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ABSTRACT

BACKGROUND AND PURPOSE: During endovascular treatment of unruptured aneurysms with the Pipeline Embolization Device, an oversized
device is often selected to achieve better wall apposition; however, this device oversizing could be related to overelongation and possible
delayed enlargement of the stented region. The purpose of this study is to investigate the relationship between oversize and treatment outcome.

MATERIALS AND METHODS: The DynaCT images of 14 aneurysms treated by a single Pipeline Embolization Device were retrospectively
analyzed. 3D images of the deployed device were compared with those acquired at the 6-month follow-up for qualitative and quantitative
evaluation. The diameter and length of the Pipeline Embolization Device were measured at both time points and compared for determi-
nation of the device changes.

RESULTS: Structural changes of the device have been observed, and it was found that the Pipeline Embolization Device influences the vessel
curvature in some cases. On average, it increases its diameter by 0.23 mm and decreases its length by 2.88 mm within 6 months of initial
deployment. Excessive elongation beyond its nominal length is correlated with a lower aneurysm occlusion rate at the 6-month follow-up.

CONCLUSIONS: Not only does a Pipeline Embolization Device reconstruct the aneurysm and parent artery, but its entire structure goes
through a gradual remodeling process. The relative deformation between the device and the artery indicates suboptimal wall apposition.
Device oversizing does not have a direct effect on shortening or recoil. The aneurysm occlusion rate, however, is lowered by overelon-
gation of the Pipeline Embolization Device.

ABBREVIATION: PED � Pipeline Embolization Device

Growing enthusiasm for the Pipeline Embolization Device

(PED; Covidien, Irvine, California) has prompted a dra-

matic shift in how unruptured aneurysms are managed since ap-

proval of the device.1 The PED diverts blood away from the an-

eurysm and reduces rupture risk by stimulating formation of

intra-aneurysmal thrombus and lowering hemodynamic forces

on the aneurysm dome.

Few aneurysms treated by flow diversion are thrombosed

acutely; the aneurysm occlusion rate varies from center to center,

but in general, it increases with time, from 68% at the 3-month,2

65%–91% at the 6-month,3,4 90%–93% at the 12-month,5 and

84% at the 18-month follow-up.6 Nevertheless, it is not uncom-

mon for aneurysms to remain patent �2 years after treatment,

and the risk of delayed hemorrhage persists.7,8

Intracranial stents are known to alter vessel curvature9; simi-

larly, the parent artery may cause deformation of a flow diverter

and influence the device porosity.10 Vessel tortuosity often ren-

ders a nonuniform distribution of the porosity and allows poten-

tially less metal coverage at the aneurysm neck; as a result, predic-

tion of the timing of complete aneurysm occlusion after flow

diversion can be a challenge. The PED is a braided self-expanding

stent with 12 platinum and 36 cobalt-chromium alloy strands.

Radio-opacity of the platinum strands in a PED can be used as a

marker and offers an opportunity to visualize the PED in greater

detail to reveal suboptimal deployment, which may require fur-

ther intervention.11,12 In this study, we investigated the temporal

change of the PED structure in situ after deployment and exam-

ined its relationship with the aneurysm occlusion rate.

MATERIALS AND METHODS
This retrospective study was approved by the Human Subject Re-

search Committee at our institution before commencement.
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Nineteen consecutive patients who received only 1 PED device for

treatment of internal carotid artery aneurysms between June 2011

and March 2012 were included in the study. Five patients were

excluded due to their age or lack of appropriate 3D images. The

remaining 14 patients (12 women and 2 men) had a follow-up

angiographic examination between 6 and 7 months. Three pa-

tients had additional examinations for treatment of other aneu-

rysms before 6 months. Four aneurysms were at the ophthalmic;

4, at the supraclinoid; and 2, at the cavernous segment. The re-

maining aneurysms were located at the anterior choroidal artery,

superior hypophyseal artery, and the petrous or cervical segment

of the ICA. Twelve aneurysms were saccular, and 2 were either

dissected or dysplastic.

At each treatment, it was determined by the senior neuroradi-

ologist that flow stasis was adequate after the first PED and an

additional PED was not required. Patients who were treated by

�1 PED during the same session were excluded from the study.

After deployment, DynaCT images (Siemens, Erlangen, Ger-

many) with and/or without contrast were acquired.13 These

DynaCT images were reconstructed at 0.11- to 0.13-mm resolu-

tion so that each radio-opaque strand could be visualized and

analyzed. The same procedure was repeated at the subsequent

follow-up examination.

These patients were divided into 2 groups based on the condi-

tion of their aneurysms at the 6-month follow-up: 7 patients with

completely occluded aneurysms (group 1) and 7 with incom-

pletely obliterated aneurysms (group 2). The average age of these

patients was 61 years (59 years for group 1 and 62 years for group

2), and the mean aneurysm size was 8.1 mm (6.2 mm for group 1 and

9.4 mm for group 2). Neither age nor aneurysm size was statistically

different between the 2 groups. Two patients from group 1 and none

in group 2 were smokers and hypertensive; these risk factors were not

significantly different between the 2 groups.

Qualitative Comparisons
The DynaCT images of the PED acquired at different time points

were compared on the Leonardo workstation (Siemens) by inten-

sity thresholding and automatic coregistration. The coregistra-

tion was performed with the PED structure as the landmark after

removal of all tissues. These comparisons revealed the deforma-

tion of each individual strand, and the change of the PED struc-

ture and general PED integrity were also scrutinized. The DynaCT

images obtained with contrast also permitted evaluation of the

relative position between the PED and aneurysm.

Quantitative Measurements
For each case, the proximal and distal circumferences of the PED

device were measured on the Leonardo workstation. The circum-

ferences were selected because the cross-section might not be cir-

cular, and a direct diameter measurement was prone to errors.

The circumference was converted to an equivalent diameter so

that a comparison of the size could be made. However, this com-

parison potentially disregarded any change in the shape of the

cross-section.

Six lines consisting of intersection points of metal strands

along the PED were constructed, and an example of measuring

the PED length by using these lines is demonstrated in Fig 1. The

intersection of metal strands yielded the highest signal intensity and

could be easily depicted on the DynaCT images. These intersection

points were physically present and could be connected by a simple

interpolated spline to form a material line aligned in the same direc-

tion as the PED. The length measurement of a material line was su-

perior to the measurement of the centerline because the centerline

was an imaginary one, while the material line could be easily gener-

ated by connecting visible physical points. The process of generating

a material line was independent of operators or numeric algorithms.

Six material lines along the PED beginning from 6 different strands

were generated, and the average length of these lines was regarded as

the PED length. Usually, these material lines were of different lengths,

with the lines on the outer curve longer.

Each measurement (PED circumference and length) was re-

peated for assessment of possible errors associated with measure-

ment, and intermeasurement differences were no more than 2%.

The measurements were also compared with the nominal dimen-

sions. The radius of the curvature was not measured because most

PEDs had �1 curvature and a single curvature could not properly

represent the entire device. The Student t test was used for testing

the statistical significance of these measurements. A P value � .05

was deemed statistically significant.

RESULTS
At the 6-month follow-up, many PEDs were observed to retract at

either the proximal or distal end (or both), making the PED

shorter overall. However, this retