5 (42) .34
Dyslipidemia (%) 16 (67) 9 (75) .61
Degree of stenosis (%) 79� 12 75� 14 .48
Aspirin (%) 19 (79) 11 (92) .32
Clopidogrel (%) 22 (92%) 11 (92) 1.00
Cilostazol (%) 10 (42) 4 (33) .63
a Data are given as mean� SD or No. (%).
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tively. The measurement of fibrous cap thickness by OCT showed

excellent interobserver reproducibility (r � 0.73, P � .01).

Spatial Distribution and the Largest Ulcer Areas of
Ruptured Plaques
Eight ruptured sites (21%) were located in the common carotid

artery, and 30 (79%), in the internal carotid artery. The median

area of the ruptured plaque cavity measured 1.38 mm2 (inter-

quartile range, 0.35–3.03 mm2). In all plaque ruptures, the site of

the original tear in the fibrous cap could be identified; 26% (10/

38) of tears appeared to have occurred in the center of the plaque,

and the rest (74%), at the shoulder of the plaque. The image sec-

tion with plaque rupture was located at the narrowest lumen site in

only 6 (16%) plaques. A representative case that has plaque rup-

tures at the shoulder of the plaque is shown in Fig 4. The

rupture site was proximal to the narrowest lumen site in 22

plaques (58%) and distal to the narrowest lumen site in 10

plaques (26%). In all plaques, the image section with the nar-

rowest lumen area was near the bifurcation point. The median

distance between the narrowest lumen site and the bifurcation

point measured 4.2 mm (interquartile range, 2.2–13.8 mm) in

ruptured plaques and 6.7 mm (interquartile range, 3.0 – 8.8

mm) in nonruptured plaques (P � .67). Similarly, the median

distance between the fibrous cap thickness at the thinnest part

and the bifurcation point was 4.6 mm (interquartile range,

0 –12.0 mm) in ruptured plaques and 5.0 mm (interquartile

range, 1.3–10.5 mm) in nonruptured plaques (P � .82).

DISCUSSION
The main findings of the present study

were the following: Plaque ruptures

were frequently observed within ca-

rotid arteries with a high-grade steno-

sis; plaque ruptures may be multiple;

fibrous cap thickness of �130 �m was

the critical threshold for plaque rup-

ture in the carotid artery; and most of

the rupture tears were located at the

shoulder of the carotid plaque but close

to a side branch.

Fibrous Cap Thicknesses between
Ruptured and Nonruptured Plaques
Carotid plaque composition has been

proposed as an important risk factor

for thromboembolic events, such as

stroke, giving rise to the concept of

“vulnerable plaque.”19 It has been sug-

gested that thromboembolic phenom-

ena are associated with thinning and

subsequent rupture of the fibrous cap

on the surface of atherosclerotic plaques, resulting in the re-

lease into the parent vessel of necrotic debris from the plaque

substance. Several studies have established a correlation be-

tween plaque rupture and irregularity with clinical presenta-

tion and prognosis.4,20 Therefore, the identification of the fi-

brous cap is especially important because its thickness is a

major determinant of plaque vulnerability in a lipid-rich ca-

rotid plaque.8 Therefore, the ability to measure the thickness of

the fibrous cap accurately in vivo would help identify the ca-

rotid vulnerable plaque that is prone to rupture. OCT is a novel

intravascular imaging technique, based on infrared light emis-

sion, that enables high-resolution arterial wall imaging, in the

range of 10 –20 �m. OCT penetration through a superficial

lipidic component is less than that through fibrous tissue. Al-

though the assessment of necrotic thickness would be an im-

portant piece of information, in most lesions, necrotic thick-

ness cannot be measured because of insufficient OCT imaging

penetration. In clinical practice, it may not be necessary to

visualize the entire wall of a resection cavity; however, OCT

analysis of entire suspicious areas of the resection cavity may

have some benefit when choosing an optimal treatment strat-

egy. However, the thickness of the fibrous cap is also a major

determinant in the vulnerability of atherosclerotic plaque.21

OCT is the only imaging technique that can resolve intracoro-

nary features on the scale of the thickness of a rupture-prone

cap. Kume et al12 reported that OCT provides an accurate rep-

FIG 2. The frequency distribution of ruptured and nonruptured plaques according to the cap
thickness at the thinnest part. Although the thinnest fibrous cap of ruptured plaques was�150
�m for all plaques, most nonruptured plaques had thicker fibrous caps.

Table 2: Qualitative OCT analysisa

Ruptured Plaques (n = 24) Nonruptured Plaques (n = 12) P Value
Plaque morphology .19
Fibrous 2 (8) 0 (0)
Lipid-rich 22 (92) 12 (100)
Calcified 0 (0) 0 (0)
Thrombus (%) 9 (38) 3 (25) .45
Neovascularization (%) 13 (54) 2 (17) .03
a Data are given as No. (%).
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resentation of the thickness of the fibrous cap that could not be

measured by other imaging modalities.

Virmani et al1 defined plaque vulnerability on the basis of the

actual thickness of the histologic section from measurements

made of coronary plaque ruptures. A thickness of 65 �m was

considered a criterion of plaque instability in the coronary arteries

because the average cap thickness was 23 � 19 �m in ruptured

plaques and 95% of the disrupted caps were �65-�m-thick.

Thus, the fibrous cap thickness of �65 �m has been widely used

as the definition of in vivo coronary vulnerable plaque that is

prone to rupture. Recently, Yonetsu et al22 evaluated the critical

threshold of fibrous cap thickness for coronary plaque rupture by

using OCT. They reported that the fibrous cap thickness was �80

�m in 95% of ruptured coronary plaques and the median fibrous

cap thickness of ruptured plaques was 54 �m. Although the values of

the critical threshold for the disruption of the fibrous cap in coronary

plaques are similar regardless of the methodology, there are large

discrepancies in the values of the critical threshold for carotid

plaques. The critical cap thickness of carotid plaques might be

thicker than that of coronary plaques because the hemody-

namic forces acting at the carotid bifurcation are greater in the

carotid artery.

Redgrave et al8 conducted a histologic evaluation of 526 ca-

rotid plaques from patients undergoing endarterectomy for

symptomatic severe stenosis. They reported that the median cap

thickness was 150 �m in ruptured plaques, and the optimum

cutoff for discriminating ruptured and nonruptured plaques was

a minimum cap thickness of �200 �m. On the contrary, a previ-

ous in vivo study by using sonography found that the critical

cap thickness in carotid plaques was 460 �m.23 In the current

OCT study, the median thickness of a fibrous cap at the thin-

nest part was 80 �m and 95% of ruptured plaques had a fibrous

cap thickness that was thinner than 130 �m. Possible reasons

for the large discrepancy between the current OCT study and

the previous sonography and postmortem studies are not en-

tirely clear; however, possible points of difference may include

study population variations and a small sample size of rup-

tured plaques in these studies. However, detection of plaques

with complex morphology, such as a thin-cap fibroatheroma,

may be more precise with OCT than with sonography because

the higher resolution of OCT permits accurate measurement of

the thin fibrous cap.

Spatial Distribution of Ruptured Plaques
From postmortem studies, it is known that fibrous caps vary

widely in thickness, cellularity, matrix, strength, and stiffness, but

they are often thinnest (and macrophage infiltration is greatest) at

their shoulder regions where disruption most frequently occurs.24

The current study revealed that plaque ruptures were distinct

FIG 3. Receiver operating characteristic curves for measurements of
fibrous cap thickness for the prediction of fibrous cap rupture. The
optimal cap thickness value for predicting rupturewas a cap thickness
of�130 �m (area under the curve, 0.95; sensitivity, 94.7%; and speci-
ficity, 93.3%).

FIG 4. A representative patient (64-year-old man) with a 90% stenosis in the right internal carotid artery. A high-grade stenosis in the internal
carotid artery was identified on the angiogram (A). The disruptions of the plaques (asterisks) were identified near the bifurcation, but not at the
narrowest lumen site (double dagger) in the optical coherence tomography longitudinal view (B andC). A ruptured plaque contains a cavity that
communicates with the lumen with an overlying residual fibrous cap fragment (D and E).
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from minimum lumen sites in 74%. These data confirm previous

reports showing that plaque rupture occurs most often at the

shoulder of the plaque.25 A previous histopathologic study dem-

onstrated that inflammation of the atherosclerotic cap and shoul-

der of the plaque was a common and locally observed phenome-

non in coronary arteries, similar to our findings.26 Activated

metalloproteinases may be expressed more commonly at the

shoulder of the vulnerable plaque.27-29 In the current study, 58%

of ruptured plaques were located in the proximal shoulder of the

site with the most stenosis; the distance between the location of

the minimum cap thickness and the bifurcation point measured

4.6 mm for ruptured plaques and 5.0 mm for nonruptured

plaques. Severe stenoses produce flow turbulence that may in-

crease stress on the nearby segment. In addition, endothelial cells

near branches of a vessel have a reduced ability to repair wounds

compared with cells from nonbifurcation regions.30

Study Limitations
Several limitations of the present study should be considered.

First, this study was a single-center study with a relatively small

study population. Further multicenter studies are required to re-

confirm the results in a larger number of patients. Second, be-

cause the proximal segments of the target carotid arteries had to

be occluded to remove blood from the imaging field during

OCT image acquisition, some patients were not enrolled in this

study if there was a potential difficulty in performing the prox-

imal segment occlusion. Third, we also excluded patients who

received emergent carotid artery stent placement because such

patients must be treated as soon as possible. This selection bias

might affect the results. Fourth, the penetration depth of OCT

imaging is limited almost entirely by basic tissue optical prop-

erties and is the chief limitation of the technique, providing

between 0.5 and 1.5 mm of imaging depth in most tissue types.

Therefore, some ruptured plaques might be missed, especially

when the cavity was filled by a lipidic component. Fifth, qual-

itative assessment of plaque composition by OCT may limit its

diagnostic accuracy. However, this study confirmed that OCT

demonstrated excellent reproducibility for the identification

of plaque rupture. Finally, there are no data showing that OCT

provides an accurate representation of the thickness of the

fibrous cap in carotid plaques.

CONCLUSIONS
OCT showed that plaque rupture was common in carotid ar-

teries with high-grade stenosis and was located at the shoulder

of the carotid plaque close to a side branch. A fibrous cap

thickness of �130 �m was the critical threshold for plaque

rupture in the carotid artery. Future prospective large-scale in

vivo studies are required to validate whether the fibrous cap

thickness of �130 �m predicts plaque rupture and subsequent

thromboembolic events for patients with carotid artery

disease.
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Dynamic 4DMRI for Characterization of Parathyroid
Adenomas: Multiparametric Analysis
X K. Nael, J. Hur, A. Bauer, R. Khan, A. Sepahdari, R. Inampudi, and M. Guerrero

ABSTRACT

BACKGROUND AND PURPOSE: The hypervascular nature of parathyroid adenomas can be explored by proper dynamic imaging to

narrow the target lesions for surgical exploration. The purpose of this study was to establish MR perfusion characteristics of parathyroid

adenomas to differentiate them from their mimics, such as subjacent thyroid tissue and cervical lymph nodes.

MATERIALS AND METHODS: Preoperative high-spatial and -temporal resolution dynamic 4D contrast-enhanced MR imaging in 30

patients with surgically proved parathyroid adenomas was evaluated retrospectively. Using coregistered images, we placed ROIs over the

parathyroid adenoma, thyroid gland, and a cervical lymph node (jugulodigastric) to obtain peak enhancement, time-to-peak, wash-in, and

washout in each patient. Data were analyzed by logistic regression and analysis of variance. Receiver operating characteristic analysis was

performed to determine the optimal parameters for determination of parathyroid adenomas versus thyroid tissue and cervical lymph

nodes.

RESULTS: Parathyroid adenomas showed significantly (P� .05) faster time-to-peak, higher wash-in, and higher washout compared with

cervical lymph nodes and significantly (P � .05) higher peak enhancement, faster time-to-peak, higher wash-in, and higher washout

compared with thyroid tissue. Logistic regression analysis indicated significant contribution from time-to-peak (P� .02), wash-in (P� .03),

and washout (P � .008) for differentiation of parathyroid adenomas from thyroid and cervical lymph nodes. Using receiver operating

characteristic analysis, we obtained the best diagnostic accuracy from a combination of time-to-peak/wash-in/washout in the differen-

tiation of parathyroid adenomas versus lymph nodes (area under the curve, 0.96; sensitivity/specificity, 88%/90%) and in distinguishing

parathyroid adenomas versus thyroid tissue (area under the curve, 0.96; sensitivity/specificity, 91%/95%).

CONCLUSIONS: Dynamic 4D contrast-enhanced MR imaging can be used to exploit the hypervascular nature of parathyroid adenomas.

Multiparametric MR perfusion can distinguish parathyroid adenomas from subjacent thyroid tissue or lymph nodes with diagnostic

accuracies of 96%.

ABBREVIATIONS: AUC� area under the curve; CAIPIRINHA� controlled aliasing in parallel imaging results in higher acceleration; PTA� parathyroid adenoma;
ROC� receiver operating characteristic; TTP� time-to-peak; TWIST� time-resolved imaging with stochastic trajectories

Single parathyroid adenoma (PTA) is the most common cause

of primary hyperparathyroidism, accounting for approxi-

mately 80%–90% of all cases.1 Definitive treatment requires sur-

gical excision, and preoperative localization with imaging is com-

monly used to decrease the size of surgical incisions and

complication rates.2

Imaging has been increasingly used for preoperative detec-

tion of parathyroid adenomas. While sonography and techne-

tium Tc99m sestamibi scintigraphy have often been used as

first-line imaging to localize PTA, these tests are often incon-

clusive. This situation has led to the development of multipha-

sic CT (4D CT), which identifies PTAs through their hypervas-

cular perfusion pattern compared with lymph nodes and the

thyroid gland. 4D CT has shown superior accuracy compared

with scintigraphy,3 though the radiation dose remains as high

as 5.56 –10.4 mSv.4-6

MR imaging is an attractive alternative to both scintigraphy

and 4D CT due to the lack of radiation and has been used for

the evaluation of PTAs with some success,7-9 though not with
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the same effectiveness as 4D CT. Traditional technical limita-

tions to localizing PTAs with MR imaging have recently been

addressed with modern MR imaging technology. These in-

clude limited spatial and temporal resolution for multiphase

dynamic contrast-enhanced MR imaging over a large FOV re-

quired for parathyroid imaging. This limitation can be ad-

dressed by the use of fast imaging tools such as time-resolved

imaging with stochastic trajectories (TWIST)10 and improved

parallel imaging techniques such as controlled aliasing in par-

allel imaging results in higher acceleration (CAIPIRINHA).11

The second limitation is inhomogeneity of fat suppression in

the neck required for detection of small parathyroid adeno-

mas. The Dixon fat-suppression technique12 can dramatically

improve this shortcoming.13

In this study by using a modified dynamic contrast-enhanced

sequence with incorporation of a TWIST-CAIPIRINHA combi-

nation and the Dixon fat saturation technique, we sought to de-

scribe MR perfusion characteristics of PTAs in a cohort of patients

with pathology-proved PTA. We hypothesized that MR perfusion

biomarkers can differentiate PTA from PTA mimics, such as sub-

jacent thyroid gland and cervical lymph nodes.

MATERIALS AND METHODS
Informed consent was waived by the institutional review board

for this retrospective single-institution study. Inclusion criteria

were the following: 1) a patient with a known single PTA (con-

firmed by surgical pathology); and 2) preoperative dynamic 4D

contrast-enhanced MR imaging available. Preoperative serum

Ca2
 and parathyroid hormone levels were also documented for

each patient.

Imaging Protocol
All patients underwent MR imaging on a 3T Skyra MR imaging

system (Siemens, Erlangen, Germany). A combination of 12-ele-

ment head and neck coil was used for radiofrequency signal re-

ception. Dynamic 4D contrast-enhanced MR imaging was per-

formed by using a 3D volumetric interpolated examination

sequence with the following parameters: TR � 4.06 ms, first TE �

1.31 ms, second TE � 2.54 ms, flip angle � 9°, matrix � 160 mm,

FOV � 200 mm, 60 sections � 2 mm thick. To improve inhomo-

geneity of fat suppression in the neck, we used the Dixon fat-

suppression technique as described in prior reports.12,13 The

TWIST view-sharing and Dixon fat/water separation were

merged into 1 pulse sequence.14 Bipolar readout gradients were

used to produce 2 partial echoes at the first in-phase (TE � 1.31 ms)

and the second opposed-phase (TE � 2.54 ms). Bipolar gradients

allowed a shorter TR and less echo asymmetry. Integration of

TWIST as an echo-sharing technique with a sampling density

of 33% resulted in �2 acceleration. In addition, CAIPIRINHA

with an acceleration factor of 4 was incorporated as a parallel-

acquisition technique. This combination resulted in a net ac-

celeration of 8, which was used to acquire a 3D dataset with a

voxel size of 1.3 � 1.3 � 2 mm3 and a temporal resolution of 6

seconds over a craniocaudal coverage of 120 mm, spanning the

inferior mandibular rim to the carina. Twenty-four temporal

frames were obtained during 140 seconds of acquisition time, 4

before contrast injection to establish a baseline. A total of 0.1

mmol/kg of gadolinium was injected at 4 mL/s.

Image Analysis
The perfusion datasets were processed by using commercially

available US Food and Drug Administration–approved software

(Olea Sphere; Olea Medical SAS, La Ciotat, France). Motion cor-

rection was implemented automatically by the software. Signal-

to-concentration conversion was performed [C(t) � S(t) � S0],

with S0 being the baseline signal. The arterial input function was

selected automatically to deconvolute the concentration-time

curve, assuming a multicompartmental model.15 The concentra-

tion-time curve was then reconstructed from this analysis to ob-

tain a noise-free signal.

Multiparametric quantitative perfusion parameters, in-

cluding peak enhancement, time-to-peak (TTP), wash-in, and

washout, were then computed from the reconvolved concen-

tration-time curve. The wash-in and washout were defined by

the initial upslope and downslope of the concentration-time

curve, respectively. The definition of these parameters and

how they are calculated from the concentration time curves are

shown in Fig 1.

Image coregistration was performed by using a 6-df transfor-

mation and a mutual-information cost function. This was fol-

lowed by visual inspection to ensure adequate alignment. PTAs

were identified by a fellowship-trained neuroradiologist in con-

junction with the endocrine surgeon who performed all the sur-

geries. Using coregistered images, we placed ROIs over the known

PTA, thyroid gland, and cervical lymph node (jugulodigastric sta-

tion). Using the same ROIs, we also calculated the percentage of

internal fat content of each PTA on precontrast T1 images before

and after Dixon fat saturation.

Statistical Analysis
Statistical analysis was performed by using MedCalc for Win-

dows, Version 14.12.0 (MedCalc Software, Mariakerke, Belgium).

The semiquantitative data, including the peak enhancement,

TTP, wash-in, and washout values of the PTA, thyroid gland, and

cervical lymph node were plotted as mean and SD and tested for

FIG 1. Concentration-time curve. Peak enhancement: maximal con-
centration of contrast agent with time: Peak�max

t
C(t). Time-to-

peak enhancement: the time needed for the contrast agent to reach
its maximum concentration: TTP� arg max

t
C(t). Wash-in: initial up-

slope of the concentration-time curve (slope from the end of the
baseline to the peak of the curve). Washout: down-slope of the con-
centration time curve (negative slope from the peak to the last ac-
quisition time point). SI indicates change in signal intensity.
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statistical significance by using a repeated-measures ANOVA with

protected least-squares-difference post hoc tests. Logistic regres-

sion analysis was performed to identify the contribution of each

perfusion parameter to the model. Receiver operating character-

istic (ROC) analysis was performed to ascertain the optimal pa-

rameters and threshold for determination of PTA versus cervical

lymph node and thyroid gland.

We calculated optimal thresholds for each ROC curve to max-

imize both sensitivity and specificity using the Youden statistic.

Subsequently, an ROC curve for the combination of parameters

was calculated, extrapolating from the maximum-likelihood-

estimation model of combining classifiers.16 The area under

the curve was calculated for the ROC curve of each individual

classifier and for the combined ROC curves. Correlation coef-

ficients of perfusion parameters in PTA were calculated against

the internal fat content of the PTA with 95% confidence inter-

vals. The significance level was defined as P � .05.

RESULTS
Thirty patients (20 women, 10 men) with a mean age of 60 years

(range, 27–79 years) were included. The preoperative serum Ca2


ranged from 9.9 to 12 mg/dL (mean, 10.92 mg/dL; interquartile

range, 10.6 –11.2 mg/dL). The preoperative serum parathyroid

hormone ranged from 52 to 246 pg/mL (mean, 115.3 pg/mL; in-

terquartile range, 78 –147 pg/mL). The percentage of fat content

of PTAs ranged from 7.2% to 71% (mean, 38.7%; interquartile

range, 21.3%–59.5%). Patient demographic data and the size,

weight, and location of parathyroid adenomas are listed in the

On-line Table.

Despite using motion correction, we found that in 7 patients

(23%), 1–2 temporal frames were affected by motion artifacts.

These frames were excluded from perfusion analysis. The mean �

SD of MR perfusion parameters for PTA, thyroid gland, and cer-

vical lymph node and the corresponding P values by using

ANOVA analysis are summarized in Table 1.

PTA versus Cervical Lymph Node
Three perfusion parameters, including TTP, wash-in, and wash-

out, were significantly different between PTAs and cervical lymph

nodes (Table 1). PTAs showed significantly faster arterial en-

hancement with a mean TTP enhancement of 29 seconds earlier

than that in lymph nodes (P � .001). PTAs also showed signifi-

cantly higher (P � .001) wash-in and higher (P � .001) washout

values in comparison with lymph nodes (Fig 2). The peak en-

hancement was not significantly different between PTAs and cer-

vical lymph nodes (P � .38).

ROC curve analyses for differentiation of PTAs versus cer-

vical lymph nodes and PTAs versus thyroid glands are shown

in Fig 3. Optimal threshold values, area under the curve

(AUC), and corresponding sensitivity and specificity for each

perfusion parameter for the differentiation of PTA versus

lymph node are summarized in Table 2. With multiparametric

FIG 2. A 68-year-old woman with primary hyperparathyroidism (parathyroid hormone �120 pg/mL, Ca2
 � 11.2 mg/dL). Axial arterial phase
contrast-enhanced image fromMR perfusion demonstrates a PTA (arrow) in the right tracheoesophageal groove. Contrast-time curve analysis
from ROIs placed over the PTA (arrow), thyroid gland, and a jugulodigastric lymph node shows significantly faster TTP and higher wash-in and
washout values in the PTA compared with the thyroid gland and cervical lymph node. PTA: TTP, 37 seconds; wash-in, 7.8; washout, 0.58. Thyroid:
TTP, 42 seconds; wash-in, 5.4 washout, 0.46. Lymph node: TTP, 60 seconds; wash-in, 4.8; washout, 0.29.

Table 1: Multivariate analysis of MR perfusion parameters for PTA, thyroid gland, and cervical lymph nodea

PTA Thyroid Gland Lymph Node ANOVA (P Value)
Peak enhancement, AU 360.9� 87 214� 47 305.3� 153 PTA vs thyroid:�.001b

PTA vs LN: .38
Time-to-peak (seconds) 35.2� 12.8 48.7� 22.6 64.4� 35 PTA vs thyroid: .001b

PTA vs LN:�.001b

Wash-in, AU 7.5� 2.6 3.9� 1.2 4.4� 1.9 PTA vs thyroid:�.001b

PTA vs LN:�.001b

Washout, AU 0.80� 0.24 0.43� 0.17 0.58� 0.31 PTA vs thyroid:�.001b

PTA vs LN: .016b

Note:—LN indicates lymph node; AU, arbitrary units.
a Data are means� SD.
b Significant.
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MR perfusion analysis, a combination of TTP (threshold of

�40 seconds), wash-in (threshold of �6.3), and washout

(threshold of �0.62) improved the diagnostic power, resulting

in an AUC of 0.96 with sensitivity/specificity of 88%/90% for

differentiating PTAs (Fig 3).

PTA versus Thyroid Gland
All 4 perfusion parameters were significantly different between

PTAs and thyroid glands (Table 1). Again PTAs showed signifi-

cantly faster arterial enhancement with a mean TTP enhancement

difference of 13 seconds earlier than that in thyroid glands

(P � .001). There was significantly higher peak enhancement

(P � .001), wash-in (P � .001), and washout (P � .016) in

PTAs compared with thyroid glands (Fig 4).

Optimal threshold values, AUC, and corresponding sensitivity

and specificity for each perfusion parameter for the differentia-

tion of PTA versus thyroid gland are summarized in Table 2. The

best sensitivity (86%) to differentiate PTA from thyroid gland was

obtained by using the TTP value at a threshold of �37 seconds.

Wash-in showed the highest specificity (90%) for differentiating

PTA versus thyroid gland at a threshold value of �5.27. With

multiparametric MR perfusion analysis, a combination of TTP

(threshold of �30 seconds), wash-in (threshold of �5.86), and

washout (threshold of �0.67) improved the diagnostic power re-

sulting in an AUC of 0.96 with sensitivity/specificity of 91%/95%

(Fig 3).

Logistic regression analysis indicated significant contribution

from TTP (P � .02; 95% CI, 0.88-.99), wash-in (P � .03; 95% CI,

1.04 –3.06), and washout (P � .008; 95% CI, 3.28 –37.15) for the

differentiation of PTA from thyroid and cervical lymph nodes.

There was no contribution from peak enhancement to differenti-

ate PTA from thyroid and cervical lymph nodes (P � .56; 95% CI,

0.98 –1.00).

Correlation analysis between the percentage of internal fat

content and multiparametric perfusion values of PTAs showed

only a significant (P � .019) negative correlation (r � �0.632)

with washout values of PTAs. The correlation coefficients be-

tween the percentage of internal fat content of PTAs with peak

enhancement, time-to-peak, and wash-in values were 0.150,

0.004, and �0.007, respectively.

DISCUSSION
In this study by using a modified MR imaging sequence with

incorporation of fast imaging tools, for the first time, we describe

MR perfusion characteristics of PTAs. We performed a multipa-

rametric quantitative analysis and showed significant differences

between perfusion biomarkers in PTAs versus cervical lymph

nodes and thyroid gland. We note 3 findings:

First, the described MR imaging technique has significantly

improved the traditional drawbacks of MR imaging, including

limited spatial and temporal resolution. Using a modified MR

image that incorporates fast imaging tools such as TWIST10 and

CAIPIRINHA11 has allowed acquisition of multiphase contrast-

enhanced MR imaging with high spatial (1.3 � 1.3 � 2 mm3) and

temporal (6 seconds) resolution.

Fast image acquisition and high spatial resolution have long

been major advantages of CT; hence, significant attention has

been given to 4D CT for the detection of PTAs. However, the main

disadvantage of CT that can be addressed by the described MR

imaging technique is radiation.

There is significant ongoing discussion in the literature as to

which 4D CT protocol has a better diagnostic accuracy, whether a

noncontrast scan is required, and how many postcontrast phases

are required for optimal results without the added and unneces-

sary radiation dose. This discussion is beyond the scope of this

article; however, effective radiation doses ranging from 5.56 to

10.4 mSv4-6 have been reported, depending on the acquisition

scheme used.

Our second finding is that the described MR perfusion tech-

nique can successfully exploit the hypervascular nature of PTAs, a

feature that can be used to differentiate them from PTA candi-

dates such as subjacent cervical lymph node and thyroid tissue.

FIG 3. ROC analysis with the AUC for each imaging biomarker and
best combinedAUC for PTA-versus-lymph node and PTA-versus-thy-
roid gland is shown.
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The hypervascular nature of PTAs was shown in the 1970s by the

use of arterial conventional angiography, demonstrating arterial

blush as an indication of PTA against normal thyroid and para-

thyroid glands.17,18 Similar principles have been applied to dy-

namic contrast-enhanced CT and can be applied to MR imaging

as shown in our results for the detection of PTAs.

Because continuous CT acquisition during the entire dynamic

course of contrast through the parathyroid glands is restricted due

to radiation concerns, 4D CT provides only snapshots of contrast

dynamics at certain time points (depending on the number of

acquisitions). There is no consensus on the number and time-

interval between CT acquisitions for an optimal 4D CT.

Therefore investigators have tried to identify acquisition

schemes by using a combination of unenhanced and multiple

postcontrast phases including 2 phases,19-21 2.5 phases,22,23 3

phases,4,24 or 4 phases,25-27 with the time interval ranging from 30

to 90 seconds, each with strengths and limitations.

Compared with CT, the unique ability of MR imaging to sam-

ple many points on the contrast-versus-time curve allowed us to

obtain perfusion characteristics such as TTP, peak-enhancement,

wash-in, and washout. In our study, TTP and wash-in, 2 charac-

teristics of arterial enhancement, were significantly higher in

PTAs, indicative of their hypervascular nature in comparison with

cervical lymph nodes and thyroid tissue. PTAs showed significant

early arterial enhancement with a mean TTP of 13 and 29 seconds

earlier than thyroid tissue and normal cervical lymph nodes, re-

spectively. Logistic regression analysis indicated significant con-

tribution from TTP, wash-in, and washout for the differentiation

of PTA from thyroid and cervical lymph nodes but not from peak

enhancement.

In addition, we showed the added value of multiparametric

quantitative perfusion analysis to improve diagnostic accuracy

over a single perfusion classifier to differentiate PTA among PTA

candidates such as subjacent thyroid gland and cervical lymph

nodes. Using multiparametric MR perfusion and combined ROC

analysis, we found that the best overall model to distinguish PTA

from cervical lymph node or subjacent thyroid tissue consisted of

a combination of TTP, wash-in, and washout, yielding an AUC of

0.96, superior to any individual or combination of other

classifiers.

Finally, we found a significant (P � .019) negative correlation

(r � �0.632) between fat content percentage and washout values

of PTAs. The clinical significance of this observation is rather

unclear at this point. We assume that while TTP and wash-in are

indicators of hypervascularity, the washout may be a reflection of

the cellular content of PTAs. In other words, there is delayed

clearance and contrast washout in lipid-rich adenomas with less

cellularity. This finding should be interpreted with caution and

within the 2-minute imaging window used in our study because

some of these adenomas may further washout later, outside our

imaging window.

This study has several limitations, including a relatively small

sample size drawn from a single institution, possibly introducing

a sample bias. In addition, inclusion of patients with known PTAs

can further introduce selection bias. Another limitation is the

retrospective nature of the study, possibly introducing unknown

bias. The diagnostic accuracy of this MR imaging technique for

the localization of PTA should be evaluated prospectively in a

larger cohort. The last limitation is the insufficient availability and

technical demands due to the 3T MR imaging scanners and mul-

FIG 4. A 47-year-old woman with primary hyperparathyroidism (parathyroid hormone� 164 pg/mL, Ca2
 � 10.8 mg/dL). Axial arterial phase
contrast-enhanced image from MR perfusion data demonstrates a PTA (arrow) in the left tracheoesophageal groove. Contrast-time curve
analysis fromROIs placed over the PTA, thyroid gland, and a cervical lymph node shows significantly faster TTP and higherwash-in and significant
washout values in the PTA compared with the thyroid gland and cervical lymph node. PTA: TTP, 30 seconds; wash-in, 5.6; washout, 0.64 Thyroid:
TTP, 38 seconds; wash-in, 3.8 seconds; washout, 0.43 seconds. Lymph node: TTP, 62 seconds; wash-in, 2.9; washout, 0.23.

Table 2: ROC analysis of multiparametric MR perfusion for differentiation of PTA from cervical lymph nodes and thyroid gland
PTA vs Lymph Node PTA vs Thyroid Gland

AUC Threshold Sensitivity Specificity AUC Threshold Sensitivity Specificity

Peak enhancement 0.62 �340 65% 64% 0.94 �270 83% 93%
Time-to-peak (seconds) 0.77 �49 66% 71% 0.62 �37 86% 48%
Wash-in 0.84 �5.52 72% 89% 0.87 �5.27 76% 90%
Washout 0.68 �0.62 76% 64% 0.88 �0.63 76% 86%
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ticoil technology required for parallel imaging and the echo-shar-

ing technique. Although all of these technologies are now com-

mercially available, broad accessibility across imaging centers is

still limited.

CONCLUSIONS
Dynamic 4D contrast-enhanced MR imaging can be obtained and

used to exploit the hypervascular nature of PTAs. Multiparamet-

ric MR perfusion can distinguish PTAs from subjacent thyroid

tissue or lymph nodes with a diagnostic accuracy of 96%.

ACKNOWLEDGMENTS
We thank Elizabeth A. Krupinski, PhD, for help with statistical

analysis.

Disclosures: Kambiz Nael—UNRELATED: Consultancy: Olea Medical.* *Money paid
to the institution.

REFERENCES
1. Heath H 3rd, Hodgson SF, Kennedy MA. Primary hyperparathy-

roidism: incidence, morbidity, and potential economic impact in a
community. N Engl J Med 1980;302:189 –93 CrossRef Medline

2. Chen H, Mack E, Starling JR. A comprehensive evaluation of peri-
operative adjuncts during minimally invasive parathyroidectomy:
which is most reliable? Ann Surg 2005;242:375– 80; discussion
380 – 83 Medline

3. Mortenson MM, Evans DB, Lee JE, et al. Parathyroid exploration in
the reoperative neck: improved preoperative localization with 4D-
computed tomography. J Am Coll Surg 2008;206:888 –95; discussion
895–96 CrossRef Medline

4. Kelly HR, Hamberg LM, Hunter GJ. 4D-CT for preoperative local-
ization of abnormal parathyroid glands in patients with
hyperparathyroidism: accuracy and ability to stratify patients by
unilateral versus bilateral disease in surgery-naive and re-explora-
tion patients. AJNR Am J Neuroradiol 2014;35:176 – 81 CrossRef
Medline

5. Mahajan A, Starker LF, Ghita M, et al. Parathyroid four-dimensional
computed tomography: evaluation of radiation dose exposure dur-
ing preoperative localization of parathyroid tumors in primary hy-
perparathyroidism. World J Surg 2012;36:1335–39 CrossRef Medline

6. Madorin CA, Owen R, Coakley B, et al. Comparison of radiation
exposure and cost between dynamic computed tomography and
sestamibi scintigraphy for preoperative localization of parathyroid
lesions. JAMA Surg 2013;148:500 – 03 CrossRef Medline

7. Gotway MB, Reddy GP, Webb WR, et al. Comparison between MR
imaging and 99mTc MIBI scintigraphy in the evaluation of recur-
rent of persistent hyperparathyroidism. Radiology 2001;218:783–90
CrossRef Medline

8. Lee VS, Spritzer CE, Coleman RE, et al. The complementary roles of
fast spin-echo MR imaging and double-phase 99m Tc-sestamibi
scintigraphy for localization of hyperfunctioning parathyroid
glands. AJR Am J Roentgenol 1996;167:1555– 62 CrossRef Medline

9. Grayev AM, Gentry LR, Hartman MJ, et al. Presurgical localization
of parathyroid adenomas with magnetic resonance imaging at 3.0
T: an adjunct method to supplement traditional imaging. Ann Surg
Oncol 2012;19:981– 89 CrossRef Medline

10. Song T, Laine AF, Chen Q, et al. Optimal k-space sampling for dy-

namic contrast-enhanced MRI with an application to MR renogra-
phy. Magn Reson Med 2009;61:1242– 48 CrossRef Medline

11. Breuer FA, Blaimer M, Heidemann RM, et al. Controlled aliasing in
parallel imaging results in higher acceleration (CAIPIRINHA) for
multi-slice imaging. Magn Reson Med 2005;53:684 –91 CrossRef
Medline

12. Dixon WT. Simple proton spectroscopic imaging. Radiology 1984;
153:189 –94 CrossRef Medline

13. Barger AV, DeLone DR, Bernstein MA, et al. Fat signal suppression
in head and neck imaging using fast spin-echo-IDEAL technique.
AJNR Am J Neuroradiol 2006;27:1292–94 Medline

14. Le Y, Kroeker R, Kipfer HD, et al. Development and evaluation of
TWIST Dixon for dynamic contrast-enhanced (DCE) MRI with im-
proved acquisition efficiency and fat suppression. J Magn Reson Im-
aging 2012; 36:483–91 CrossRef Medline

15. Tofts PS. Modeling tracer kinetics in dynamic Gd-DTPA MR imag-
ing. J Magn Reson Imaging 1997;7:91–101 CrossRef Medline

16. Haker S, Wells WM 3rd, Warfield SK, et al. Combining classifiers
using their receiver operating characteristics and maximum likeli-
hood estimation. Med Image Comput Comput Assist Interv 2005;8(pt
1):506 –14 Medline

17. Doppman JL. Parathyroid localization: arteriography and venous
sampling. Radiol Clin North Am 1976;14:163– 88 Medline

18. Miller DL, Doppman JL. Parathyroid angiography. Ann Intern Med
1987;107:942– 43 CrossRef Medline

19. Linda DD, Ng B, Rebello R, et al. The utility of multidetector com-
puted tomography for detection of parathyroid disease in the set-
ting of primary hyperparathyroidism. Can Assoc Radiol J 2012;63:
100 – 08 CrossRef Medline

20. Gafton AR, Glastonbury CM, Eastwood JD, et al. Parathyroid
lesions: characterization with dual-phase arterial and venous en-
hanced CT of the neck. AJNR Am J Neuroradiol 2012;33:949 –52
CrossRef Medline

21. Noureldine SI, Aygun N, Walden MJ, et al. Multiphase computed
tomography for localization of parathyroid disease in patients with
primary hyperparathyroidism: how many phases do we really
need? Surgery 2014;156:1300 – 06; discussion 1306 – 07 CrossRef
Medline

22. Kutler DI, Moquete R, Kazam E, et al. Parathyroid localization with
modified 4D-computed tomography and ultrasonography for pa-
tients with primary hyperparathyroidism. Laryngoscope 2011;121:
1219 –24 CrossRef Medline

23. Harari A, Zarnegar R, Lee J, et al. Computed tomography can guide
focused exploration in select patients with primary hyperparathy-
roidism and negative sestamibi scanning. Surgery 2008;144:970 –76;
discussion 976 –79 CrossRef Medline

24. Chazen JL, Gupta A, Dunning A, et al. Diagnostic accuracy of 4D-CT
for parathyroid adenomas and hyperplasia. AJNR Am J Neuroradiol
2012;33:429 –33 CrossRef Medline

25. Starker LF, Mahajan A, Björklund P, et al. 4D parathyroid CT as
the initial localization study for patients with de novo primary
hyperparathyroidism. Ann Surg Oncol 2011;18:1723–28 CrossRef
Medline

26. Beland MD, Mayo-Smith WW, Grand DJ, et al. Dynamic MDCT for
localization of occult parathyroid adenomas in 26 patients with pri-
mary hyperparathyroidism. AJR Am J Roentgenol 2011;196:61– 65
CrossRef Medline

27. Rodgers SE, Hunter GJ, Hamberg LM, et al. Improved preoperative
planning for directed parathyroidectomy with 4-dimensional com-
puted tomography. Surgery 2006;140:932– 40; discussion 940 – 41
CrossRef Medline

2152 Nael Nov 2015 www.ajnr.org



ORIGINAL RESEARCH

HEAD&NECK

Fusion of Freehand SPECT and Ultrasound to Perform
Ultrasound-Guided Fine-Needle Aspiration Cytology of

Sentinel Nodes in Head and Neck Cancer
R. de Bree, B. Pouw, D.A. Heuveling, and J.A. Castelijns

ABSTRACT

BACKGROUND AND PURPOSE: Criteria for ultrasound-guided fine-needle aspiration cytology (USgFNAC) for the detection of occult

lymph nodemetastasis in patients with clinically negative head and neck cancer are based on themorphology of cervical lymph nodes. To

improve the selection of lymph nodes for USgFNAC, we examined the feasibility of fused freehand single-photon emission tomography

ultrasound-guided fine-needle cytology (freehand SPECT-USgFNAC) of sentinel nodes in patients with early stage oral and head and neck

skin cancer.

MATERIALS ANDMETHODS: Six patients with early-stage head and neck cancer (4 oral and 2 head and neck skin cancers) and a clinically

negative neck who were scheduled for transoral or local excision and a sentinel node procedure underwent USgFNAC and freehand

SPECT-USgFNAC preoperatively.

RESULTS: All freehand SPECT sonographic examinations were technically successful in terms of identifying sentinel nodes. All aspirates of

sentinel nodes obtained by freehand SPECT-USgFNAC contained substantial radioactivity, confirming puncture of the sentinel nodes.

USgFNAC evaluated 13 lymph nodes; freehand SPECT-USgFNAC, 19 nodes; and sentinel node biopsy, 13 nodes. Three sentinel nodes were

histopathologically positive and were selected for aspiration cytology by freehand SPECT-USgFNAC, but not by conventional ultrasound.

The cytologic examination findings of the aspirations were negative or inconclusive.

CONCLUSIONS: Freehand SPECT ultrasound can identify sentinel nodes and could potentially improve USgFNAC in patients with head

and neck cancer by better selection of lymph nodes at highest risk of having metastases (sentinel nodes), but its sensitivity is limited by

sampling error and insufficient aspirated material for cytology.

ABBREVIATIONS: cN0� clinically node-negative; OSCC � oral squamous cell carcinoma; SN � sentinel node; SNB � sentinel node biopsy; US � ultrasound;
USgFNAC� ultrasound-guided fine-needle aspiration cytology

Head and neck cancer has a high propensity for metastasizing

through the lymphatics to regional lymph nodes rather than

spreading hematogenously. It is universally accepted that the neck

has to be treated by either surgery with or without adjuvant radi-

ation or chemoradiation or by primary radiation or chemoradia-

tion when lymph node metastases are present.

In patients with clinically node-negative (cN0) tumors, occult

metastases or micrometastases are still present in approximately

30% of cases. Clinical staging by palpation is typically followed by

imaging with CT, MR imaging, positron-emission tomography,

ultrasound (US), and/or ultrasound-guided fine-needle aspira-

tion cytology (USgFNAC).1,2 USgFNAC is the most reliable of

these diagnostic techniques, with a sensitivity of 48%–73% and a

specificity approaching 100%.2

In an attempt to select the lymph nodes most likely to contain

metastases, the sentinel node (SN) concept has been introduced.

Sentinel node biopsy (SNB) is a diagnostic staging procedure that

is applied in a variety of tumor types, including head and neck skin

cancers and oral squamous cell carcinoma (OSCC). The procedure

aims to identify the first draining lymph nodes, the SNs that are most

likely to have metastases. The histopathologic status of the SN should

reflect that of the rest of the nodal basin, and additional treatment of

the nodal basin (eg, lymph node dissection) should only be per-

formed in case of metastatic involvement of the SN.3
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SNB is a reliable diagnostic procedure for staging of the cN0

neck and identifying patients with occult nodal metastatic disease.

A recent meta-analysis on SNB in early OSCC showed a pooled

sensitivity of 92% and a negative predictive value of 88%–100%.4

More recently, a retrospective study of 90 previously untreated

patients with early OSCC with a cN0 neck who underwent SNB

(only neck dissection after positive findings on SNB) was per-

formed: A lymphoscintigraphic identification rate of 98%, a sur-

gical detection rate of 99%, and an upstaging rate of 30% were

found.5 SNB has been extensively used in skin cancer, particularly

melanoma.6

Although less invasive compared with elective neck dissection,

SNB is still a surgical procedure. Moreover, SNB is more complex

and costly than USgFNAC. Therefore, in most centers in which

SNB is used, patients are selected for SNB after negative findings

of USgFNAC. USgFNAC may thus avoid unnecessary SNB but

would also decrease the risk of false-negative SNB when gross

metastatic involvement of the node prohibits tracer uptake. If the

sensitivity of USgFNAC can be improved, the better yield of this

procedure as a first-line technique may reduce the number of

SNBs without jeopardizing oncologic outcome. Additionally,

SNB may result in fibrosis, making subsequent neck dissection

more difficult. Finally, patients can be scheduled immediately for

neck dissection and do not have to wait for the results of the

time-consuming and labor-intensive SN procedure.

Criteria for USgFNAC in patients with cN0 OSCC are based

on the morphology of the cervical lymph nodes. Lymph nodes

with a minimal axial diameter of �4 mm in level II of the neck and

3 mm in other levels of the neck are selected for USgFNAC to

obtain a high sensitivity.7 Inaccurate results of USgFNAC are at-

tributed to an absence of enlarged lymph nodes, aspiration of the

wrong lymph node, failure of cytologic analysis due to insufficient

material for cytopathologic diagnosis, or the presence of micro-

metastases in parts of the lymph nodes not aspirated (sampling

error). Whereas the conventional selection is based on standard

drainage patterns and lymph node size and morphology, lym-

phatic mapping identifying the SN may improve selection of the

lymph nodes with the highest risk of having metastases to be

aspirated.

Freehand single-photon emission tomography is an innova-

tive technique aiming to guide the physician to the exact localiza-

tion of the radioactive area of interest (eg, the SN). Freehand

SPECT is a 3D tomographic technique based on the imaging con-

cepts of SPECT, but with the major difference being that it is based

on data acquisition by hand-held detectors instead of gantry-

based gamma cameras. The technology is designed to use a con-

ventional gamma probe or hand-held gamma camera for the de-

tection of radiation and positioning systems to determine the

position of the detector relative to the patient. On the basis of the

integration of the acquired set of detector readouts and their po-

sition and orientation, the system is capable of generating 3D

nuclear images similar to a SPECT image, thus providing visual-

ization of the SN at any time.8,9 Freehand SPECT can be inte-

grated with video or other imaging modalities.10 Recently, the

fusion of these 3D nuclear images with US, making SN visualiza-

tion on US possible, was introduced.11,12 In this setup, functional

(fully 3D freehand SPECT) and anatomic (2D ultrasound) infor-

mation are combined in real-time.

We performed a pilot study to examine the feasibility of free-

hand SPECT-USgFNAC of SNs in patients with early OSCC and

head and neck skin cancer.

MATERIALS AND METHODS
Patient Selection
Six patients with early-stage head and neck cancer (4 OSCCs and

2 head and neck skin cancers) with a cN0 neck who were sched-

uled for transoral or local excision and an SN procedure under-

went USgFNAC and freehand SPECT-USgFNAC preoperatively.

This study was approved by the institutional review board.

USgFNAC
In routine USgFNAC, lymph nodes with a minimal axial diameter

of �4 mm in level II of the neck and 3 mm in other levels of the

neck, absence of an echogenic hilus, presence of coagulation ne-

crosis, and presence of eccentric cortical hypertrophy or hy-

poechoic sonomorphology were selected for puncture. USgFNAC

was obtained by using a syringe holder (Cameco, Täby, Sweden)

and a 22-ga needle (Terumo, Sommerset, New Jersey). Lymph

nodes were punctured twice. The radiologist performing this pro-

cedure had 25 years’ experience, and the cytopathologist, �15

years.

Lymphoscintigraphy
The SN procedure was performed according the guidelines of the

European Association of Nuclear Medicine and the European

Sentinel Node Trial group,3 within 1 week following USgFNAC.

In the 24-hour period before surgery 100 MBq (divided over 4

aliquots of 0.15– 0.20 mL each) of technetium Tc99m–labeled

nanocolloid (NanoColl; GE Healthcare, Eindhoven, the Nether-

lands) was injected peritumorally. Directly following injection,

dynamic and planar lymphoscintigraphic images were acquired

followed by SPECT-CT imaging.

Freehand SPECT-USgFNAC
After complete lymphoscintigraphy (including SPECT-CT), pa-

tients underwent freehand SPECT-USgFNAC. The freehand

SPECT system (declipse SPECT; SurgicEye, Munich, Germany)

combines a hand-held gamma probe system (Crystal Probe; Crys-

tal Photonics, Berlin, Germany; first patient) or a hand-held

gamma camera system (CrystalCam; Crystal Photonics; patients

2– 6) with an infrared optical tracking system and an integrated

data processing unit. To reference a common coordinate system,

we taped a configuration of optical and magnetic markers on the

sternum or head and used it to determine the position of the

patient (see below). The gamma detectors were calibrated to in-

clude the 140 keV(peak) of technetium Tc99m with an energy

window of 40 keV for the probe and 10 keV for the camera. The

collimator opening of the probe was approximately 40°. The

gamma camera used a hand-held, semiconductor solid-state scin-

tillator and a solid-state detector-based handheld gamma camera

parallel collimator with 16 � 16 holes with dimensions of 2.16 �

2.16 mm2, resulting in an FOV of 40 � 40 mm2. See Fig 1 for the

clinical setup.
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To obtain 3D images, we separately scanned each area of preop-

eratively identified SN by moving the gamma probe or camera in

different directions over the skin. Scanning was stopped when the

complete volume reached a sufficient information attenuation (as

indicated by the system; commonly 1 minute) and thus a sufficient

image quality.

US was performed by using a commercially available US system

(LOGIQ E9; GE Healthcare, Milwaukee, Wisconsin) configured

with Volume Navigation and an ML6–15 US transducer. An electro-

magnetic transmitter was placed near the imaging area, and a pair of

electromagnetic sensors was attached to a bracket that connects to

the US transducer. The position-sensing equipment allowed the US

device to track the position of the transducer, and therefore the image

position, within the electromagnetic field.

To ensure the correct positioning and alignment of both track-

ing systems, we used the merged common optical/electromag-

netic patient reference as mentioned above. The combination of 2

independent tracking systems allowed automatic coregistration

of SPECT and US images without the need of user-interaction-

like point-based registration (eg, by using anatomic landmarks or

surface scanners) as used in commercial surgical navigation

suites. As the US image is moved, the freehand SPECT image

follows its movement in real-time. The images are displayed side

by side or in blended, overlapping format.

Specific attention was paid to avoid movement of the head and

neck during the procedure to minimize deviations in the fused im-

ages. The head of the patient lay in a holder normally used in the

operating room for patients undergoing head and neck surgery.

USgFNAC was performed on the SN visualized on the fused

images. The radiologist who performed freehand SPECT-

USgFNAC was blinded to the results of planar lymphoscintigraphy

and SPECT-CT. Freehand SPECT-US-guided aspirations were

performed by using a syringe holder (Cameco) and a 0.6 � 25 mm

needle (Terumo). After visualization of the needle inside the

lymph node, we started aspiration and continued it by moving the

needle gently up and down. Aspirates were checked for radio-

activity by counting 60 seconds in a well-counter (1282 Com-

pugamma; LBK Wallac, Turku, Finland) and sent for cyto-

pathologic examination.

Sentinel Node Biopsy
At the start of surgery, 1 mL of Patent Blue V dye diluted 1:3

(volume to volume) in water was injected at 4 equally spaced

points to completely surround the tumor. Subsequently, the po-

FIG 1. Patient 2 with a T2 lateral tongue carcinoma. A, Peritumoral injection of technetium Tc99m labeled–nanocolloid. B, Freehand SPECT-US.
Note the optical markers on the freehand gamma camera (G), the transmitter generating the magnetic field (T), the electromagnetic sensor
attached to the US transducer (Tr), and the shared optical and electromagnetic sensor (S) affixed to the head of the patient. The optical camera
is not shown in this image. A fused SPECT-US image is on the screen (Sc) after SPECT data have been loaded onto the US machine in DICOM
format by using a USB stick. C, Use of freehand SPECT during surgery. Note the optical sensors on the probe (P) and the sternum of the patient
(S). D, Freehand SPECT and US systemwith infrared optical tracking system (camera [C], detectors [G
P], and sensors [S]) and a data processing
unit (U).
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sition of the SN was verified by using the freehand SPECT system

before the skin incision was made. The 3D navigation modus

provides information about the direction and distance of the SN

in relation to the tip of the gamma probe and could be displayed in

real-time during the procedure. After excision of the SN, the same

area was scanned once more and compared with the primary scan

on-screen before excision to confirm removal of all SNs.

Histopathologic examination of SNs consisted of step-serial

sectioning with an interval of 150 –250 �m of the entire lymph

node. Of each level, staining with hematoxylin-eosin and pan Cy-

tokeratin Antibody (AE 1/3) was performed. Occult metastases

were differentiated into isolated tumor cells (�0.2 mm), micro-

metastasis (�0.2 mm and �2 mm), or macrometastasis (�2

mm). If a nodal tumor deposit was proved by SNB, subsequent

neck dissection was performed during a second surgical

procedure.

For topographic evaluation, the lymph nodes were scored ac-

cording to the universally used neck level classification.13

RESULTS
All freehand SPECT-US examinations were technically successful

in terms of identifying SNs. Deviations of the fused freehand

SPECT and US images were limited to a few millimeters, not

precluding selection of lymph nodes for freehand SPECT-

USgFNAC. All aspirates obtained by freehand SPECT-USgFNAC

contained substantial radioactivity, confirming the puncture of

the SNs. The results of the USgFNAC, freehand SPECT-

USgFNAC, and SNB are summarized in the Table.

Overall 13 lymph nodes were detected as suspicious and sam-

pled on the basis of US alone, and no tumor deposits were found

in these nodes. Four of these 13 nodes (all in the last patient) were

not SNs as determined by freehand SPECT-US or SNB. Freehand

SPECT-US selected 10 (sentinel) lymph nodes for aspiration,

which had not been selected by US-only, mainly because the di-

ameter of these nodes was below the selection limit (see, for ex-

ample, Figs 2 and 3). Freehand SPECT-US also enabled sampling

of 7 nodes not resected during the surgical SNB. One negative SN

that was not identified by freehand SPECT-US was resected dur-

ing SNB. Although none of the freehand SPECT-

USgFNAC aspirates were positive for lymph node metastases, all 3

positive SNs were selected for puncture by freehand SPECT-US

and not by US-only. One SN contained isolated tumor cells, and

the other 2 positive SNs contained micrometastasis (0.2 and 0.3

mm). Patients 3 and 4 had no additional lymph node metastases,

Primary tumors and results of USgFNAC, aspiration cytology guided by fused images of freehand SPECT-USgFNAC, and SNB of 6
patients with early-stage head and neck cancer

Patient Primary Tumor

USgFNAC Freehand SPECT-USgFNAC SNB

Level Size (mm) Cytopath Level Size (mm)a Countsb Cytopath Histopath

1 T1 tongue L SCC II L 2.5 52710 � II L �
II L 1.5 555 � II L �
II L 1.5 35340 � II L �

III R �
2 T2 tongue L SCC II L 6.2 � II L 4.8 3051 � II L �

III L 7.4 � III L 7.1 40151 �
IVL 5.1 � IVL 4.8 36354 � IV L �

3 T2 ala nasi R Merkel cell carcinoma I R 4.0 2847 0 I R 
 (i
)
I R 4.3 208 �

II R 6.4 � II R 6.6 204 0
I L 4.9 409 0

4 T1 auricle R melanoma P R 2.8 � P R 2.3 74944 � P R 
 (mi)
II R 2.4 241233 � II R �

5 T2 floor of mouth L SCC I R 4.5 � I R 2.8 2782 � I R �
I R 5.8 6707 �

I L 4.9 � I L 3.9 2080 � I L �
I L 4.4 � I L 3.9 3124 �

I L 4.5 553 �
6 T1 tongue L SCC R II 4.8 �

L I 4.5 � L I 4.2 207518 � L I �
L I 4.5 �
L I 4.5 �
L II 5.9 �

L II 2.8 45942 � L II 
 (mi)

Note:—SCC indicates squamous cell carcinoma; Cytopath, cytopathologic examination; Histopath, histopathologic examination; L, left; R, right; P, in parotid gland; i
, isolated
tumor cells; mi, micrometastasis;�, tumor negative; 0, inconclusive;
 tumor positive.
a Size in minimal axial diameter.
b Counts per 60 seconds.

FIG 2. Freehand SPECT-US (A) and US-only image (B) of a sono-
graphically unremarkable (nonsuspicious) sentinel lymph node of
2.3 mmwith micrometastasis in the right parotid gland in patient 4.
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while patient 6 had 2 additional micrometastatic (nonsentinel)

lymph nodes in the neck dissection specimen. During follow-up

(including USgFNAC every 3 months) of at least 6 months, none

of the patients developed a recurrence in the neck.

DISCUSSION
The present study is the first to report on freehand SPECT-

USgFNAC in patients with head and neck cancer, to our knowl-

edge. Freehand SPECT-US mapping of SNs is feasible in patients

with early head and neck cancer. Although freehand SPECT-

USgFNAC revealed no metastasis, freehand SPECT-US selected

the metastatic lymph nodes correctly, whereas US-only did not

select these lymph nodes. Moreover, freehand SPECT-USgFNAC

allowed evaluation of SNs not identified during SNB (eg, due to

blocked drainage by tumor deposits or shinethrough of the injec-

tion site, which could reduce the false-negative rate of SNB).

Findings of freehand SPECT-USgFNAC were false-negative in

3 patients, probably due to sampling error and the limited

amount of aspirated material (insufficient material for diagnosis)

because these 3 lymph nodes contained only isolated tumor cells

or micrometastasis. Although polymerase chain reaction tech-

niques may decrease the number of inconclusive diagnoses,14

sampling error will be inherent in aspiration instead of excisional

biopsy of the SN.

A few studies reported on USgFNAC of SNs in early oral can-

cer. Colnot et al15 reported in 2001 the initial experiences of VU

University Medical Center in 12 patients with oral and oropha-

ryngeal cancer and a cN0 neck. After visualization of the SN, the

position was marked on the overlying skin with the use of a point-

of-source 57Co marker and was confirmed with a gamma probe.

After preparation of the cytologic smears, they counted residues

of the aspirates from SNs in a liquid scintillation counter to con-

firm correct aspiration. Cytologic examination of the aspirated

SNs revealed lymph node metastases in 6 patients who underwent

neck dissection. In the remaining patients who underwent only

transoral excision, 1 false-negative result was observed. They con-

cluded that this combined approach is expected to improve the

detection of occult lymph node metastases.15

In a further study, Nieuwenhuis et al16 reported in 2002 that in

39 patients with early oral and oropharyngeal squamous cell car-

cinoma undergoing conventional and SN-guided USgFNAC, 11

additional lymph nodes were aspirated because of the SN proce-

dure. Because these lymph nodes were all tumor-negative or con-

tained insufficient material at cytologic examination, no addi-

tional value of SN aspiration could be demonstrated at that

time.16 In the aforementioned studies, aspiration of radioactivity-

only does not prove that the real SN has been aspirated because

second-echelon nodes can become radioactive. In the last decade,

SN identification has been improved. In the aforementioned

studies, no SPECT-CT has been used. SPECT-CT may be espe-

cially helpful in the identification and localization of SNs close to

the injection site and in differentiation of SNs and second-echelon

nodes. Moreover, in the study of Nieuwenhuis et al,16 late images

were only obtained in 9 of 39 patients, potentially missing SNs in

oral cavity tumors other than the lateral tongue and floor of

mouth and contralateral SNs in or near midline tumors.17

Höft et al18 reported on 16 patients diagnosed with oral, oro-

pharyngeal, or dermal squamous cell carcinoma who had been

staged as N0 and who underwent lymphoscintigraphy to localize

SNs and USgFNAC on SNs before elective neck dissection. In 14

of 16 patients, an SN could be visualized. Seventeen ipsilateral and

4 contralateral nodes were identified as SNs. No gamma probe

was used. In 9 of these 21 SNs, it was difficult to differentiate the

SN from other lymph nodes in close proximity by US. In 6 of these

14 patients, lymph node metastases were found in the neck dis-

section specimen, and all patients had at least macrometastases. In

only 1 of these 6 patients was metastasis detected by USgFNAC of

the SN.18 In this study, it is debatable whether without the use of

the gamma probe and confirmation of radioactivity in the aspi-

rate, the real SNs were sampled.

Improvement of USgFNAC by aspiration of the real SN can

probably increase the sensitivity of the detection of occult lymph

node metastasis, but it cannot address the problem of lymph

nodes too small for aspiration, insufficient aspirated material, and

sampling error. However, any yield in the detection of occult

lymph node metastasis by USgFNAC will reduce the number of

SNBs needed to give patients with early OSCC the best prognosis

without unnecessary extensive diagnostic procedures.

The first clinical results of freehand SPECT have been reported

in patients with breast cancer.19 In head and neck cancer, initial

studies described the feasibility of this technique.20-23 A recent

study in 66 patients with early OSCC confirmed that the use of the

freehand SPECT system is feasible in the intraoperative detection

of sentinel nodes in early-stage oral cancer. Moreover, freehand

SPECT provides helpful information facilitating the SN biopsy

procedure in a quarter of cases.24 Freehand SPECT has also been

used successfully in malignant melanoma to facilitate the detec-

tion and resection of SNs.25

Freehand SPECT-US fusion combines the advantages of func-

tional and anatomic information. Freesmeyer et al11,12 showed

that freehand SPECT-US was feasible and technically successful in

patients with breast cancer, melanoma, and thyroid disease. How-

ever, some technical limitations were shown in freehand SPECT

quality and fusion precision.23,24 The use of a hand-held gamma

camera instead of a gamma probe and proper stabilization of the

neck as shown in this preliminary study seem to overcome these

difficulties. Recently, it has been shown that freehand SPECT-US-

guided needle biopsy of sentinel lymph nodes in the axilla is fea-

sible.26 In the present study, we present the first results of free-

FIG 3. Freehand SPECT-US (A) and US-only image (B) of a sono-
graphically unremarkable (nonsuspicious) pathologically tumor-
negative sentinel lymph node of 2.4 mm in level II on the right side
in patient 4.
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hand SPECT-USgFNAC in 6 patients with early-stage head and

neck cancer.

Limitations of this study are the small number of patients

included and the lack of pathologically positive freehand

SPECT-USgFNAC findings, but the concept and feasibility of

sentinel node identification and aspiration by freehand

SPECT-USgFNAC are shown. Larger studies are needed to deter-

mine the accuracy of this new technique. As a potential pitfall,

because the neck is nonrigid, extra attention must be paid to per-

form the different examinations in positions as similar as possible.

A holder for fixation of the head would be helpful.

CONCLUSIONS
Freehand SPECT-US can identify SNs and could improve

USgFNAC in patients with head and neck cancer by better selec-

tion of lymph nodes at the highest risk of having metastases, but

its sensitivity is limited by sampling error and insufficient aspi-

rated material for cytology. Nevertheless, it can potentially reduce

the need for SNB, currently the most sensitive technique for the

detection of occult lymph node metastases, in patients with head

and neck cancer by selecting patients directly for therapeutic neck

dissection. Larger studies are needed to assess the additional value

of freehand SPECT-USgFNAC.
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23. Bluemel C, Herrmann, Kübler A, et al. Intraoperative 3-D imaging
improves sentinel lymph node biopsy in oral cancer. Eur J Nucl Med
Mol Imaging 2014;41:2257– 64 CrossRef Medline

24. Heuveling DA, van Weert S, Karagozoglu KH, et al. Evaluation of the
use of freehand SPECT for sentinel node biopsy in early stage oral
carcinoma. Oral Oncol 2015;51:287–90 CrossRef Medline

25. Mihaljevic AL, Rieger A, Belloni B, et al. Transferring innovative
freehand SPECT to the operating room: first experiences with sen-
tinel lymph node biopsy in malignant melanoma. Eur J Surg Oncol
2014;40:42– 48 CrossRef Medline

26. Okur A, Hennersperger C, Runyan B, et al. FhSPECT-US guided
needle biopsy of sentinel lymph nodes in the axilla: is it feasi-
ble? Med Image Comput Comput Assist Interv 2014;17(pt 1):
577– 84 Medline

2158 de Bree Nov 2015 www.ajnr.org



CLINICAL REPORT

HEAD&NECK

Enlargement of the Internal Auditory Canal and Associated
Posterior Fossa Anomalies in PHACES Association

D.E. Meltzer, X C.D. Robson, F. Blei, and R.A. Holliday

SUMMARY: We noted enlargement of the internal auditory canal in several of our patients with posterior fossa malformations, heman-

giomas, arterial anomalies, cardiac defects, eye abnormalities, and sternal or supraumbilical defects (PHACES) association and hence

evaluated children with PHACES for the presence of an enlarged internal auditory canal and potential associated findings, including

infantile hemangioma within the internal auditory canal, to understand the genesis of this enlargement. We reviewed our records to

identify childrenwith PHACES associationwhohad been evaluatedwithMR imaging at our institutions. Imagingwas reviewed for abnormal

enhancement in the internal auditory canal, internal auditory canal enlargement, cerebellar hypoplasia, prominence of the petrous ridge,

and deformity of the calvarium. We raise the possibility of an association between enlargement of the internal auditory canal in PHACES

and a generalized malformation of the posterior fossa with cerebellar and calvarial hypoplasia.

ABBREVIATIONS: IAC� internal auditory canal; PHACES�posterior fossamalformations, hemangiomas, arterial anomalies, cardiac defects, eye abnormalities, and
sternal or supraumbilical defects

Posterior fossa malformations, hemangiomas, arterial anoma-

lies, cardiac defects, eye abnormalities, and sternal or su-

praumbilical defects compose the PHACES association.1,2 The

regional facial infantile hemangiomas of PHACES association are

frequently associated with ipsilateral cerebellar hypoplasia and

ipsilateral anomalies of the intracranial internal carotid artery.3,4

More recently, attention has been drawn to the incidence of in-

tracranial hemangiomas, especially in the internal auditory canal

(IAC) and cerebellopontine angle cistern.5-8 The purpose of this

study was to document the incidence and imaging appearance of

anomalies of the IAC and the potential for associated posterior

fossa anomalies in patients with PHACES association.

CASE SERIES
The index patient was a 25-year-old woman who presented with

chronic hearing loss and a history of a facial hemangioma in in-

fancy. Initial temporal bone CT revealed a funnel-shaped config-

uration of the prominent left IAC, prominence of the left poste-

rior petrous ridge, hypoplasia of the left occipital bone, and

findings consistent with a persistent left stapedial artery (Fig 1).

Subsequent MR imaging demonstrated left cerebellar hypoplasia,

enlargement of the left IAC, and an asymmetrically prominent left

retrocerebellar CSF space (Fig 2). No abnormal enhancement was

observed in the IAC or posterior fossa.

Subsequent review of clinical data bases at 2 institutions iden-

tified 44 patients (37 male, 7 female) diagnosed with PHACES

association who underwent diagnostic MR imaging of the brain

between 2003 and 2012. Institutional review board approval was

obtained from the 2 participating institutions for this retrospec-

tive review. A neuroradiologist with 9 years of experience and a

pediatric neuroradiologist with 20 years of experience performed

a consensus review of MR imaging examinations of the brain

from pediatric patients with an established diagnosis of PHACES

association based on accepted clinical criteria.

MR imaging techniques varied slightly among the patients,

depending on the location of their scans and whether the brain

examinations were modified for inclusion of imaging of the face

to evaluate facial hemangiomas. Typically, axial T2-weighted im-

ages were obtained by using an FSE or TSE technique at section

thicknesses ranging from 2.5 to 5 mm, with a 0- or 1-mm gap.

Multiplanar postgadolinium T1-weighted images were acquired

at a 3- to 5-mm section thickness with a 0- or 1-mm gap, with or

without a fat-saturation technique. All MR imaging studies were

evaluated for asymmetric caliber or contour of the IAC, intra-

canalicular enhancement, cerebellar asymmetry, and asymmetric
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size or morphology of the petrous and occipital bones (Fig 3). All

abnormal findings were classified as ipsilateral or contralateral to

the patients’ facial hemangiomas (Fig 4).

Nineteen of 44 (43%) cases demonstrated unilateral funnel-

FIG 1. Coronal CT image of the left temporal bone (A) shows a prom-
inent IAC (large white arrow) and a persistent stapedial artery (small
white arrow). Axial CT image of the head (B) shows prominence of the
left posterior petrous ridge (black arrow) and a relatively flattened,
slightly thickened ipsilateral occipital calvarium (arrowheads).

FIG 2. MR imaging of the same adult patient as in Fig 1. Axial T2-
weighted image (A) shows prominent CSF in the left posterior fossa,
enlarged left IAC (white arrow), and prominence of the posterior
petrous ridge (asterisk in A). B, Coronal postcontrast T1-weighted im-
age. The left cerebellum is hypoplastic (asterisk in B), and there is
subtle calvarial deformity with focal thickening of the diploic space
(arrows in B).

FIG 3. A 6-month-old girl. Axial (A) and coronal (B) T2-weighted images show unilateral enlargement and downsloping of the right IAC (white
arrows). Note ipsilateral cerebellar hypoplasia (asterisk in A) and prominence of the posterior petrous ridge (black arrow). Additional coronal
T2-weighted image (C) shows mild occipital calvarial flattening (arrowheads) ipsilateral to the cerebellar hypoplasia.

FIG 4. A 26-month-old girl. Axial T2-weighted image shows a right
facial hemangioma (white arrow), ipsilateral to the enlarged right IAC
(black arrow), and cerebellar hypoplasia (asterisk).

FIG 5. A 4-month-old girl. Axial postcontrast fat-suppressed T1-
weighted images show an enhancing mass in the left IAC (arrow in A),
which markedly diminishes in size on follow-up imaging at 3 years of
age (arrow in B). Note the ipsilateral left facial and preauricular hem-
angioma, which similarly involutes (arrowheads in A and B). Note also
mild prominence of the left cavernous sinus, thought to harbor an
additional small hemangioma (small arrows in A and B). Minimal left
cerebellar hypoplasia was better demonstrated on T2-weighted im-
ages (not shown).
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shaped IAC enlargement; this group of 19 patients included 16

female and 3 male patients between 8 days and 18 years of age

(average age, 40 months) at the time of initial MR imaging. IAC

enlargement was ipsilateral to the facial hemangioma in 17/19

patients and contralateral in 1/19. One patient with enlargement

of the left IAC had bilateral facial hemangiomas.

Fifteen of 19 patients with unilateral IAC enlargement under-

went contrast-enhanced thin-section imaging through the poste-

rior fossa during the first 3 years of life. Of the remaining 4 pa-

tients, 3 were initially imaged with intravenous contrast at ages 8,

17, and 18 years. One neonate did not receive intravenous

contrast.

Of the 15 patients in whom MR imaging was performed with

contrast during the first 3 years of life, 6 had avidly enhancing IAC

masses consistent with hemangiomas. Asymmetric IAC enhance-

ment without a discrete mass was identified in 1 patient. Fol-

low-up studies were available on 4 of these 7 patients, all of which

demonstrated resolution of enhancement or reduction in lesion

size (Fig 5). IAC enhancement was ipsilateral to the facial heman-

gioma in 7/7 patients. Resolution of IAC enhancement appeared

to parallel resolution of the facial hemangiomas.

In 2 of the 7 patients with IAC enhancement, there was also

abnormal enhancement within the fourth ventricle, consistent

with an additional intracranial hemangioma. Involution of this

enhancement also paralleled the involution of the facial heman-

gioma (Fig 6).

Of the 7 patients with IAC enhancement, 6 demonstrated

prominence of the ipsilateral posterior petrous ridge, 5 had ipsi-

lateral cerebellar hypoplasia, and 5 had a deformity of the ipsilat-

eral occipital bone.

Of the 12 patients without documented IAC enhancement, 10

demonstrated prominence of the ipsilateral posterior petrous

ridge, 11 had ipsilateral cerebellar hypoplasia, and 11 had a defor-

mity of the ipsilateral occipital bone.

Overall, 13/19 patients demonstrated a combination of en-

largement of the IAC, ipsilateral cerebellar hypoplasia, promi-

nence of the ipsilateral posterior petrous ridge, and deformity of

the ipsilateral occipital bone.

The findings discussed above are summarized in the Table.

DISCUSSION
Approximately 36% of the pediatric patients with enlarged IACs

imaged with contrast-enhanced MR imaging during the first 3

years of life had abnormal IAC enhancement indicating the pres-

ence of an ipsilateral IAC hemangioma. The percentage increased

to 70% of patients when imaging was performed during the first

year of life.

One limitation to the detection of

IAC hemangioma is the requirement of

MR imaging during infancy with intra-

venous contrast and thin-section, high-

resolution T1-weighted images through

the IAC. In 1 patient, the examination

during infancy was performed without

sedation, following feeding and swad-

dling, and contrast was not adminis-

tered. In another, the initial facial lesion

was mistaken for a port-wine stain, and

imaging before 2 years of age was per-

formed for evaluation of possible

Sturge-Weber syndrome. Eight patients

underwent initial imaging beyond in-

fancy, at which time any intracranial

hemangioma would presumably have

involuted.

Eighty-four percent of patients with

IAC enlargement had ipsilateral promi-

nence of the petrous ridge, 79% had ip-

silateral cerebellar hypoplasia, and 79%

had ipsilateral abnormality of the over-

FIG 6. A 3-month-old boy. A, Axial postcontrast T1-weighted image
shows an enhancing mass in the right IAC (white arrow). There is also
abnormal enhancement in the fourth ventricle (black arrow), suspi-
cious for an additional hemangioma. B, Fifteen-month follow-up im-
aging of the same patient. Fat-suppressed T1-weighted image shows
diminished enhancement in the right IAC (white arrow). The previ-
ously seen enhancement in the fourth ventricle is also less conspicu-
ous, beginning to resemble normal choroidal enhancement (black
arrow). The cerebellum appears normal.

Posterior fossa anomalies in 19 patients with PHACES with IAC enlargement

Age at
Initial MRI Sex

IAC
Enhancing

Posterior
Petrous
Prominence

Cerebellar
Hypoplasia

Occipital
Bone

Side of Facial
Hemangioma

3 mo F Yesa Yes Yes Smaller Ipsilateral
1 mo F Yesa Yes No No Ipsilateral
2 mo F Yesa Yes No No Ipsilateral
4 mo F Yesa Yes Yes Smaller Ipsilateral
38 d M Yes No Yes Larger Ipsilateral
9 mo F Yes Yes Yes Smaller Ipsilateralb

29 mo M Yes Yes Yes Smaller Ipsilateral
24 mo F No Yes Yes Smaller Ipsilateral
18 mo M No Yes Yes Smaller Ipsilateral
15 mo F No Yes Yes Deformed Contralateral
4 mo F No Yes Yes Smaller Ipsilateral
24 mo F No Yes Yes Smaller Ipsilateral
21 d F No Yes Yes Larger Ipsilateral
32 d F No Yes Yes Larger Ipsilateral
18 y F No Yes Yes Smaller Ipsilateral
8 y F NA No Yes Smaller Ipsilateral
13 y F NA Yes Yes Deformed Ipsilateral
17 y F NA No No No Ipsilateral
8 d F NA Yes Yes Larger Ipsilateral

Note:—NA indicates that the patient did not receive intravenous contrast.
a Enhancement involuted on subsequent study.
b Facial hemangioma was bilateral.
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lying calvarium. Sixty-eight percent of the patients with IAC en-

largement had all 3 of these findings. This result would suggest

that the enlarged IAC may be part of a spectrum of related poste-

rior fossa abnormalities in a subset of patients with PHACES as-

sociation, possibly due to abnormal embryogenesis, but 28% of

patients with IAC enhancement did not have cerebellar hypopla-

sia or occipital deformities.

All 19 patients with IAC enlargement had segmental facial

hemangiomas as expected in PHACES association. All except 1 of

the facial hemangiomas were ipsilateral to their posterior fossa

anomalies, consistent with the prevailing theories regarding the

underlying pathogenesis of conditions such as PHACES associa-

tion. PHACES is an example of a metameric association, similar

to other entities such as cerebrofacial venous metameric syn-

dromes and cerebrofacial arteriovenous metameric syndromes.

These syndromes share an underlying etiology related to the ce-

phalic migration of neural crest cells.9-11

Cerebrofacial venous metameric syndromes and cerebrofacial

arteriovenous metameric syndromes tend to have an axial, seg-

mentally arranged distribution of lesions, with lesions in a single

metamere. In contrast, the anomalies in PHACES (sternal, aortic,

arterial, ocular, and posterior fossa) suggest a longitudinal dys-

function in the migration of the cephalic neural crest cells. Krings

et al9 suggested that the association between hemangiomas of the

cerebellopontine angle and ipsilateral agenesis of the ICA indi-

cates links between migrational aberrations affecting the third

aortic arch, the third branchial arch, and the rhombencephalon.

Although the presence or absence of a hemangioma in the IAC

or cerebellopontine angle cistern could be incidental to the other

posterior fossa findings described, a hemangioma in this region

occurs with a frequency that suggests, at least in some cases, a

causal relationship. In addition, the demonstration of unilateral

cerebellar hypoplasia with ipsilateral funnel-shaped IAC enlarge-

ment later in childhood or in adulthood may be helpful in sug-

gesting a diagnosis of PHACES association. This finding is useful

in distinguishing PHACES association from other causes of cere-

bellar hypoplasia. Detection of fetal cerebellar hypoplasia, partic-

ularly when unilateral, should prompt consideration of PHACES

association in the differential diagnosis. A diagnosis of PHACES

association should prompt questioning about a history of prior

regional infantile hemangioma and a critical assessment with MR

imaging and MRA for associated intracranial arterial anomalies

and/or steno-occlusive disease.

CONCLUSIONS
We demonstrate a high incidence of funnel-shaped IAC enlarge-

ment in patients with PHACES association, and many of these

patients were found to have hemangiomas within the enlarged

IAC, particularly when scanned with contrast-enhanced MR im-

aging during the first year of life. Those patients with IAC enlarge-

ment, in the presence or absence of an enhancing mass, have a

high incidence of abnormalities of the petrous bone, occipital

bone, or cerebellum The results raise the possibility that the en-

larged IAC in PHACES is related to a generalized malformation of

the osseous components of the posterior fossa, in association with

cerebellar hypoplasia and sometimes with IAC hemangioma.

Unilateral enlargement of the IAC in an adult patient without an

apparent mass in the IAC should prompt questioning and evalu-

ation for possible PHACES association.
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WhiteMatter Development is Potentially Influenced in
Adolescents with Vertically Transmitted HIV Infections: A

Tract-Based Spatial Statistics Study
X J. Li, G. Wu, Z. Wen, J. Zhang, H. Lei, X. Gui, and X F. Lin

ABSTRACT

BACKGROUND AND PURPOSE: Convergent evidence indicates that HIV is associated with abnormal WM microstructure in adults.

However, little is known aboutwhether HIV affectsWMdevelopment in adolescents. In this study, we usedDTI to investigate the integrity

of WM microstructure in adolescents with vertically transmitted HIV infections.

MATERIALS AND METHODS: Fifteen HIV-positive adolescents with vertically transmitted infections and 26 HIV-negative controls par-

ticipated in this study. Whole-brain analysis of fractional anisotropy was performed by Tract-Based Spatial Statistics to localize abnormal

WM regions between groups. VOI analysis was further performed to explore the changes in diffusivity indices in the regionswith fractional

anisotropy alterations. Correlation analyses were used to assess the relationship between fractional anisotropy alterations and clinical

measures within the HIV-positive group.

RESULTS: Relative to HIV-negative controls, HIV-positive adolescents demonstrated significantly reduced fractional anisotropy in the

corpus callosum, superior and posterior corona radiata, frontal and parietal WM, pre-/postcentral gyrus, and superior longitudinal

fasciculus. In the affected regions, fractional anisotropy reductions were caused by an increase in radial diffusivity, and no changes were

observed in axial diffusivity. Moreover, fractional anisotropy values in the bilateral frontal WM were negatively correlated with the

duration of highly active antiretroviral therapy and were positively associated with the age at onset of highly active antiretroviral therapy.

CONCLUSIONS: These findings suggest that early HIV infections may affect WM development, especially in the frontal WM, corpus

callosum, and corona radiata in adolescents, which may be associated with hypomyelination and demyelination. Moreover, WM integrity

may serve as a potential new treatment target.

ABBREVIATIONS: AD� axial diffusivity; FA� fractional anisotropy; HAART� highly active antiretroviral therapy; MD�mean diffusivity; RD� radial diffusivity;
TBSS� Tract-Based Spatial Statistics

HIV infections around the world are increasing constantly.1

HIV is a neurotrophic virus affecting the cellular immune

system through the infection and destruction of CD4 lympho-

cytes, which causes multiple organs, such as the respiratory sys-

tem,2 digestive system,3 and CNS, to have relevant illnesses.4

Cognitive impairment, HIV-associated dementia, and AIDS de-

mentia complex are commonly observed.5

DTI is capable of examining the WM and providing objective

parameters that measure the microstructural features nonde-

structively and noninvasively.6 Recent DTI studies have identified

abnormalities in the subcortical WM and corpus callosum, de-

spite appearing normal on conventional MRI in HIV-infected

adults.7 Abnormal WM integrity, such as reduced fractional an-

isotropy (FA) or increased mean diffusivity (MD), was found in

the splenium,8 superior longitudinal fasciculus,9 anterior and su-

perior corona radiata,10,11 and frontal and parietal WM12 in HIV-

infected adults.

Similarly, neuroimaging studies have also demonstrated vast

WM abnormalities in adolescents with vertically transmitted HIV

infection. For example, a voxel-based morphometry study re-

ported WM atrophy in the posterior part of corpus callosum,
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external capsule, and ventral temporal lobe in vertically infected

youths (age range, 13–25 years).13 Hoare et al14 found that verti-

cally HIV-infected children (age range, 8 –12 years) had lower FA

and higher MD and radial diffusivity (RD) in the corpus callosum

and increased MD in the superior longitudinal fasciculus. Taken

together, these findings suggest that abnormal WM integrity may

also be present in adolescents (age range, 12–18 years) with verti-

cally transmitted HIV infections. However, previous studies have

focused mainly on adults or younger children, and few studies

have focused on adolescents with HIV infections. In addition,

highly active antiretroviral therapy (HAART) appears to have a

positive impact on the WM in the temporal lobe15 but with some

toxicity.16 The effects of HAART in adolescents are also uncertain;

this uncertainty may be attributed to high rates of nonadher-

ence17 and loss to follow-up.18

Therefore, in this study, we used DTI combined with Tract-

Based Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl

/fslwiki/TBSS) analysis to investigate the integrity of WM mi-

crostructure in adolescents with vertically transmitted HIV in-

fections undergoing current HAART.

MATERIALS AND METHODS
Subjects
We recruited 15 HIV-positive adolescents undergoing combina-

tion HAART (mean age, 15.3 � 1.3 years; range, 13–17 years).

The HIV was confirmed by an enzyme-linked immunosorbent

assay and western blot. We also recruited 26 age- and sex-matched

HIV-negative subjects (mean age, 15.0 � 1.6 years; range, 12–18

years). All of the HIV-positive adolescents were infected through

mother-to-child transmission during pregnancy, delivery, or

breastfeeding, and the HIV-negative subjects’ fathers or mothers

(or both) also had HIV infections. The socioeconomic statuses of

the groups and the cultural and ethnic backgrounds of their fam-

ilies were similar. The detailed demographic information and

clinical measures are listed in Table 1. All subjects were recruited

from the Center of AIDS Prevention and Cure of Zhongnan Hos-

pital, Wuhan University. The inclusion criteria for HIV-infected

subjects were HIV acquisition during the fetal or neonatal period,

current treatment with HAART, and right-handedness. For the

control subjects, the inclusion criteria were the confirmation of

HIV-negative status by enzyme-linked immunosorbent assay and

right-handedness.

The exclusion criteria for all the subjects included age younger

than 12 years or older than 18 years, acute medical illnesses, cur-

rent or past medical or neurologic disor-

ders, psychiatric diseases, mental retar-

dation, current alcohol or substance

abuse, HIV encephalopathy and oppor-

tunistic infections, MR imaging contra-
indications, claustrophobia, and meta-
bolic disturbances or other brain
diseases (not HIV-related). For control
subjects, the exclusion criteria also in-
cluded severe school difficulties and any
chronic medication other than asthma
medication. Most of the HIV-infected
participants underwent laboratory eval-
uations, such as plasma CD4 T-cell

counts. The CD4 counts ranged from 12 to 1014 cells/mL (aver-
age, 605.8 cells/mL). In this study, the patients who were HIV-
positive were all undergoing HAART. Thus, all of the plasma viral
loads were undetectable (0 –50 copies/mL). The Montreal Cogni-
tive Assessment and the Mini-Mental State Examination were
used to assess the subjects’ cognitive abilities.

The study was approved by the Medical Ethics Committee of
Zhongnan Hospital of Wuhan University, and written informed
consent was obtained from all participants or their guardians after
a complete description of the measurements required for the
study.

Image Acquisition
All subjects were scanned by a 3T MR imaging scanner (Tim Trio;

Siemens, Erlangen, Germany). An 8-channel phased array head

coil was used with restraining foam pads to minimize head mo-

tion and diminish the sounds of the scanner. A single-shot, spin-

echo EPI technique with alignment of the anterior/posterior com-

missure plane was performed with the following parameters:

TR � 6000 ms, TE � 87 ms, FOV � 24 � 24 cm2, acquisition

matrix � 128 � 128 zero-filled to 256 � 256, section thickness �

3 mm without gap, sections � 45, number of repetitions � 4,

parallel acceleration factor � 2. The diffusion sensitizing gradi-

ents were applied along 20 noncollinear gradient encoding direc-

tions with b�1000 s/mm2 with an acquisition without diffusion-

weighting (b�0 s/mm2).

Data Processing
DTI data analysis was performed by the FMRIB Diffusion Tool-

box http://www.fmrib.ox.ac.uk/fsl/fdt/index.html). The diffu-

sion-weighted volumes were first aligned to their corresponding

non-diffusion-weighted images to minimize image distortion and

reduce simple head motion. The diffusion tensor for each voxel

was then assessed, and the diffusion tensor was diagonalized to

obtain its 3 pairs of eigenvalues (�1, �2, �3) and eigenvectors. Four

diffusion indices, including FA, MD, axial diffusivity (AD � �1),

and RD [RD � (�2 
 �3) / 2] were calculated. These measure-

ments are associated with the microstructural integrity of the WM

and are often applied to infer the structural characteristics of the

local tissue environment.19

Voxelwise, observer-independent, whole-brain analysis of FA

images was performed by TBSS.20 In brief, the FA volumes for all

subjects were first normalized to the Montreal Neurological In-

stitute space. The registered FA images were then averaged to

Table 1: Demographic information for subjects in each group
HIV(+) HIV(−) P Value

Age (yr) 15.3� 1.3 15.0� 1.6 .54
Sex (male/female) 8:7 13:13 .84
Education level (yr) 7.5� 1.2 8.7� 1.9 .05
Current CD4 (cells/mL) 605.8� 345.0 NA NA
Age at first HIV treatment (yr) 9.5� 3.4 NA NA
HIV treatment duration (mo) 68.3� 39.5 NA NA
% Treated at younger than 2 yr 13.3 (n� 2) NA NA
Plasma viral load (copies/mL) 0–50 NA NA
MoCA total score 25.7� 3.8 27.1� 3.1 .21
MMSE total score 25.8� 2.1 27.3� 2.4 .05

Note:—NA indicates not applicable or available; MoCa, Montreal Cognitive Assessment; MMSE, Mini-Mental State
Examination.
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obtain a mean FA image, and the mean FA image was applied to

create a mean FA skeleton, which represents the main fiber tracts.

The mean FA skeleton was further thresholded to exclude gray

matter and CSF by a value of 0.2. Following this step, the aligned

FA data for each subject were projected onto the mean skeleton to

create a skeletonized FA map. To identify FA differences between

groups, we fed the skeletonized FA data into the voxel-by-voxel,

nonparametric statistical analysis with age, sex, and educational

levels as covariates. Threshold-free cluster enhancement was used

to obtain the significant differences between 2 groups at P � .05

after accounting for multiple comparisons by controlling for the

family-wise error rate. The significant results were located with

the JHU-ICBM-DTI-81 WM label atlas (http://cmrm.med.

jhmi.edu/) in the Montreal Neurological Institute space.

To explore mechanisms related to the FA changes, we fur-

ther performed VOI analysis to investigate alterations in diffu-

sivity indices (AD, RD, and MD) in the regions with FA alter-

ations. The VOI mask was first extracted on the basis of the

clusters with intergroup FA differences and were then inversely

transformed to the original images of each subject. The mean

values of the diffusivity indices were calculated. A 1-way anal-

ysis of covariance with the group as the independent variable

and diffusivity indices as the dependent variables was per-

formed (controlling for age, sex, and education levels). A sig-

nificance level of P � .05 (Bonferroni correction for multiple

comparisons) was used.

Multiple linear regression analysis was performed to investi-

gate whether there were relationships between the clinical vari-

ables and FA changes in the affected regions with WM abnormal-

ities. A P � .05 (uncorrected) was considered significant.

RESULTS
Demographic Information
Table 1 lists the detailed demographic and clinical information

for the HIV-positive adolescents and HIV-negative controls.

The HIV-positive subjects demonstrated no significant differ-

ences in age, sex, or education level (in years). There were no

differences in the Montreal Cognitive Assessment or Mini-

FIG 1. TBSS analysis of fractional anisotropymaps. Areas in red are brain regions where FA is significantly reduced (P� .05, corrected bymultiple
comparison) in HIV-positive subjects relative to HIV-negative controls. The results are shown overlaid on the Montreal Neurological Institute
152-T1 template and themean FA skeleton (green). The left side of the image corresponds to the right hemisphere of the brain. FA changes occur
in the region with Montreal Neurological Institute coordinates in the z-direction between z� 6 and z� 63.
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Mental State Examination total scores between these 2 study

groups. The average CD4 count in HIV-positive subjects was

605.8 � 345.0 cells/mL.

TBSS Results
The spatial distribution of the brain regions demonstrating de-

creased FA in the HIV-positive adolescents is presented in Fig 1

and Table 2. Compared with the controls, the HIV-positive ado-

lescents demonstrated significantly reduced FA in the bilateral

corpus callosum (including the genu, body, and splenium), bilat-

eral superior and posterior corona radiata, bilateral frontal and

parietal WM, bilateral pre-/postcentral gyrus, and left superior

longitudinal fasciculus. In no regions did HIV-positive adoles-

cents demonstrate higher FA than controls.

VOI Results
To investigate the mechanisms related to the FA changes, the

brain regions with significantly decreased FA were extracted

for VOI-based analyses of other diffusion indices. Twelve of

the 14 VOIs demonstrated significantly increased RD (P � .05

after Bonferroni correction). The other 2 VOIs trended toward

increased RD. No significant differences were detected in AD

in any of the VOIs. Only 3 VOIs had significantly increased MD

(P � .05 after Bonferroni correction). The results are listed in

Table 3.

Correlation Results
Using a multiple linear regression analysis, we found that in HIV-

infected adolescents, the FA values of the bilateral WM were neg-

atively correlated with the duration of HAART (right frontal WM:

r � �0.634, P � .011, Fig 2A; left frontal WM: r � �0.623, P �

.013, Fig 2B), and the FA values of the bilateral WM were posi-

tively correlated with the age at onset of HAART (right frontal

WM: r � 0.615, P � .015, Fig 2C; left frontal WM: r � 0.553, P �

.032, Fig 2D).

DISCUSSION
In this study, we used DTI to explore the integrity of WM micro-

structure in adolescents with vertically transmitted HIV infec-

tions by voxelwise TBSS analysis. HIV-positive adolescents

showed decreased FA in the bilateral

corpus callosum, bilateral superior and

posterior corona radiata, bilateral fron-

tal and parietal WM, bilateral pre-/post-

central gyrus, and left superior longitu-

dinal fasciculus. These results reflect a

disruption in the microstructure of the

WM in HIV-infected adolescents. VOI

analysis demonstrated that decreased

FA in the HIV-positive subjects was

mainly a result of increased RD but no

changes in AD; these findings were per-

haps a manifestation of the disrupted in-

tegrity of myelin. Moreover, a multiple

regression analysis demonstrated that

the FA values in the bilateral frontal WM

were negatively correlated with the du-

ration of HAART and positively corre-

lated with the age at onset of HAART.

The findings that FA values within

Table 2: Neuroanatomic regions with decreased FA in HIV-positive subjects relative to HIV-
negative controlsa

Anatomic Region Hemisphere

MNI Coordinates
(mm) Cluster Size

(mm3)X Y Z

Genu of corpus callosum Bilateral �13 20 24 530
Body of corpus callosum Bilateral �11 16 24 2228
Splenium Bilateral �11 �35 24 564
Superior corona radiata Left �20 �25 39 497
Superior corona radiata Right 20 �24 37 386
Posterior corona radiata Left �21 �28 34 262
Posterior corona radiata Right 25 �27 33 249
Frontal WM Left �18 5 43 164
Frontal WM Right 17 19 44 399
Pre-/postcentral gyrus WM Left �21 �25 42 269
Pre-/postcentral gyrus WM Right 21 �24 42 524
Parietal WM Left �22 �31 40 149
Parietal WM Right 17 �54 28 437
SLF Left �30 �17 34 85

Note:—MNI indicates Montreal Neurological Institute; SLF, superior longitudinal fasciculus.
a P � .05, threshold-free cluster enhancement multiple comparison–corrected. Coordinates for the peak voxels are
displayed.

Table 3: Group differences in diffusivity indices from VOIs

Anatomic Region Hemisphere

AD (×10−3mm2/s) (Mean) RD (×10−3mm2/s) (Mean) MD (×10−3mm2/s) (Mean)

HIV− HIV+
P
Value HIV− HIV+

P
Value HIV− HIV+

P
Value

Genu of corpus callosum Bilateral 1.62� 0.08 1.58� 0.08 .16 0.36� 0.03 0.40� 0.06 .004 0.78� 0.03 0.79� 0.05 .22
Body of corpus callosum Bilateral 1.78� 0.06 1.78� 0.06 .99 0.41� 0.05 0.49� 0.07 .0003a 0.87� 0.04 0.92� 0.05 .002a

Splenium Bilateral 1.66� 0.06 1.67� 0.05 .41 0.33� 0.03 0.37� 0.04 .0003a 0.77� 0.02 0.80� 0.03 .001a

Superior corona radiata Left 1.21� 0.04 1.20� 0.03 .33 0.53� 0.02 0.56� 0.04 .0003a 0.76� 0.02 0.78� 0.03 .01
Superior corona radiata Right 1.26� 0.05 1.26� 0.04 .78 0.49� 0.02 0.53� 0.03 .00009a 0.74� 0.02 0.77� 0.02 .001a

Posterior corona radiata Left 1.23� 0.06 1.23� 0.03 .81 0.59� 0.03 0.62� 0.03 .002a 0.80� 0.03 0.82� 0.02 .02
Posterior corona radiata Right 1.26� 0.04 1.25� 0.03 .32 0.57� 0.03 0.61� 0.04 .002a 0.80� 0.03 0.82� 0.04 .05
Frontal WM Left 1.35� 0.07 1.32� 0.05 .22 0.44� 0.03 0.48� 0.04 .001a 0.74� 0.03 0.76� 0.03 .09
Frontal WM Right 1.37� 0.06 1.32� 0.07 .02 0.40� 0.03 0.48� 0.03 .0003a 0.72� 0.03 0.73� 0.03 .21
Pre-/postcentral gyrus WM Left 1.32� 0.06 1.29� 0.06 .14 0.47� 0.03 0.50� 0.03 .0007a 0.75� 0.02 0.76� 0.02 .06
Pre-/postcentral gyrus WM Right 1.30� 0.04 1.27� 0.04 .01 0.44� 0.02 0.48� 0.03 .00009a 0.73� 0.02 0.74� 0.02 .08
Parietal WM Left 1.31� 0.05 1.31� 0.05 .94 0.57� 0.04 0.61� 0.03 .001a 0.82� 0.03 0.84� 0.03 .02
Parietal WM Right 1.29� 0.06 1.27� 0.04 .28 0.58� 0.03 0.62� 0.05 .002a 0.81� 0.03 0.84� 0.04 .07
SLF Left 1.11� 0.04 1.09� 0.03 .13 0.54� 0.03 0.57� 0.04 .004 0.73� 0.02 0.75� 0.03 .05

Note:—HIV- indicates HIV-negative controls; HIV
, HIV-positive subjects.
a P� .05/14� .0035 (Bonferroni-corrected for multiple comparisons).
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the genu, body, and splenium of the corpus callosum were re-

duced in HIV-positive adolescents are consistent with findings in

previous studies on HIV-infected children and adults. For exam-

ple, FA values for the genu,10 body,21 and splenium8 of the corpus

callosum11,22 are significantly reduced in HIV-infected adults.

Decreased FA of the body of corpus callosum is also reported in

HIV-infected children.14 In addition, a lower FA in the genu of

corpus callosum is demonstrated in a macaque model of neuro-

AIDS.23 Greater callosal maturation is associated with greater motor

function.24 The corpus callosum is also involved with memory and

executive function.25 Moreover, deceased FA is also found in the

anterior and superior corona radiata in HIV-infected partici-

pants.10,11 The anterior corona radiata is associated with functions of

the executive network.26 Previous studies have focused on HIV-in-

fected children and found that the subjects displayed visual-spatial

memory and motor developmental deficits and executive function

disorders.27,28 Taken together, it can be concluded that a decline in

the microstructural integrity of WM fibers may account for cognitive

decline in HIV-positive adolescents.

In addition, patients with asymptomatic HIV have an abnor-

mal WM microstructure. Xuan et al29 reported that the mean FA

values were significantly lower and the mean AIDS dementia

complex values were significantly higher in the corpus callosum

and periventricular, frontal, and parietal WM in the asymptom-

atic group. A similar result has been found in the study by Hoare

et al.14 These results imply that patients with HIV may have alter-

ations in the diffusion of water molecules in their brain WM,

whether they have symptoms or not. In our study, most of the

subjects were also asymptomatic, and there were no significant

differences in the Montreal Cognitive Assessment and Mini-Men-

tal State Examination scores between the 2 groups.

The genu and splenium of the corpus callosum reach 90% of

the maximum FA value by 11 years of age and demonstrate the

earliest and most rapid FA changes with age, while the corona

radiata demonstrates no FA changes with age from 5 to 30 years of

age.30 Age-related FA increases in the adolescent group, including

the body of the corpus callosum and right superior corona radi-

ata. In contrast, in the young adult group, the FA changes are

much less prominent.31 By 8 –9 months, the corpus callosum ap-

pears identical to that of an adult.32 All these results indicate that

early HIV infection may affect WM development, especially in the

corpus callosum and corona radiata.

Reduced FA is a well-established biomarker for the impaired

integrity of WM. FA may be affected by many factors, including

myelination, axon size and attenuation, path geometry, and ex-

tracellular water space between fibers.19 In our study, FA reduc-

tion in HIV-positive adolescents was mainly driven by an increase

in RD (no changes in AD). It is generally believed that RD mainly

reflects the integrity and thickness of the myelin sheets covering

the axons.33 Although the mechanism of this interesting phenom-

enon is not yet clear, we presume that it may be related to a man-

ifestation of disrupted integrity of myelin or even hypomyelina-

FIG 2. Correlation results between FA alterations and clinical measures in the HIV-positive subjects.A, FA values in the right frontalWM (rFWM)
are negatively correlated with the duration of HAART (r� �0.634, P� .011). B, FA values in the left frontalWM (lFWM) are negatively correlated
with the duration of HAART (r� �0.623, P� .013). C, FA values in the rFWM are positively correlated with the age at onset of HAART (r� 0.615,
P� .015). D, FA values in the lFWM are positively correlated with the age at onset of HAART (r� 0.553, P� .032).
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tion in the affected brain regions and the axonal injury cannot be

identified. Related studies have demonstrated the predominant

pathologic features, including pericapillary multinucleated giant

cells, myelin loss, reactive astrocytosis, and microglial activation

with microglial nodules.34 These factors may influence myelina-

tion and myelin development. The above findings indicate that

the WM integrity may serve as a potential new treatment target for

HIV-positive patients, and FA may be used as a qualified bio-

marker to understand the underlying mechanisms of injury or to

evaluate the effectiveness of early interventions in adolescents

with vertically transmitted HIV infections.

In this study, we found that the FA values in the bilateral fron-

tal WM were negatively correlated with the duration of HAART

and positively correlated with the age at onset of HAART. Al-

though HAART can effectively suppress the HIV systemic bur-

den, poor penetration into the CNS provides incomplete protec-

tion. Increasing evidence has also suggested that certain HAARTs

may cause mitochondrial toxicity and lead to neuronal loss.16,35

This finding suggests that a longer HIV treatment may be associ-

ated with possible neurotoxicity in the WM of HIV-infected ad-

olescents. However, the HIV treatment is offered to patients with

�350 CD4
 T cells/mm3 or plasma HIV ribonucleic acid levels of

�55,000 copies/mL,36 so the earlier and longer HIV treatment

may have been due to more virulent strains, thus accounting for

direct viral effects on the WM by a very heterogeneous viral pop-

ulation. The early formation of myelin integrity may be disrupted

irreversibly. In general, we infer that the cerebral WM develop-

ment and myelination of HIV-infected adolescents might be af-

fected by the HIV treatment and direct viral effects, especially in

the frontal lobe.

In addition, the bilateral frontal white matter appears to be

more involved according to the significant correlation results. Po-

mara et al37 found that subjects with HIV who were receiving

HAART had significantly decreased FA compared with the

healthy controls only in the frontal lobes. This is possibly because

the frontal WM myelination may be more vulnerable during

brain maturation.

There are several limitations in this study. First, cross-sec-

tional and longitudinal studies on HIV-infected adolescents are

needed to confirm the correlation between DTI alterations and

neurocognitive performance, and more detailed neurocognitive

tests should be performed. Furthermore, all of our subjects were

receiving HAART during the DTI examination. Thus, we could

not compare the potential differences between treated and un-

treated patients in the DTI analysis.

CONCLUSIONS
Adolescents with vertically transmitted HIV infections demon-

strated microstructural WM damage as measured by reduced FA

values in some brain regions, which may be caused by disrupted

myelin integrity associated with increased RD. Our results have

the potential to improve our understanding of the pathogenesis of

brain WM changes in adolescents with vertically transmitted HIV

infections and indicate that early HIV infection may affect WM

development, especially in the frontal WM, corpus callosum, and

corona radiata of adolescents. New neuroprotective regimens

should be developed and performed earlier for children and ado-

lescents with vertically transmitted HIV infections. The effective-

ness of specific, early interventions can be confirmed by DTI, and

FA values may be qualified biomarkers.
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Parametric ResponseMappingofApparentDiffusionCoefficient
as an Imaging Biomarker to Distinguish Pseudoprogression
from True Tumor Progression in Peptide-Based Vaccine
Therapy for Pediatric Diffuse Intrinsic Pontine Glioma

R. Ceschin, B.F. Kurland, S.R. Abberbock, B.M. Ellingson, H. Okada, R.I. Jakacki, I.F. Pollack, and A. Panigrahy

ABSTRACT

BACKGROUND AND PURPOSE: Immune response to cancer therapy may result in pseudoprogression, which can only be identified

retrospectively and may disrupt an effective therapy. This study assesses whether serial parametric response mapping (a voxel-by-voxel

method of image analysis also known as functional diffusionmapping) analysis of ADCmeasurements following peptide-based vaccination

may help prospectively distinguish progression from pseudoprogression in pediatric patients with diffuse intrinsic pontine gliomas.

MATERIALS AND METHODS: From 2009 to 2012, 21 children, 4–18 years of age, with diffuse intrinsic pontine gliomas were enrolled in a

serial peptide-based vaccination protocol following radiation therapy. DWI was acquired before immunotherapy and at 6-week intervals

during vaccine treatment. Pseudoprogression was identified retrospectively on the basis of clinical and radiographic findings, excluding

DWI. Parametric response mapping was used to analyze 96 scans, comparing ADCmeasures at multiple time points (from the first vaccine

to up to 12 weeks after the vaccine was halted) with prevaccine baseline values. Log-transformed fractional increased ADC, fractional

decreased ADC, and parametric response mapping ratio (fractional increased ADC/fractional decreased ADC) were compared between

patients with and without pseudoprogression, by using generalized estimating equations with inverse weighting by cluster size.

RESULTS: Median survival was 13.1 months from diagnosis (range, 6.4–24.9months). Four of 21 children (19%) were assessed as experiencing

pseudoprogression. Patients with pseudoprogression had higher fitted average log-transformed parametric response mapping ratios (P�

.01) and fractional decreased ADCs (P� .0004), compared with patients without pseudoprogression.

CONCLUSIONS: Serial parametric response mapping of ADC, performed at multiple time points of therapy, may distinguish pseudopro-

gression from true progression in patients with diffuse intrinsic pontine gliomas treated with peptide-based vaccination.

ABBREVIATIONS: DIPG� diffuse intrinsic pontine gliomas; fdADC� fractional decreased ADC; fiADC� fractional increased ADC; PRM� parametric response
mapping; PRMratio� ratio of fiADC to fdADC; WGEE� weighted generalized estimating equations

Diffuse intrinsic pontine gliomas (DIPG) are highly malignant

brain stem tumors affecting primarily children.1 One-year

progression-free survival is �25%, with a median overall survival

of 9 –10 months.2 Despite multiple clinical trials, irradiation is the

only therapy that is of proved clinical benefit. Cancer peptide

vaccines work by administering epitopes from antigens that are

overexpressed in tumor cells to trigger the patient’s immune re-

sponse. The results of a pilot clinical trial targeting 3 glioma-

associated antigens, interleukin-13 receptor � 2, EphA2, and sur-

vivin, in children with newly diagnosed malignant brain stem

Received February 24, 2015; accepted after revision April 5.

From the Departments of Radiology (R.C., A.P.), Pediatrics (R.I.J.), Surgery (H.O.),
Neurosurgery (H.O., I.F.P.), Immunology (H.O.), and Biomedical Informatics (R.C.,
A.P.), University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania; De-
partments of Radiology (R.C., A.P.), Pediatrics (R.I.J.), and Neurosurgery (I.F.P.), Chil-
dren’s Hospital of Pittsburgh, University of Pittsburgh Cancer Institute (B.F.K.,
S.R.A., H.O., R.I.J., I.F.P., A.P.), and Department of Biostatistics, Graduate School of
Public Health (B.F.K.), University of Pittsburgh, Pittsburgh, Pennsylvania; and De-
partment of Radiological Sciences (B.M.E.), University of California, Los Angeles,
Los Angeles, California.

This clinical trial was supported by National Institutes of Health grants
R21CA149872 and P01NS40923 and the University of Pittsburgh Cancer Institute
Immunological Monitoring Core and Biostatistics shared resource facility, sup-
ported in part by National Institutes of Health award P30CA47904; grants from the
Pediatric Low-Grade Glioma Initiative via the National Brain Tumor Society and
the Ellie Kavalieros Fund of the Children’s Hospital of Pittsburgh Foundation; and
the Pediatric Clinical and Translational Research Center, supported by the National
Institutes of Health through grants UL1 RR024153 and UL1TR000005. The imaging
postprocessing was supported by the Ian’s (Ian Yagoda) Friends Foundation grant,

the Society of Pediatric Radiology Pilot Award, and a National Library of Medicine
grant 5T15LM007059-27.

Paper previously presented at: Annual Meeting of the American Society of Neuro-
radiology and the Foundation of the ASNR Symposium, May 18–23, 2013; San Di-
ego, California.

Please address correspondence to Ashok Panigrahy, MD, Department of Pediatric
Radiology, Children’s Hospital of Pittsburgh of UPMC, 4401 Penn Ave, Pittsburgh,
PA 15224; e-mail: panigrahya@upmc.edu

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with supplemental on-line appendix and table.

Indicates article with supplemental on-line photos.

http://dx.doi.org/10.3174/ajnr.A4428

2170 Ceschin Nov 2015 www.ajnr.org



gliomas have been recently published.3 Pseudoprogression was

observed in parallel to immunologic responses.3 Pseudoprogres-

sion, defined radiologically as a transient increase in the size of

contrast-enhancing tumor on structural MR imaging, is thought

to result from local tissue inflammation due to vasogenic edema

and abnormal vessel permeability. Thus, assessment of pseudo-

progression in peptide-based immunotherapy of pediatric brain

stem gliomas presents a challenge for clinical management. Pseu-

doprogression can currently only be determined retrospectively

after a period during which treatment is potentially halted, thus

creating the evident problem of stopping treatment at a time

when it is possibly at its highest efficacy.

Because structural MR imaging cannot reliably differentiate

inflammation from recurrent tumor,4 advanced neuroimaging

techniques such as DWI have been evaluated to assess brain tu-

mor therapeutic response,5-12 including discriminating between

pseudoprogression and true progression. We evaluated DWI as a

potential tool to discriminate tumor response and true tumor

progression, by using information available close to the time of

suspected progression. The apparent diffusion coefficient is a

quantitative measure reflecting the observed net movement of

water calculated from DWI and has been shown to correlate with

tissue cellularity in tumors,5-12 likely due to restriction of extra-

cellular water motion in tightly packed tumor cells. Modulation

of diffusion measurements has been previously observed in both

preclinical and human studies of immunotherapy.13-15 While

mean tissue ADC may be a useful measure for distinguishing tu-

mor from other masses, it may be problematic for quantifying

change with time. Opposing heterogeneous responses (ie, differ-

ent areas of tumor with increasing and decreasing diffusion) may

neutralize each other with no change in overall mean ADC.16 To

overcome this limitation, we applied parametric response map-

ping (PRM),6,17-19 formerly known as functional diffusion map-

ping, to evaluate the response to immunotherapy with time by

quantifying voxelwise changes in ADC.20 Our study differs from

prior studies by evaluating immunotherapy, by its exclusive focus

on pediatric brain tumors, and by using information from �2

time points in PRM. We hypothesized that serial PRMs calculated

at multiple time points during immunotherapy could differenti-

ate pseudoprogression from true progression in pediatric brain

stem gliomas.

MATERIALS AND METHODS
Demographics, Clinical Characteristics, and Study Design
The cohort consisted of the 21 children (9 males) with DIPG

enrolled in our institutional glioma vaccine trial (ClinicalTrials-

.gov No. NCT01130077).3 Before enrollment, patients had com-

pleted 5000- to 6000-cGy involved field fractionated radiation

therapy, with or without concurrent chemotherapy; postirradia-

tion chemotherapy precluded enrollment. Adequate organ func-

tion, absolute lymphocyte count of �500, performance status of

�60, and human leukocyte antigen–A2
 status were required for

vaccine treatment initiation. Patients with increased edema or

mass effect after irradiation did not start the vaccination until this

had resolved (up to 12 weeks after completion of irradiation).

Signed institutional review board–approved informed con-

sent was required for human leukocyte antigen screening and

initiation of therapy. Patients received subcutaneous injections of

glioma-associated antigen– derived human leukocyte antigen–

A*0201–restricted peptides and a tetanus toxoid peptide

(TetA830) emulsified in Montanide ISA-51 (Seppic, Puteaux,

France) and concurrent intramuscular injections of 30 �g/kg of

the toll-like receptor ligand, Hiltonol (poly-ICLC; Oncovir,

Washington, DC), every 3 weeks � 8 followed by a maintenance

phase, every 6 weeks.3

Participants were evaluated with neurologic examinations and

laboratory testing as previously described.3 MR imaging (includ-

ing DWI) was performed before initiating vaccine therapy (week

0) and at weeks 6, 15, 21, after initiating vaccine therapy, and

12-week intervals thereafter. More frequent scans were obtained if

clinically warranted. Between May 2009 and October 2012, we

enrolled 21 newly diagnosed patients: 15 with DIPG treated with

irradiation alone and 6 with DIPG treated with irradiation and

concurrent chemotherapy (On-line Table). Patients received

2–11 doses of vaccine (median, 7). The mean age at diagnosis was

9 � 4.0 years, and median survival was 56.3 weeks (range, 6.4 –

24.9 months).

Pseudoprogression
Because the development of pseudoprogression is an area of con-

cern in immunotherapy studies, the trial incorporated detailed

guidelines for managing possible pseudoprogression.3 If tumor

enlargement or increased enhancement or both were noted on

structural MR imaging and the patient was neurologically worse,

sufficient to warrant initiation of corticosteroid administration or

an increase in corticosteroid dose, subsequent doses of vaccine

and poly-ICLC were withheld. Imaging and clinical assessments

were performed at 4-week intervals thereafter, until it was deter-

mined whether the clinical and imaging changes reflected pseu-

doprogression or true progression. If the subject improved clini-

cally on declining corticosteroid doses that could be weaned to

�0.1-mg/kg/day dexamethasone for �1 week and the MR imag-

ing changes improved or resolved, the patient was presumed to

have had pseudoprogression and could restart vaccine treatment

with 67% of the poly-ICLC dose (ie, 20 �g/kg). Conversely, if the

repeat MR imaging findings were unchanged or worse and the

patient’s clinical status had not improved despite increased corti-

costeroid doses, the patient was removed from the study due to

presumed true tumor progression.

MR Imaging and Diffusion-Weighted Imaging
Imaging was conducted on 1.5T MR imaging systems with most

of the studies performed on a 1.5T HDx system (GE Healthcare,

Milwaukee, Wisconsin). Diffusion-weighted images were ac-

quired at section thicknesses of 4 –5 mm (1-mm gap), a TR rang-

ing from 6000 to 8000 ms, and b�0 and 1000 s/mm2 per clinical

protocol. To register every time point onto a common space for

subsequent analysis, we chose the earliest time point available

with volumetric imaging (T1- or T2-weighted, which in most

cases was a 3D T2-Cube; GE Healthcare) after completion of

radiation therapy and before vaccine therapy as a structural

reference. A minimum of 3 diffusion imaging time points (pre-

or post-initial vaccine) were required for analysis. Gradient-
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echo or susceptibility-weighted imaging was also available for

assessment of blood products.

Image Registration
A semiautomated processing pipeline21was developed by using

Nipype (http://nipy.sourceforge.net/nipype).22 Tumor area was

manually delineated for each patient at each time point. We ex-

cluded regions with blood product that might cause EPI distor-

tion. Tumor volume delineation was consistently performed for

every patient in diffusion space, by using the B0 and ADC images

to avoid any bias related to variations in institutional protocol.

FLAIR imaging was also used to confirm the margin of the tumor.

We performed a 2-step registration method to minimize potential

registration errors: First the diffusion-weighted images were brain

extracted and preregistered to a medium-resolution T2-weighted

image acquired at the same time point by using a 6-df rigid-body

registration. The medium-resolution images were then regis-

tered to the chosen high-resolution structural image, and the

resulting registration matrix was applied to the preregistered

diffusion images. Linear registration was performed with

FLIRT (FMRIB Linear Image Registration Tool; http://www.

fmrib.ox.ac.uk/)23 by using an affine registration algorithm,

followed by affine Fourier registration with Analysis of Func-

tional Neuro Images software (ANFI; http://afni.nimh.nih.

gov/afni/).24 We generated an aggregate-tumor ROI by adding

all registered delineated tumor areas in common space and

only including regions present in at least 10% of all time

points.

Serial PRM Postprocessing
Parametric response maps were generated by an operator blinded

to pseudoprogression diagnosis for every time point in reference

to the baseline scan by calculating the voxelwise difference in the

apparent diffusion coefficient within the aggregate tumor ROI

(Figs 1 and 2). We chose a significant change threshold of �0.4

mm2/s, as empirically determined by Ellingson et al,6 to represent

the 95% confidence interval of temporal ADC variation in normal

brain tissue. Patient-level summary measures were created fol-

lowing generation of PRMs. Fractional increased ADC (fiADC)

measured by the percentage of voxels above this threshold reflects

a decrease in cellularity and potentially indicates an inflammatory

response or necrotic tissue.19,25 Fractional decreased ADC

(fdADC) reflects the relative degree of hypercellularity and poten-

tially indicates true tumor progression. We also looked at the ratio

of fiADC to fdADC (PRMratio), calculated as fiADC / (fdADC 


0.01)26 (to account for instances in which fdADC � 0), as a po-

FIG 1. A, Tumor ROI for a patient with confirmed pseudoprogression (top) and a patient with true tumor progression without pseudoprogres-
sion (bottom). The color scale indicates the proportion of scans inwhich each voxelwas classified as tumor tissue (voxelweights). B, Sample serial
PRMmaps at weeks 7, 24, and 30 comparedwith the baseline scan before vaccine therapy. Plots show coregistered voxels at baseline compared
with the indicated time point. Green voxels indicate no significant change above or below the predefined threshold of �0.4 mm2/ms. Red
voxels show a significant increase in ADC, and blue voxels, a decrease in ADCwith time. Point opacity is proportional to the voxel weight (ie, how
much does the voxel contribute to the PRM metric calculation in the weighted model).

FIG 2. Sample PRM snapshots for a patient with confirmed pseudo-
progression (top) and a patient with true tumor progression without
pseudoprogression (bottom) give a spatiotemporal reference to tu-
mor characterization. ADC maps are coregistered onto a common
space, and voxelwise subtraction is calculated between each subse-
quent time point and the baseline scan. Green voxels indicate no
significant change above or below the predefined threshold of�0.4
mm2/s. Red voxels show a significant increase in ADC, and blue voxels,
a decrease in ADC compared with the baseline. There is evidence of
spatial heterogeneity of diffusion within the brain stem tumor of
both patients.
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tential marker for the overall trend of tissue progression. Whole-

tumor volume and mean ADC were also extracted from the same

ROI as that used for PRM analysis.

Statistical Analysis
At the time of analysis, all patients in this study were deceased

and can therefore be presumed to have had true tumor pro-

gression as an overall disease outcome. We therefore catego-

rized patients without confirmed pseudoprogression as expe-

riencing true progression (in contrast to patients whose

eventual tumor progression was preceded by pseudoprogres-

sion). We tested for average differences in fiADC, fdADC, and

PRMratio values between these 2 groups, with log-transforma-

tion of each to limit the influence of large values. The analysis

was restricted to PRM values measured from scans performed

no later than 12 weeks following a subject’s final vaccination,

because later scans are relevant only for retrospective assess-

ment of pseudoprogression. Associations between each mea-

sure and pseudoprogression status were modeled by using

weighted generalized estimating equations (WGEE) with inde-

pendence working correlation. Because patients with rapid

disease progression undergo fewer scans, the cluster size

(number of scans per person) is informative. Regression anal-

ysis used inverse weighting by cluster size and an adjusted in-

ference to “typical” PRM results for each patient rather than

the full set of PRM results (which would implicitly contain

information about prognosis).25,27 Statistical analyses were

performed by using SAS/STAT statistical software, Version 9.4

(SAS Institute, Cary, North Carolina) and R, Version 3.0.1

(http://www.r-project.org/).

RESULTS
Pseudoprogression Cases and Overall Survival Time
Four children (19%) developed acute neurologic worsening

associated with increased tumor size and/or enhancement sev-

eral months after beginning the vaccination, with subsequent

clinical and radiographic improvement on corticosteroids,

consistent with pseudoprogression (On-line Fig 1). One of

these patients experienced a prolonged objective response,

maintained until 19.5 months postdiagnosis as previously re-

ported.3 Median survival from the time of diagnosis among

patients with DIPG with pseudoprogression was 19.1 months,

compared with 12.5 months in those without pseudo-

progression.

Differences in Serial PRM Metrics and Standard Measures
(Mean ADC and Tumor Volume) between Patients with
Pseudoprogression and True Progression
A total of 151 MR imaging time points for 21 patients had ADC

maps available, with 3 scans excluded due to image-registration

failure and an additional 2, due to artifacts in the diffusion imag-

ing. Although the patients were on a treatment trial with sched-

uled follow-up, imaging time points varied due to scheduling

windows and use of DWI. Serial PRM metrics for each patient

are shown in Fig 3, with colored lines connecting PRM results

for each subject’s nonbaseline time points. The 3 rows display

3 PRM metrics (fiADC, fdADC, and the fiADC/fdADC or

PRMratio) as the y-axis for each plot. The x-axis for each plot

is the number of weeks after the first vaccine treatment (in

contrast to the time from diagnosis, which is used for survival

analysis). The 3 columns are panels created for ease of presen-

tation, with patients sorted by increasing survival time. Each

patient appears in all 3 rows, but in only 1 column. There is 1

pseudoprogression case in the second column and 3 in the

third column (dashed lines), reflecting the longer survival for

patients with pseudoprogression. Figure 3 suggests that pa-

tients with pseudoprogression (dashed lines) had a higher fi-

ADC and higher PRMratio compared with patients whose vac-

cine therapy was halted due to true progression (solid lines) for

most postbaseline scans. These trends are examined further in

Fig 4, which shows the same PRM metrics for the same patients

(with the same color coding across both Figs 3 and 4) for pseu-

doprogression and true progression but without information

about scan timing.

To compare PRM metrics assessed earlier than the current

(retrospective) standards for pseudoprogression, Fig 4 shows only

the serial diffusion data used for statistical modeling, which is

limited to time points from baseline until 12 weeks after the vac-

cine was halted (96 scans; 2– 8 scans per patient; median, 4 scans

per patient). Assessed by using WGEE models accounting for in-

formative clustering, patients with pseudoprogression, on aver-

age, had higher log-transformed PRMratios (P � .01) and fiADCs

(P � .0004) and no statistically significant difference for lower

log-transformed fdADCs (P � .12) than patients without pseu-

doprogression. The fitted average fiADC/fdADC or PRMratio for

a scan compared with baseline was 0.4 for patients without pseu-

doprogression (95% CI, 0.3– 0.6) and 3.7 for patients with pseu-

doprogression (95% CI, 0.8 –18.0).

There was no significant difference in mean ADC or tumor

volume between patients with pseudoprogression and true pro-

gression. In the 4 patients with pseudoprogression, the greatest

percentage change in mean ADC from the baseline measurement

ranged from a 24% decrease to an 86% increase (median, 33%

increase), compared with �25% to 36% (median, 5%) for the 17

remaining patients. Raw data for change in both mean ADC and

tumor volume are found in the On-line Table. Using the same

timeframe (postvaccine scans until 12 weeks after the last vaccine

dose) and the same analysis approach (WGEE), we explored the

association between mean ADC and tumor volume with pseudo-

progression, controlling for baseline values. Neither mean ADC

(P � .55) nor tumor volume (P � .44) was associated with

pseudoprogression.

For a post hoc sensitivity analysis, we examined PRM, com-

paring baseline measures only to the time points most proximal to

decisions about continuing vaccine therapy when progression (or

pseudoprogression) was suspected. We defined these time points

as up to 6 weeks before the last vaccine and up to 3 weeks after the

last vaccine (allowing for no missed vaccines if pseudoprogression

was identified). Twenty-seven scans with DWI met these criteria,

1–2 scans in 18 patients. Again the magnitude and direction of

effects for fiADC and fdADC were maintained (and statistical

significance strengthened) comparing pseudoprogression versus

true progression; however, 2 of the 4 patients with pseudopro-

gression did not have scans within this timeframe. Other explor-
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atory analyses examined the robustness of our results to select

tumor ROIs and exclude patients treated with bevacizumab (On-

line Appendix and On-line Fig 2).

DISCUSSION
This study, to our knowledge, is the first demonstration of the use

of serial diffusion-weighted imaging and parametric response

mapping in distinguishing pseudoprogression and true progres-

sion in immunotherapy trials for pediatric brain tumors. Child-

hood brain stem tumors treated with peptide-based vaccination

had a notable rate of pseudoprogression, all with transient in-

creases in tumor size or enhancement, with new or worsening

neurologic deficits, and subsequent clinical improvement and

MR imaging stabilization or improvement after administration of

corticosteroids and suspension of vaccine therapy.3 Accurately

identifying and managing such patients are essential to avoid both

premature termination of therapy and unacceptable neurologic

decline, a particular concern in children with DIPG who may

develop significant neurologic deterioration with changes in mass

effect. Our results suggest that PRM used to characterize temporal

diffusion profiles is better able to distinguish pseudoprogression

from true progression than mean ADC measurement or tumor

volume. This outcome is likely related to treatment-related heter-

ogeneity, in which there may be a mix of viable tumor (low ADC),

necrosis (high ADC), and vasogenic edema (high ADC) within

the tumor ROI. When measuring change in the mean ADC value

of the tumor ROI, the potentially lower ADC values of active

tumor foci likely blended with the higher ADC values found in

areas of edema and necrosis.9

While these results are promising clinically, further study is

required for greater understanding of the mechanisms underlying

advanced MR imaging manifestations of immunotherapy-in-

duced inflammatory response in the brain.14,28,29 One hypothesis

is that immunotherapy effects on the tumor microenvironment

lead to transient vasodilation, increased vessel permeability, and

local inflammation, with a resultant increase in contrast enhance-

ment and edema that mimics early tumor progression. An in-

crease in ADC may correspond with tissue hypocellularity due to

either treatment-related inflammation and/or tumor reduc-

tion.30 Animal models have demonstrated fractional increase in

ADC by PRM as early as 24 hours following introduction of 1,3-

bis(2-chloroethyl)-1-nitrosourea15 and a detectable increase in

ADC within 2 days following interleukin-13 receptor � 2 T-cell

injection.13 Progressive separation observed in long-term diffu-

sion profiles between some patients with confirmed pseudopro-

gression versus true tumor progression in our study supports

the use of parametric response maps as supplementary imaging

biomarkers for monitoring tumor response in the setting of

FIG 3. Serial PRM metric and disease trajectories for 21 pediatric patients with brain stem gliomas. Although the patients were on a treatment
trial with scheduled follow-up, imaging time points varied due to scheduling windows and use of DWI. Serial PRM metrics for each patient are
shown, with colored lines connecting PRM results for each subject’s nonbaseline time points. Columns divide patients into groups by increasing
overall survival from the start of vaccine therapy (14–27 weeks, 28–56 weeks, 57–93 weeks). Rows display fractional increased ADC, fractional
decreased ADC, and PRMratio comparedwith the baseline (prevaccine) scan. Each PRMmeasurement is indicated by a circle, connected by solid
lines for patients without pseudoprogression and dashed lines for patients with eventual diagnosis of pseudoprogression.Vertical lines indicate
the date of the last vaccine for each patient. For 2 patients with psuedoprogression, vaccine treatment was restarted (date shown as X) 8 and
13 weeks after the initial halt. One of these patients underwent a second treatment stoppage (date shown as a circle). If one examined the time
from the last vaccine dose (vertical line or circle for the patient who restarted therapy) to death (�), patients survived 4–56 weeks after halting
vaccine therapy.
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peptide-based immunotherapy. In particular, fiADC and the

PRMratio appear to be the strongest candidates as potential

early biomarkers for determining pseudoprogression.

PRMs have been shown to predict treatment response and sur-

vival in the setting of adult glioblastoma multiforme.17,18 However,

these studies used only 2 imaging time points, in contrast to our

study, in which multiple PRMs were analyzed per patient. Some lim-

itations of the use of PRM in adult tumors are related to poor image

registration of lesions resulting from changes in mass effect and tu-

mor contour, which was less of an issue in our pediatric brain stem

gliomas. Given that PRM measurements can be confounded by nor-

mal tissue,31 we used weighted-PRM techniques to control for

changes in tumor size from each time point, without substantive

changes in study results.

Study limitations include a small number of pseudoprogres-

sion cases and lack of biopsy confirmation for pseudoprogression.

(Biopsy is a high-risk procedure for DIPG lesions.) The peak pe-

riod of pseudoprogression following radiation therapy for DIPG

is generally within the first 3 months.3 Anything after that time is

presumed to be true tumor progression, unless the patient has

received vaccine-related immunotherapy, as in our study. The

peak period of pseudoprogression related to radiation therapy

had likely passed before initiation of vaccine therapy, and the

observed cases of pseudoprogression occurred after several doses

of vaccine. Furthermore, patients with increased edema or mass

effect after irradiation did not start vaccination until this had re-

solved (up to 12 weeks after completion of irradiation). Regard-

less, the objective of our study was not to elucidate mechanisms

for pseudoprogression by using PRM but to explore its utility in

the characterization of pseudoprogression in pediatric DIPG.

CONCLUSIONS
Our study is the first to suggest that serial PRM may be useful to

identify pseudoprogression in children with DIPG receiving pep-

tide-based immunotherapy. The valuable properties of diffusion

imaging with PRM analysis as an in vivo imaging biomarker in-

clude its translatability to the clinical arena, its quantitative na-

ture, and its ease of use and cost effectiveness. The accurate iden-

tification of pseudoprogression versus true tumor progression is

crucial in determining the optimal management of this novel

treatment. We have 3 strong candidates (fiADC, fdADC, and

PRMratio) for the development of a predictive model of pseudo-

progression, in conjunction with other types of biomarkers that

may assist in the treatment of children undergoing immunother-

apy. We believe that combining diffusion imaging metrics with

clinical information and standard MR imaging will allow timely

discrimination of pseudoprogression and true progression, en-

abling optimal use of immunotherapy. Our preliminary observa-

tions, which analyzed 96 scans in 21 patients, should be validated

in a planned multi-institutional clinical trial before being used to

guide clinical management.

FIG 4. Boxplots of log-fractional increased ADC [log(fiADC)], log-fractional decreased ADC [log(fdADC)], and log-ratio of fiADC/fdADC [log
(PRMratio)]. Values are obtained from PRMs from 75 postbaseline scans no more than 12 weeks after the last vaccine date, each compared with
the patient’s baseline scan. Cohorts are confirmed pseudoprogression (n� 4 patients) and true tumor progression (no pseudoprogression, n�
17 patients). Data points of the same color are the same patient’s PRMmetrics for multiple scans, each compared with the baseline. Figure 3 uses
the same coloring scheme (but includes time points�12 weeks after last vaccine date).
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ORIGINAL RESEARCH

PEDIATRICS

Prospective Hemorrhage Rates of Cerebral Cavernous
Malformations in Children and Adolescents Based

onMRI Appearance
X O. Nikoubashman, F. Di Rocco, I. Davagnanam, K. Mankad, M. Zerah, and M. Wiesmann

ABSTRACT

BACKGROUND AND PURPOSE: Current classifications of cerebral cavernous malformations focus solely on morphologic aspects. Our

aim was to provide a morphologic classification that reflects hemorrhage rates.

MATERIALS ANDMETHODS: We retrospectively categorized 355 cavernous malformations of 70 children and adolescents according to

their morphologic appearance on MR imaging and calculated prospective hemorrhage rates on the basis of survival functions for 255

lesions in 25 patients with a radiologic observation period of�180 days.

RESULTS: Overall, there were 199 MR imaging examinations with 1558 distinct cavernous malformation observations during a cumulative

observation period of 1094.2 lesion-years. The mean hemorrhage rate of all 355 cavernous malformations was 4.5% per lesion-year.

According to Kaplan-Meier survival models, Zabramski type I and II cavernous malformations had a significantly higher hemorrhage rate

than type III and IV lesions. The presence of acute or subacute blood-degradation products was the strongest indicator for an increased

hemorrhage risk (P� .036, Cox regression): The mean annual hemorrhage rate and mean hemorrhage-free interval for cavernous malfor-

mations with and without signs of acute or subacute blood degradation products were 23.4% and 22.6 months and 3.4% and 27.9 months,

respectively. Dot-sized cavernous malformations, visible in T2* and not or barely visible in T1WI and T2WI sequences, had a mean annual

hemorrhage rate of 1.3% and a mean hemorrhage-free interval of 37.8 months.

CONCLUSIONS: It is possible to predict hemorrhage rates based on the Zabramski classification. Our findings imply a tripartite classifi-

cation distinguishing lesions with and without acute or subacute blood degradation products and dot-sized cavernous malformations.

ABBREVIATIONS: CCM� cerebral cavernous malformation; GRE� gradient-echo

Cerebral cavernous malformations (CCMs) are common vas-

cular malformations with a prevalence of 0.2%– 0.5%.1

CCMs may have a considerable clinical impact due to their high

annual hemorrhage rates of up to 60%.2

The appearance of CCMs on MR imaging is manifold, and

knowledge of specific imaging features and how these relate to

hemorrhage rates can influence surgical treatment considerations

and the frequency of radiologic follow-up. Zabramski et al3 (Ta-

ble 1 and Fig 1) and Mottolese et al4 (On-line Table 1) presented

MR imaging classifications characterizing the varied appearances

of CCMs. However, neither classification elucidates the relation-

ship between morphologic CCM type and clinical risk. Therefore,

these classifications are rarely used in clinical practice. Recently,

Jeon et al5 investigated hemorrhage rates of Zabramski types I–III

in an adult population and found that nonhemorrhagic type III

CCMs were associated with a significantly lower hemorrhage rate

than hemorrhagic type I and II CCMs. Unfortunately, the authors

excluded children and adolescents and did not analyze dot-sized

type IV CCMs, thus leaving out an important type of CCM fre-

quently encountered in hereditary forms of the disease.6

Other authors identified prior hemorrhage as an important

risk factor for subsequent hemorrhage by comparing hemorrhage

rates of CCMs with and without prior hemorrhage.1,2,5,7-9 Ac-

cording to these studies, hemorrhage rates ranged from 0%– 6%

and 4.5%– 60%, depending on whether prior hemorrhage was or

was not present, respectively.1,2,5,7-9 However, these articles have

Received February 17, 2015; accepted after revision March 17.

From the Department of Neuroradiology (O.N., M.W.), University Hospital Aachen,
Aachen, Germany; Institute for Neuroscience and Medicine 4 (O.N.), Science Cen-
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a lack of comparability because of differing hemorrhage defini-

tions.10 Hence, our aim was to evaluate whether the different

CCM types according to the Zabramski classification, including

dot-sized type IV lesions, are associated with different hemor-

rhage rates and to provide a simple, yet comprehensive morpho-

logic classification that reflects hemorrhage rates best.

MATERIALS AND METHODS
Patients
After approval from the local institutional ethics board, we retro-

spectively reviewed data from the medical files from the depart-

ment of Pediatric Neurosurgery of Hôpital Necker Enfants

Malades, Paris, France, between January 1, 1993, and December

31, 2009. We identified 74 patients younger than 18 years of age

with clear radiologic and/or pathologic criteria of CCMs, of

whom 4 were excluded from the study

due to a history of radiation. The re-

maining 70 patients had 356 CCMs. One

small histologically proved CCM was

found to be adjacent to a larger CCM

during an operation and was removed.

It was excluded from our analysis be-

cause it was not visible in previous imag-

ing. In the end, we included 355 CCMs

in 70 patients in this study. In addition

to neuroimaging features, we assessed

clinical and demographic information,

such as age, sex, medical history, treat-

ment, family history, and histologic

findings by chart review. Two neurora-

diologists, blinded to all clinical data,

analyzed the imaging data. Unblinded

consensus readings were performed to

obtain a reference standard for statistical

analyses.

Definitions
All lesions were radiologically defined

according to the Zabramski classifica-

tion.3 An additional category (type V)

accounting for CCMs presenting with

gross extralesional hemorrhage was

added to take these lesions into account

(Fig 1).

Only MR imaging studies performed at 1.5T were included, to

minimize variation through magnetic field strength on suscepti-

bility artifacts. All examinations were evaluated on T1WI and

T2WI sequences with gradient-echo (GRE) imaging considered

when present.

CCM diameters on T1WI and T2WI were averaged in all cases

except in dot-sized CCMs (Zabramski type IV). The diameter of

these lesions, which are only visible on T2*, was arbitrarily defined

as 1 mm, because measuring lesion diameters on the basis of sus-

ceptibility artifacts alone will result in different results depending

on the amount of hemosiderin depositions, section thickness, and

section orientation. Overall hemorrhage size was assessed if the

discrimination of a distinct lesion within the hemorrhage was not

possible. Lesion growth was defined as a visually distinct increase

of lesion diameter of at least 1 mm.

FIG 1. CCM types according to the Zabramski classification. Graphic illustration (left 3 rows) and
corresponding MR images (right 3 rows) of CCMs according to the MR imaging classification of
Zabramski et al.3 Type IV CCM: arrowhead indicates a small T2* lesion. Type V: arrows indicate
parts of the actual CCMs that are visible in the center of the hemorrhage; however, the CCM is
not fully distinguishable from hemorrhage.

Table 1: Original MRI classification of CCMs according to Zabramski et al3

Lesion Type MRI Signal Characteristics Pathologic Characteristics

Type I T1: hyperintense core Subacute hemorrhage, surrounded by a rim of hemosiderin-stained
macrophages and gliotic brainT2: hyper- or hypointense core with surrounding

hypointense rim
Type II T1: reticulated mixed-signal core Loculated areas of hemorrhage and thrombosis of varying ages,

surrounded by gliotic, hemosiderin-stained brain; in large lesions,
areas of calcification may be seen

T2: reticulated mixed-signal core with surrounding
hypointense rim

Type III T1: iso- or hypointense core Chronic resolved hemorrhage, with hemosiderin staining within
and around the lesionT2: hypointense with a hypointense rim that

magnifies the size of the lesion
GE: hypointense with greater magnification than T2

Type IV T1: poorly seen or not visualized at all Two lesions in the category were pathologically documented as
telangiectasiasT2: poorly seen or not visualized at all

GE: punctate hypointense lesions
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Hemorrhage Definition
To differentiate hemorrhage and simple intralesional thrombosis

of blood, we postulated a radiologic hemorrhagic event if there

was extralesional hemorrhage (acute or subacute blood-degrada-

tion products) or if there was intralesional hemorrhage (acute or

subacute blood-degradation products) accompanied by lesion

growth, mass effect, or edema. In accordance with criteria pro-

posed by Al-Shahi Salman et al,10 neither lesion growth without

signal changes nor the presence of hemosiderin without signs of

recent hemorrhage was considered a hemorrhagic event. In addi-

tion, the appearance of subacute blood-degradation products

without lesion growth or edema was not considered a hemor-

rhagic event. Because assessment of lesion growth is, by defini-

tion, not possible for supposedly hemorrhagic lesions at first im-

aging, intralesional hemorrhage at first imaging accompanied by

corresponding clinical symptoms was also regarded as hemor-

rhage.3 A hemorrhagic event was considered symptomatic if there

was a relation between clinical symptoms and hemorrhage age,

anatomic location, or electrophysiologic examination findings. Le-

sions were regarded as de novo only when their new appearance

could be shown in 2 comparable (ie, section thickness and orienta-

tion) consecutive series.

Hemorrhage Rate Calculations
Hemorrhage rates were calculated by 2 methods:

1) Lifetime hemorrhage rates were calculated as hemorrhagic

events per time. The observation period of de novo lesions was

defined as the period between radiologic diagnosis and last imag-

ing. The observation period of lesions that were present at first

imaging (presumably congenital lesions) was defined as the pe-

riod between birth and last imaging. The lifetime hemorrhage rate

was calculated as the average of hemorrhage rates of de novo and

presumably congenital lesions. All 355 lesions were included in

these calculations.

2) Prospective hemorrhage rates were calculated on the basis

of Kaplan-Meier survival models and were analyzed with the

Breslow test, log-rank test, and Cox regression. Because CCMs are

dynamic lesions that may change in appearance with time, we

analyzed prospective hemorrhage rates depending on the lesion

appearance at any given observation point.6,11 Only lesions with a

radiologic follow-up of �180 days were included in these

calculations.

Statistical Analysis
Standard statistical tests (Student t test, Fisher exact test, Pearson

�2 test, Breslow test, log-rank test, Cox regression) were per-

formed when applicable. P values under the � level of .05 were

defined as significant. All statistical analyses were performed with

SPSS software (Version 20; IBM, Armonk, New York).

RESULTS
Demographics and Genetics
There were 355 CCMs in 48 male and 22 female patients. Twenty

of 70 patients had multiple CCMs. The mean age of all 70 patients

at first radiologic diagnosis of a CCM was 8.9 � 4.5 years, ranging

from 6.7 months to 17.3 years (median 9.5 years).

If one considered only lesions with a radiologic observation

period of at least 180 days, there were 255 lesions in 10 female and

15 male patients. Of these 255 lesions, 248 were observed in 18

patients with multiple lesions. Six of these 18 children were tested

for CCM1, CCM2, and CCM3 mutations. Three patients had a

CCM1 mutation, and 3 children had a CCM3 mutation.

Lesion Characteristics
In initial imaging, there were 33 type I, 15 type II, 74 type III, 190

type IV, and 30 type V CCMs. In addition, there was 1 hemor-

rhagic, predominantly cystic CCM. Initial lesion type could not be

classified in 12 cases because of a lack of adequate MR imaging

examinations at the date of the finding. Overall, there were 91

frontal, 72 parietal, 64 temporal, 59 occipital, and 5 subependy-

mal CCMs. Twenty-five CCMs were located in deep brain struc-

tures, 19 in the brain stem, and 20 in the cerebellum. Sixteen of

355 CCMs were associated with developmental venous anoma-

lies. The initial average diameter of all CCMs excluding dot-sized

CCMs was 12.0 � 12.3 mm, ranging from 1 to 50 mm (median 5

mm). The diameter of lesions with extralesional hemorrhage

(mean, 22.5 � 11.8 mm; median, 20 mm; range, 5–50 mm) was

greater than that of lesions with intralesional hemorrhage (mean,

9.4 � 8.8 mm; median, 5 mm; range, 1–35 mm) and that of non-

hemorrhagic type III lesions (mean, 3.4 � 3 mm; median, 2 mm;

range, 1–15 mm) (P � .001, Student t test).

Clinical Findings
Overall, 63 of 70 patients were symptomatic during a mean

clinical observation period of 4.0 years. Seizures, signs of raised

intracranial pressure, focal neurologic deficits, and isolated

headache were observed in 24, 22, 20, and 2 patients, respec-

tively. A cross-tabulation illustrating the co-occurrence of ini-

tial symptoms can be found in On-line Table 2. Infratentorial

lesions were more likely to present with symptoms related to

mass effect (ie, intracranial pressure and focal neurologic def-

icits), while supratentorial lesions were more likely to present

with seizures (P � .001, Pearson �2 test). Seven patients with

36 CCMs were symptom-free at diagnosis. All 7 patients re-

mained symptom-free during the entire clinical observation

period (mean, 5.1 � 4.5 years; median, 3.9 years; range, 7

months to 13.0 years).

Radiologic Events
If one considered all 355 CCMs, there were 131 radiologic hem-

orrhagic events. Seventy-four of 131 hemorrhagic events were

clinically symptomatic, while the remaining 57 hemorrhagic

events were clinically silent. In addition to the 74 clinically symp-

tomatic cases, there were 10 further reported clinical events in

which an association between a clinical event and hemorrhage

was not determinable due to a lack of adequate MR imaging ex-

aminations. Clinical symptoms were likely to be caused by hem-

orrhage (P � .004, Fisher exact test). Hemorrhage was more likely

to be clinically symptomatic if the CCM was located in the brain

stem (P � .004, Fisher exact test).

Intralesional signal changes without fulfillment of our hemor-

rhage criteria were present in 97 cases. These intralesional signal

changes were likely to be asymptomatic (P � .001, Pearson �2

test).
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Three cases of recurring seizures were associated with non-

hemorrhagic type III lesions. All dot-sized CCMs (Zabramski

type IV) in our series were asymptomatic.

Conventional Hemorrhage Rate Calculations
Overall, 199 MR imaging studies were performed (mean: 4.4

studies per child; range, 1–12 MR imaging studies per child).

There were 1558 distinct observations of 355 CCMs with a cumu-

lative radiologic observation period of 1094.2 lesion-years. The

lifetime hemorrhage risk with regard to all 355 lesions was 4.5%

per lesion-year on average, based on 20 hemorrhagic events in 95

de novo lesions during a mean observation period of 3.8 years

(5.5% per lesion-year) and 111 hemorrhagic events in 260 pre-

sumed congenital CCMs during a mean observation period of

12.3 years (3.5% per lesion-year).

Prospective Hemorrhage Rate Calculations
The mean radiologic observation period of 255 CCMs with a ra-

diologic observation period of at least 180 days was 4.2 � 2.9

lesion-years, ranging from 217 days to 13.0 years (median 3.2

years). There were 1398 radiologic observations of 255 lesions.

The mean time between imaging was 8.8 months, ranging from 2

days to 29.9 � 7.7 months (median 5.6 months). Table 2, On-line

Table 3, and Figs 2 and 3 provide an overview of hemorrhage rates

based on survival functions.

Sixty-one of 131 radiologic hemorrhagic events occurred in

the excluded 100 lesions. Fifty-three of these 61 hemorrhagic

events corresponded to CCMs that were hemorrhagic at first im-

aging. Only 8 of 61 excluded hemorrhagic events corresponded to

consecutive hemorrhagic events of lesions that eventually were

resected within 180 days.

Prospective Hemorrhage Rates Based on Zabramski Type
The annual hemorrhage rate was 29.8% for Zabramski type I,

20.1% for type II, 3.4% for type III CCMs, and 1.3% for type IV

CCMs. The hemorrhage rate was 23.1% for our proposed new

type V CCM and 23.4% for combined type I, II, and V CCMs.

Hemorrhage rates of type III and IV CCMs differed signifi-

cantly (Breslow test: P � .015; log-rank test: P � .014). There was

no significant difference between hemorrhage rates of type I, II,

and V CCMs (Breslow test: P � .133; log-rank test: P � .247;

On-line Table 3). Mean event-free intervals of type I, II, and V

lesions were significantly shorter compared with type III and IV

CCMs (Breslow test: P � .006; log-rank test: P � .044; On-line

Table 3).

Prospective Hemorrhage Rates Based on Other Factors
Univariate analyses revealed that solitary CCMs had a higher

hemorrhage risk in the long term than CCMs in the context of

multiple CCMs (Breslow test: P � .082; log-rank test: P � .002).

In addition, CCMs located in the brain stem had an increased

hemorrhage rate (Breslow test: P � .007; log-rank test: P � .044).

FIG 2. Hemorrhage-free survival. Kaplan-Meier diagram illustrates hemorrhage-free survival depending on the Zabramski CCM type.

Table 2: Hemorrhage-free survivala

CCM
Type

Mean Hemorrhage-Free Survival

Estimator
Standard
Error

95% CI

Lower Upper

I 18.82 1.52 15.84 21.80
II 24.92 2.91 19.21 30.63
III 27.88 0.38 27.13 28.63
IV 37.78 0.40 37.00 38.57
V 21.34 2.67 16.10 26.59
I, II, V 22.63 1.50 19.68 25.57
All 36.06 0.59 34.91 37.21
a Demonstrating mean hemorrhage-free survival in months depending on the ex-

tended CCM type of Zabramski et al.3
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CCMs associated with a developmental venous anomaly had a

higher hemorrhage risk in the shortterm (Breslow test: P � .032;

log-rank test: P � .213).

CCM size (cutoffs: 1.5, 2, 2.5, 3 cm) had no significant impact on

hemorrhage rates, when dot-sized CCMs were excluded from anal-

ysis (Breslow test: P � .352; log-rank test: P � .299). CCMs located

close to gray matter had no increased hemorrhage rate (Breslow test:

P � .723; log-rank test: P � .759). Neither sex nor mutation type

(CCM1 versus CCM3) had a significant influence on hemorrhage

rates (Breslow test: P� .203; log-rank test: P� .071; and Breslow test:

P � .173; log-rank test: P � .232, respectively).

Eventually, multivariate analyses (Cox regression) revealed

that the presence of acute or subacute blood-degradation prod-

ucts had a significant impact on hemorrhage rates (P � .036),

whereas mass effect (P � .161), the presence of extralesional hem-

orrhage (P � .307), CCMs in the context of multiplicity (P �

.139), the presence of a developmental venous anomaly (P �

.511), and localization in the brain stem (P � .761) had no signif-

icant influence on hemorrhage rates.

DISCUSSION
Prospective Hemorrhage Rates
Based on the Zabramski
Classification

When a CCM is diagnosed, the most im-

portant issue is to predict the risk for fu-

ture hemorrhage and clinical symptoms.

Thus, the aim of any classification

should be to predict hemorrhage (and

consequently clinical) risks. Prior hem-

orrhage has already been described as an

important risk factor for subsequent

hemorrhage.1,2,7-9 However, the term

“hemorrhage” is used to describe both cerebral bleeding and a

clinical symptom in the published literature, making accurate

comparisons of hemorrhage rates difficult, with some authors

calculating hemorrhage rates per patient and indicating clinical

event rates instead of radiologic event rates (Table 3).10 While the

assessment of clinical events appears practical, there is a distinct

risk of false generalization: The same CCM will lead to different

clinical event rates depending on whether it is located in the pre-

central or the middle frontal gyrus. Accordingly, hemorrhage of

brain stem CCMs was more likely to be symptomatic than other

CCMs in our series. Therefore, we advocate the assessment of

lesion-based radiologic hemorrhage rates because the occurrence

of clinical events (with the exception of seizures) depends primar-

ily on lesion location and the extent of hemorrhage.12,13 Clinical

event rates can then be deduced when the localization and hem-

orrhage rate of a given CCM are known.11

We analyzed hemorrhage rates on the basis of the most com-

mon CCM classification by Zabramski et al3 and found that it is

FIG 3. Cumulative hazard. Diagram illustrates the cumulative hazard for hemorrhage according to our proposed CCMclassification, 1) CCMwith
signs of acute or subacute hemorrhage, 2) CCM without signs of acute or subacute hemorrhage, and 3) dot-sized CCMs.

Table 3: Prospective hemorrhage rates in the literaturea

Study
No. of
Patients

No. of
Lesions

Hemorrhage
Assessment

Hemorrhage
Rate without
Prior Hemorrhage

Hemorrhage
Rate with

Prior Hemorrhage

Al-Shahi Salman et al1 134 NI MRI/clinical 2.4% 29.5%
Kondziolka et al8 122 NI MRI/clinical 0.6% 4.5%
Moriarity et al15 68 228 MRI/clinical 3.1%b NI
Porter et al16 173 NI MRI/clinical 1.6%b NI
Robinson et al17 57 66 MRI/clinical 0.7%b,c NI

Note:—NI indicates not indicated.
a Hemorrhage rates of supratentorial and infratentorial CCMs found in prospective registry studies. Hemorrhage rates

are in patient-years.
b Overall hemorrhage rate.
c Hemorrhage rates in lesion-years.
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possible to predict radiologic hemorrhage rates on the basis of this

classification. Even though Zabramski type I, II, and (proposed) V

CCMs have distinctive morphologic features, these lesions share

statistically similar high annual hemorrhage rates of 20.1%–

29.8%. Annual hemorrhage rates of type III and dot-sized CCM

are significantly lower (3.4% and 1.3%, respectively). Our results

imply that the presence of acute or subacute blood-degradation

products, present in Zabramski type I, II, and V CCMs, is the

strongest predictor of hemorrhage. These findings are highly in

accordance with results provided by Jeon et al,5 who performed a

comparable analysis on 410 mostly solitary-type I, II, and III

CCMs in a population older than 18 years of age: The authors

reported an increased annual hemorrhage risk of type I and II

lesions (27.6% and 15.4%, respectively) compared with type III

lesions (5.4%) (P � .001).5 Additionally, the authors found that

female sex, age, infratentorial localization, multiplicity, size, and

the presence of venous angioma were no risk factors for hemor-

rhage, which is also in accordance with our results.5 The outstand-

ing role of signs of prior hemorrhage is also supported by previous

published results, in which an increased risk for hemorrhagic

CCM has been reported despite different definitions of hemor-

rhage (Table 3).1,2,7-9 A possible explanation might be the de-

struction of microstructural integrity after a first hemorrhagic

event.14

Our findings and data from the literature imply that a simple

tripartite classification might be more useful in clinical practice:

1) CCMs with acute or subacute blood-degradation products

(Zabramski I, II, V). High hemorrhage risk of 23.4% (litera-

ture: 4.5%– 60%).1,2,5,8 Mean hemorrhage-free interval: 22.63

months. Association with acute or subacute clinical

symptoms.

2) CCMs without acute or subacute blood-degradation products

(Zabramski III). Intermediate annual hemorrhage risk of

3.4% (literature: 0%– 6%).1,2,5,8,15-17 Mean hemorrhage-free

interval: 27.88 months. They may be symptomatic particularly

in the context of seizures: Ten percent of seizures in our series

were associated with these CCMs.

3) Dot-sized lesions, visible in T2* and not or barely visible in

T1WI and T2WI (Zabramski IV). The lowest hemorrhage

rate of 1.3%. Mean hemorrhage-free interval: 37.78

months. Appear to be asymptomatic unless they are

hemorrhagic.6

Other Possible Risk Factors
Whereas univariate analyses implied that brain stem localization,

the presence of a developmental venous anomaly, and a solitary

CCM are associated with an increased hemorrhage risk, these fac-

tors did not prove significant in our multivariate analyses. In fact,

data from various authors imply that an apparent increased hem-

orrhage risk of brain stem lesions is likely to be caused by a selec-

tion bias: Brain stem hemorrhage is more likely to be symptom-

atic than supratentorial hemorrhage and is therefore more likely

to lead to MR imaging.9,12,18,19 Furthermore, while the relation-

ship between developmental venous anomalies and CCMs is not

fully understood yet, neither Flemming et al20 nor Jeon et al,5 who

performed analyses comparable with ours found that the presence

of developmental venous anomalies was associated with an in-

creased hemorrhage risk. Finally, it has been reported that pa-

tients with multiple CCMs and patients with CCM3 mutations

have a more aggressive clinical course. Flemming et al,20 for ex-

ample, indicated an odds ratio of 2.65 for hemorrhage in patients

with multiple lesions. However, a more aggressive clinical course

does not necessarily imply an increased hemorrhage risk. Current

evidence suggests that a more aggressive clinical course is possibly

caused by an increased cumulative hemorrhage rate rather than

an increased hemorrhage rate of each CCM.5,21,22 Paradoxically,

our data demonstrated an increased long-term hemorrhage rate

of solitary lesions. However, this result may have been biased be-

cause most of the solitary lesions were more likely to be resected

early on and thus were absent from long-term radiologic fol-

low-up analyses. Although there were limited patient data with

mutations in our analyzed population, our results did not suggest

that hemorrhage rates of each CCM type depended on a spe-

cific mutation type. Results in the literature suggest that those

carrying the CCM3 mutation are likely to present with an in-

creased number of CCMs at an early age.6,22 Again, a more

aggressive clinical course in patients with CCM3 mutations

may be caused by an increased cumulative risk due to a high

number of CCMs.6,21,22

Limitations
Our retrospective approach involves a degree of selection bias. An

ideal study dealing with hemorrhage rates should be prospective

and standardized. However, examining a considerable number of

patients with CCMs on a regular basis—ideally monthly to reli-

ably diagnose new hemorrhage— can be a tedious task, which is

reflected by the fact that all published prospective studies dealing

with the natural history of CCMs are registry studies.1,8,15-17

Furthermore, it has been discussed controversially whether

CCMs in children bear an increased hemorrhage risk.23 Mottolese

et al,4 for instance, reported that CCMs in children are more likely

to be symptomatic. In the end, the sometimes reported lower

proportion of asymptomatic incidental CCMs in children is likely

to be caused by a selection bias because routine examinations of

the brain are more common in adults than in children. Addition-

ally, hemorrhage rates in the literature are commonly calculated

under the assumption that CCMs are congenital, despite the

proof of de novo lesions.7-9,15-17 Consequently, hemorrhage rates

calculated under this assumption are always inversely propor-

tional to the mean age of a patient population, leading to a higher

hemorrhage rate in younger populations. In fact, Jeon et al,5 who

performed a prospective hemorrhage rate calculation similar to

ours, reported comparable hemorrhage rates for a population

older than 18 years of age.

A further limitation of our study is a diagnostic uncertainty

concerning dot-sized lesions.6 The size and signal of dot-sized

lesions depend strongly on technical MR imaging parameters such as

magnetic field strength and section thickness. It is conceivable that

dot-sized CCMs simply correspond to small nonhemorrhagic

CCMs.6 Nonetheless, our data suggest that these different CCM

types have statistically significant distinctive clinical and radiologic

features that justify differentiation of these lesions.

In summary, we believe that analyzing CCMs in children and

adolescents with multiple CCMs is a practical approach in the
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absence of prospective studies with serial MR imaging examina-

tions; examining CCMs in the context of multiple lesions allows a

longitudinal analysis of different CCMs of varying types, sizes,

and locations at the same time and underlying the same possible

influence factors. Furthermore, differential diagnosis of dot-sized

T2* lesions in adults comprises microangiopathic, amyloid angio-

pathic, or drug-induced (eg, anticoagulant therapy) microbleeds,

which are rare in children and adolescents.

CONCLUSIONS
This study has shown that it is possible to predict hemorrhage

rates of CCMs on the basis of the most common morphologic

CCM classification proposed by Zabramski et al3 when a further

category accounting for CCMs with gross extralesional hemor-

rhage is added. Our findings and data from the literature imply

that a simpler tripartite classification predicts hemorrhage risks

best. Nevertheless, further prospective research needs to be done

to establish whether our results prove correct and practical in

daily clinical work.
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CTMetal Artifact Reduction in the Spine: Can an Iterative
Reconstruction Technique Improve Visualization?

X A.L. Kotsenas, G.J. Michalak, D.R. DeLone, F.E. Diehn, K. Grant, A.F. Halaweish, A. Krauss, R. Raupach, B. Schmidt, C.H. McCollough,

and J.G. Fletcher

ABSTRACT

BACKGROUND AND PURPOSE: Metal-related artifacts from spine instrumentation can obscure relevant anatomy and pathology. We

evaluated the ability of CT images reconstructed with and without iterative metal artifact reduction to visualize critical anatomic

structures in postoperative spines and assessed the potential for implementation into clinical practice.

MATERIALS AND METHODS: We archived CT projection data in patients with instrumented spinal fusion. CT images were recon-

structed by using weighted filtered back-projection and iterative metal artifact reduction. Two neuroradiologists evaluated images

in the region of spinal hardware and assigned a score for the visualization of critical anatomic structures by using soft-tissue and

bone windows (critical structures totally obscured, n� 0; anatomic recognition with high diagnostic confidence, n� 5). Using bone

windows, we measured the length of the most pronounced linear artifacts. For each patient, neuroradiologists made recommen-

dations regarding the optimal use of iterative metal artifact reduction and its impact on diagnostic confidence.

RESULTS: Sixty-eight patientsmet the inclusion criteria. Visualization of critical soft-tissue anatomic structureswas significantly improved

by using iterative metal artifact reduction compared with weighted filtered back-projection (median, 1� 1.5 versus 3� 1.3, P� .001), with

improvement in the worst visualized anatomic structure in 88% (60/68) of patients. There was not significant improvement in visualization

of critical osseous structures. Linear metal artifacts were reduced from 29 to 11 mm (P � .001). In 87% of patients, neuroradiologists

recommended reconstructing iterative metal artifact reduction images instead of weighted filtered back-projection images, with definite

improvement in diagnostic confidence in 32% (22/68).

CONCLUSIONS: Iterativemetal artifact reduction improves visualization of critical soft-tissue structures in patients with spinal hardware.

Routine generation of these images in addition to routine weighted filtered back-projection is recommended.

ABBREVIATIONS: IMAR� iterative metal artifact reduction; wFBP� weighted filtered back-projection; HU� Hounsfield units

Spinal fusion is commonly performed to treat pain and/or min-

imize abnormal vertebral motion. In 2011, 488,000 spinal fu-

sion procedures were performed in the United States, a nearly

3-fold increase since 1998.1,2 However, despite advances in surgi-

cal technique and a proliferation of novel fusion devices and hard-

ware, the rates of the so-called failed back surgery syndrome have

not declined, and patients undergoing these procedures often re-

quire follow-up imaging.3,4 MR imaging and CT are both useful

in the evaluation of patients after spinal fusion, but both are lim-

ited by artifacts related to metallic spinal implants. Misregistra-

tion artifacts on MR imaging and beam-hardening artifacts on CT

degrade image quality, obscure relevant postoperative anatomy

and pathology, and reduce the overall diagnostic confidence in

distinguishing normal structures and pathologic findings.5,6

On CT, beam-hardening and photon starvation artifacts from

metallic fusion hardware frequently compromise visualization of

critical anatomic structures and pathologic findings, particularly

in the ROI near implanted hardware. Recent publications have

presented several postprocessing methods for decreasing the

severity of metal implant artifacts in CT.7-11 These works describe

unique challenges to minimizing metal-related artifacts in differ-

ent body regions due to differences in local anatomy and in im-

plant composition.12 However, only a few of these works focused

on the unique challenges of the postoperative spine,12,13 and

none assessed visualization of the critical anatomic structures

that the neuroradiologist must evaluate in the postoperative
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setting. Additionally, prior studies have not systematically as-

sessed how metal artifact reduction images should be incorpo-

rated into clinical practice (eg, instead of or in addition to

routine images).

In this study, we performed clinical assessment of a prototype

iterative metal artifact reduction (IMAR) algorithm (Siemens, Er-

langen, Germany) applied to CT data in patients with spinal fu-

sion. The prototype IMAR algorithm makes image-based correc-

tions that aim to minimize artifacts tangential to high-contrast

regions on the basis of spatial frequency and recover detail close to

the metallic implants, thus theoretically retaining important ana-

tomic information from the original images. Image improve-

ments are refined by using iterative normalization of metal arti-

fact reduction specifically tailored to the postoperative spine.8,14

We evaluated the ability of CT images reconstructed with and

without IMAR to visualize critical anatomic structures in the

postoperative spine and assessed the potential for routine imple-

mentation of IMAR into clinical practice.

MATERIALS AND METHODS
Data Collection and CT Acquisition
Institutional review board approval was obtained, and informed

consent was waived for this retrospective study. Imaging data

were collected from July 25, 2012, to August 23, 2013. Inclusion

criteria were the following; 1) prior instrumented spine fusion, 2)

noncontrast CT imaging of the spine performed at the level of

spine fusion, 3) use of a 128-section CT system (Definition Flash;

Siemens), and 4) archived CT projection data. All CT imaging was

performed by using the routine acquisition parameters of our

institution in clinical practice at the time for cervical, thoracic,

and lumbar spine CT by using collimation of 128 � 0.6 mm, pitch

of 0.9, gantry rotation time of 1 second, automatic exposure con-

trol tube current setting of 280 or 260 quality reference milliam-

pere-second (for cervical and thoracolumbar protocols, respec-

tively), and a 50-cm scan FOV. Cervical spine scans were

performed by using 140 kV(peak), while scans of the lumbar and

thoracic spine were performed with 120 kVp.

Image Reconstruction
CT images were reconstructed by a senior research technologist

(G.J.M.) from archived projection data by using an off-line com-

puter workstation, with images reconstructed by using a conven-

tional weighted filtered back-projection (wFBP) kernel (B35) and

the prototype IMAR algorithm (spine parameters). IMAR was

performed by using a vendor-specified “spine” setting, which en-

tails predetermined IMAR reconstruction parameters appro-

priate for spinal anatomy and hardware. Briefly, for IMAR recon-

struction, images are produced by first reconstructing an

uncorrected wFBP image, which is segmented into the metal and

nonmetal pixels by thresholding. The nonmetal pixels are used to

produce a prior image, while the metal pixels are used to generate

a metal image. The images are projected back into the sinogram

space and are used to normalize and identify the metal projections

in the original uncorrected sinogram data. Metal projections data

are interpolated, and the sinogram is then denormalized. High-

and low-pass-filtered versions of corrected images are then gen-

erated. The final images are produced by a weighted combination

of the high-pass-filtered images (corrected and uncorrected) with

the low-pass-filtered corrected images. This filtering and mixing

step is performed iteratively and reduces the blurring of the ana-

tomic structures near the metal object. For both, images of

0.6-mm thickness at 0.6-mm increments were produced with a

reconstruction FOV of 50 cm. For the purposes of this retrospec-

tive research project, images were displayed to include the entire

FOV to assess the whole image for potential artifacts and to delin-

eate their full extent if present.

Image Analysis
After reconstruction, images were loaded onto an Advantage

Windows Workstation (GE Healthcare, Milwaukee, Wisconsin)

for viewing. Two Certificate of Added Qualification– certified

neuroradiologists (A.L.K., D.R.D.), each with 14 years of experi-

ence, performed image evaluation in consensus. Location and

type of hardware were identified. Each study was evaluated by

viewing axial wFBP and IMAR images side-by-side, first with soft-

tissue window settings (window width, 3700 Hounsfield units

[HU]; window level, 600 HU) and then subsequently with bone

window settings (window width, 300 HU; window level, 40 HU).

Images were only evaluated in the axial plane without scanogram

images or multiplanar reformations.

Visualization of Critical Anatomic Structures. Critical structures

were defined as the central canal, the spinal cord, neural foramina,

and prevertebral soft tissues. Separate evaluations were performed

for evaluation of soft-tissue and osseous structures by using the ap-

propriate window/level display settings. Neuroradiologists evaluated

wFBP and IMAR images in a side-by-side fashion for each patient.

For both evaluations, a 6-point diagnostic image-quality scale was

used (0 � critical structures totally obscured, no structures identifi-

able; 1�marked artifacts, questionable anatomic recognition of crit-

ical structures; 2 � faint anatomic recognition, no confidence in the

ability to identify pathology; 3 � anatomic recognition with low con-

fidence in diagnosis; 4 � anatomic recognition with medium confi-

dence in diagnosis; 5 � anatomic recognition with high confidence

in diagnosis).

For evaluation of soft-tissue structures, the neuroradiologists

assigned the overall score on the basis of their impression of soft-

tissue planes and structures. In addition, the neuroradiologists

identified the critical anatomic structure that had the worst visu-

alization (ie, greatest anatomic obscuration due to metal or

IMAR-related artifacts) and assigned a separate soft-tissue visual-

ization score for this structure by using the same scale. Improve-

ment or worsening in soft-tissue visualization scores was calcu-

lated by subtracting the score of the wFBP images from that for the

IMAR images so that positive values reflected improvement and

negative values reflected degradation.

For evaluation of cortical bone structures, the neuroradiolo-

gists examined cortical bone visualization around the region of

metal hardware by using the wFBP and IMAR bone window im-

ages in a similar fashion and by using the same 6-point scale.

Improvement or worsening in visualization of osseous structures

between wFBP and IMAR was calculated, as described above.

Objective Artifact Measures. Two objective measures were used

to further describe the severity of metal-related artifacts. Verte-
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bral body cortical obscuration was first measured at the level with

the greatest beam-hardening artifacts in each patient, by using the

same level for each of 2 objective measures. For estimation of

vertebral body cortical obscuration, an angle measurement tool

was used, with the central angle placed in the middle of the verte-

bral body as the reference point. The 2 rays forming the angle were

drawn so that they circumscribed the portions of vertebral body

cortex that were obscured by metal artifacts (Fig 1). This circum-

scribed angle (or arc, in degrees) was measured for both the wFBP

and IMAR images. The improvement in the angular cortical ob-

scuration was calculated by subtracting the angles calculated in

the IMAR images from the wFBP images.

A “flame” artifact, reflecting the length of severe beam-hard-

ening parallel to the orientation of spinal hardware (usually a

pedicle screw), was also measured. For this measurement, the

linear dark band that emanates from the tip of a metal object along

its long axis in the imaging plane was measured by first selecting

the level of most severe beam-hardening artifacts in each patient.

The extent of the flame artifact was then

quantified by measuring the distance (in

millimeters) from the tip of the metal

object to the end of the linear dark band

at the same level on both wFBP and

IMAR images (Fig 2). The improvement

(decrease) in flame artifact severity was

calculated by subtracting the length of

the flame artifact on the IMAR images

from the length on the wFBP images at

the same level so that positive values re-

flected improvement and negative val-

ues reflected degradation.

Recommendation for Clinical Practice.

Finally, the neuroradiologist readers as-

signed recommendations for clinical use

of IMAR images and their estimated im-

pact on diagnostic confidence. Impact

on diagnostic confidence was a synthesis

of the ability to see both critical and

other soft-tissue structures, visualiza-

tion of osseous structures, and introduc-

tion of artifacts. These recommenda-

tions were made after viewing wFBP and

IMAR images in a side-by-side compar-

ison by using both soft-tissue and bone

window images for each case. Radiolo-

gists were asked to determine their rec-

ommendation regarding clinical use of

IMAR images with similar future cases

as follows: 1 � always generated instead

of routine wFBP images; 2 � always gen-

erated in addition to routine wFBP; 3 �

only reconstructed when requested; or

4 � not reconstructed at all. A categoric

score was also given for the estimated

impact on diagnostic confidence (0 �

unclear impact, 1 � probable increase in

confidence, 2 � definite increase in con-

fidence, �1 � probable decrease in diagnostic confidence, �2 �

definite decrease in diagnostic confidence).

To ensure that IMAR did not degrade clinically relevant diag-

nostic information, we retrospectively examined all cases with a

description of potential hardware complications at the level of

spinal fusion in the clinical radiology reports. In these cases, we

compared the visualization of the hardware complication be-

tween the wFBP and IMAR images.

Statistical Analysis
Statistical analysis was performed comparing the soft-tissue and

bone visualization scores for critical anatomic structures by using

wFBP and IMAR and for similar comparisons of vertebral body

cortical obscuration, by using the 2-tailed Wilcoxon signed rank

test. For comparison of flame artifacts between wFBP and IMAR,

we used a paired t test because data were normally distributed. A P

value � .05 was considered statistically significant for both sets of

comparisons. Descriptive statistics were used to classify spinal hard-

FIG 1. Quantitative measurement describing the maximum extent of vertebral body cortex that
was obscured by metal beam-hardening artifacts in 2 patients. The central angle of an angle
measurement toolwas placed in themiddle of the vertebral body, with its rays circumscribing the
portions of the vertebral body cortex that were obscured by metal artifacts. The process was
repeated for wFBP (A and C) and IMAR (B and D) images. In 1 patient with bilateral screw/rod
fixation in the lumbar spine, artifacts from both screws cross at the anterior margin of the
vertebral body cortex, resulting in obscuration of a large portion of the anterior cortex (A). There
is marked improvement with IMAR in the degree of anterior vertebral body cortical obscuration
caused by metal artifacts (B) because only artifacts from the left-sided screw extend to the
cortical surface. In another patient with anterior cervical discectomy and fusion (C and D), there
is no change in the degree of vertebral body cortical obscuration as measured by the circum-
scribed angle.
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ware in our cohort, rank improvements in visualization of anatomic

structures, and objective measures of artifact severity and to assess

recommendations for use of IMAR images in clinical practice.

RESULTS
Sixty-eight patients with spinal hardware met the inclusion crite-

ria (38 females [56%]; age range, 17– 87 years). Thirty-nine (57%)

had imaging of the lumbar spine; 21 (31%), of the cervical spine;

and 8 (12%), of the thoracic spine. The radiation dose ranged

from 5.9 to 40.7 mGy, with a mean dose of 19.6 mGy. Thirty-

seven patients had posterior rods and pedicle screws, 16 had an

anterior fixation plate and screws, 3 had interbody fusion cages,

and 12 had other more complex hardware fixation.

Visualization of Critical Anatomic Structures
The results from the subjective and objective analyses comparing

IMAR and wFBP are shown in the Table. The overall soft-tissue

visualization scores for critical anatomic structures (median)

were 1 � 1.5 for wFBP and 3 � 1.3 for IMAR images (P � .001).

The spinal canal was the worst visualized structure in a large ma-

jority of patients (56/68; 82%), followed by the prevertebral soft

tissues in 7/68 (10%) and other structures in 5/68 (7%). The me-

dian soft-tissue visualization scores for these worst visualized

structures were 0 � 1.3 for wFBP (with a score of zero indicating

that the structure is totally obscured), which improved to 3 � 1.2

for IMAR (P � .001; a score of 3 indicating anatomic recognition

with a low level of confidence in diagnosis). The mean improve-

ment in overall soft-tissue visualization scores was 1.0 � 1.0, with

an improvement of �1 point in 55/68 (81%) patients. The mean

improvement in the worst visualized anatomic structure was

1.5 � 1.1, with an improvement of �1 point in 60/68 (88%)

patients (Fig 3). In 11 patients (16%; 11/68), the worst visualized

anatomic structure improved by at least 3 points. In 4 patients (6%;

4/68), the worst structure improved from a rank of �2 with wFBP

(no structures identifiable; no confidence in ability to identify pathol-

ogy) to �4 with IMAR (medium-to-high confidence in diagnosis).

The overall bone visualization scores (median) were similar

for wFBP and IMAR: 5 � 0.5 and 5 � 0.9, respectively (Fig 4).

Only 1 patient (1.5%) had worsening of the bone-visualization

score. In this patient, complex hardware was present in the tho-

racic spine causing severe artifacts on both wFBP and IMAR.

In 3/68 (4.4%) patients, we observed shadowing at the image

periphery somewhere within the reconstructed image stack. None of

the images with the shading artifacts contained anatomy evaluated in

the study; hence, the artifacts did not affect the study results.

Objective Artifact Measures
For objective measures of metal-related artifacts, the mean estimate

of vertebral body cortical obscuration for wFBP and IMAR images
was 7° and 3°, respectively (P � .004). In
54 of the 68 (79%) patients, the vertebral
body cortex was visualized in its entirety
on both wFBP and IMAR images. In the
14 patients in whom there was a nonzero
value for estimation of vertebral body cor-
tical obscuration, mean angular obscura-
tion was 34° for wFBP and 15° for IMAR
(P � .001).

Flame-related linear metal artifacts
were present in 66/68 (97%). The mean
flame artifact lengths for the wFBP and
IMAR images were 29 and 11 mm, respec-
tively (P � .001).

FIG 2. Extent of the flame artifact was quantified by measuring the distance (millimeters) from
the tip of the metal object to the end of the linear dark band at the same level on both wFBP (A)
and IMAR images (B). Improvement in artifact severity is demonstrated on the IMAR image.

Results from the subjective and objective analyses comparing IMAR and wFBP
Neuroradiologist Evaluation wFBP (Median) IMAR (Median) Test P Value

Subjective
Overall soft-tissue visualization scorea 1� 1.50 3� 1.27 WSR �.001
Cervical (n� 21) 2� 1.54 4� 1.06 WSR .001
Thoracic (n� 8) NAb NAb

Lumbar (n� 39) 1� 1.24 3� 1.15 WSR �.001
Soft-tissue structure with worst artifacts, visualization scorea 0� 1.34 3� 1.19 WSR �.001
Cervical (n� 21) 1� 1.53 3� 1.20 WSR .001
Thoracic (n� 8) NAb NAb

Lumbar (n� 39) 0� 1.18 2� 1.04 WSR �.001
Bone (cortex) visualization score 5� 0.49 5� 0.87 WSR .02
Cervical (n� 21) 5� 0.36 5� 0.30 WSR .16
Thoracic (n� 8) NAb NAb

Lumbar (n� 39) 5� 0.54 5� 0.16 WSR �.001
Objective
Vertebral body cortical obscuration (in degrees) 7� 17 3� 12 PTT �.001
Vertebral body cortical obscuration, when present (n� 15) (degrees) 34� 22 13� 24 PTT �.001
Length of flame artifacts (mm) 29� 18 11� 7 PTT �.001

Note:—NA indicates not applicable; PTT, 2-tailed paired t test; WSR, Wilcoxon signed rank test.
a Structures evaluated in the region of metal fixation hardware included the central canal, spinal cord, neural foramina, and prevertebral soft tissues.
b A subgroup analysis of thoracic spine cases was not performed due to the few cases in this group.
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Recommendation for Clinical Practice
In most patients (87%; 59/68), the neuroradiologists wanted

IMAR images instead of wFBP images; in an additional 10% (7/

68), IMAR images were requested in addition to wFBP images.

These cases included those in which soft-tissue artifacts remote

from the spine were identified. In 3% (2/68) of patients, IMAR

images were deemed necessary only if specifically requested. Both

of these patients had complex, multilevel fusions. When asked

about the impact of IMAR images on diagnostic confidence, the

readers estimated a definite increase in confidence in clinical di-

agnosis in 22/68 (32%) patients, a probable increase in 25/68

(37%) patients, unclear impact on diagnostic confidence in 21/68

(31%) patients, and probable or definite decrease in none (0%).

Seven percent (5/68) of patients had a hardware complication

at the level of the spinal fusion based on retrospective review of

clinical radiology reports (3 with hardware loosening, 1 with a

pedicle screw extending beyond the medial pedicle margin, and 1

with migration of an interbody fusion

cage). In these 5 patients, IMAR images

were thought to display the hardware

complications as well as the FBP images

(Fig 4).

DISCUSSION
The presence of metallic structures such

as screws, rods, and dental fillings in CT

images may cause severe artifacts due

to beam-hardening, photon starvation,

and the presence of sharp gradients in

the sinogram data. Metal objects can

generate streaks or dark areas in the im-

age and obscure low-contrast neural

structures of interest in the spinal canal

or in adjacent paravertebral soft tissues.

Our pilot study demonstrated signifi-

cant improvement in visualization of

critical anatomic structures such as the

spinal canal and adjacent paravertebral

soft tissues by using a prototype IMAR

reconstruction technique. Additionally,

IMAR reduced the extent of linear

“flame” artifacts. In those cases in which

the vertebral body cortex was obscured,

IMAR improved cortical visualization.

Neuroradiologist readers recommended

reconstruction of IMAR images rou-

tinely in clinical practice in �90% of

cases (and in �80%, they recommended

reconstruction of IMAR without wFBP

images). Neuroradiologists thought that

the use of IMAR images definitely im-

proved diagnostic confidence in 32% of

patients. These results are important be-

cause they demonstrate that this tech-

nology may be a useful method for re-

ducing metal artifacts on CT images in

the ever-growing population of patients

with spinal fixation hardware, improv-

ing the diagnostic benefit of wFBP images, particularly in the eval-

uation of critical soft-tissue anatomic structures.

Most studies evaluating metal artifact reduction algorithms

have evaluated orthopedic hardware in phantoms or in a hetero-

geneous mix of patients (often with none having spinal-fixation

hardware). Similar to our study, however, Wang et al13 evaluated

18 patients with spinal fusion and metal hardware, using dual-

energy, virtual monochromatic kiloelectron volt images and

metal artifact reduction algorithms. They used subjective 5-point

image-quality and diagnostic interpretability scales in addition to

measuring the width of pedicle screws as an objective measure of

metal artifacts. These investigators found that their approach re-

sulted in improved image quality and diagnostic interpretability

but that metal artifact reduction degraded pedicle screw shape. In

contrast, we imaged a larger number of patients with different

types of spinal fixation hardware and performed a visual analysis

FIG 3. wFBP (A) and IMAR (B) images in a 33-year-old man status post right hemipelvectomy for
resection of a fibrosarcoma. IMAR improves visualization of the psoas and iliacus muscles (ar-
rows), the retroperitoneal fat, and the spinal canal to exclude tumor recurrence.

FIG 4. A 65-year-old man status post L3-to-S1 pedicle screw and rod fixation. wFBP (A) and IMAR
(B) images at the S1 level using bone window settings demonstrate lucency about the right S1
screw, consistent with hardware loosening (white arrows). At the L3 level, the central canal and
lateral recesses are obscured by artifacts on wFBP (C) image with soft-tissue window settings.
IMAR (D) image with soft-tissue window settings at the same level demonstrates a retained wire
from a prior spinal cord stimulator (wavy arrow) and improved visualization of the left lateral
recess (black arrowheads).
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of critical anatomic structures that may be affected by postoper-

ative complications. Furthermore, we performed a side-by-side

assessment of wFBP and IMAR images across our cohort to de-

termine how such algorithms should be integrated into routine

clinical practice. We submit that while IMAR images are sufficient

to replace wFBP images in �80% of patients, both wFBP and

IMAR images should be routinely reconstructed for the minority

of patients in whom unusual artifacts can be caused by postpro-

cessing with the IMAR algorithm itself (Fig 4). Routine recon-

struction of IMAR images is warranted, given the definite or

probable increase in diagnostic confidence in more than half of

patients, usually on the basis of improved visualization of soft-

tissue structures.

Several recent proposals for metal artifact reduction have used

dual-energy CT with virtual monochromatic kiloelectron volt im-

ages in addition to metal artifact reduction algorithms.7,14 How-

ever, the effectiveness of artifact reduction by using monoener-

getic imaging appears to be dependent on implant material and

size.7,9,12,13 Our work used a method for metal artifact reduction

that can be employed using conventional single-energy CT acqui-

sition with thresholds and other settings potentially altered to

adjust for different types and location of metal implants. Others

have previously described a 1D linear interpolation to improve

CT sinogram data,15,16 but such approaches have not been put

into clinical practice until recently, primarily due to the high com-

putational time requirements.17 Recently, the linear interpolation

approach was improved by adding a normalization process (ie,

“normalized metal artifact” reduction) that can be performed

quickly and efficiently.10 The IMAR prototype used in this study is

yet a further improvement to these existing algorithms. We herein

test this new approach for the first time in a large set of patients

with spinal hardware by using an off-line computer workstation.

Some limitations of our study should be acknowledged. First,

as described above, in this study, the projection data gathered

during each patient’s examination were exported to an off-line

station where the reconstruction with the prototype IMAR algo-

rithm was performed. This delay in workflow would not likely be

clinically acceptable on a routine basis. We did not record the

off-line image reconstruction time for each case because CT scan-

ner image reconstruction systems are much more powerful than

the off-line workstation. We anticipate that IMAR implementa-

tion in a scanner image reconstruction system will reconstruct

several IMAR images per second. Second, evaluation of wFBP and

IMAR images was performed in a side-by-side fashion, so the

readers could readily ascertain which image set was created by

using the IMAR algorithm. This methodology was required to

allow detection of subtle differences in visualization of soft-tissue

structures between the 2 techniques and quantification of the

most severe artifacts at the same anatomic level and to understand

the nature and frequency of artifacts caused by the IMAR algo-

rithm itself. Our CT system can reconstruct images by using sino-

gram-affirmed iterative reconstruction, another vendor-specific

iterative reconstruction technique, but we did not generate a third

set of images by using sinogram-affirmed iterative reconstruction

for this analysis because sinogram-affirmed iterative reconstruc-

tion itself may cause artifacts and the goal in this study was not to

reduce noise but to reduce metal artifacts. Additionally, we only

evaluated noncontrast images.

The implications of using IMAR for examinations in which

intravenous or intrathecal contrast (ie, myelography) is adminis-

tered will require further investigation. Finally, we used visualiza-

tion of critical anatomic structures and estimation of diagnostic

confidence as a surrogate for detection of postoperative pathol-

ogy; an increase in diagnostic confidence may not translate into

clinical relevance. We only assessed axial images and did not view

scanogram images or multiplanar reformats as would be routine

for our clinical practice. While our results suggest that abnormal-

ities such as nerve root or spinal cord compromise or the pres-

ence/absence of soft-tissue tumor recurrence may be determined

with higher confidence by using IMAR, we did not design our

study to address this hypothesis. Given that IMAR reconstruction

may take time to perform, the true clinical utility of IMAR re-

mains uncertain despite our findings. Prospective assessment of

the ability of IMAR to identify clinical findings will be a focus of

future work.

CONCLUSIONS
The IMAR prototype improves anatomic visualization of critical

soft-tissue structures in the postoperative spine and reduces metal

artifacts by both subjective and objective measurement, resulting

in improved diagnostic confidence in the large majority of pa-

tients with spinal fusion hardware.
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ERRATUM

In the author listing for the article “Evaluating CT Perfusion Deficits in Global Cerebral Edema after Aneurysmal Subarachnoid

Hemorrhage” (AJNR Am J Neuroradiol 2015;36:1431–35, originally published on-line on May 14, 2015, doi:10.3174/ajnr.A4328) the

name of the fourth author was spelled incorrectly. The correct author list appears below. The Journal regrets this error.

Baradaran H, Fodera V, Mir D, Kesavabhotla K, Ivanidze J, Ozbek U, Gupta A, Claassen J, Sanelli PC.

http://dx.doi.org/10.3174/ajnr.A4565

E68 Erratum Nov 2015 www.ajnr.org


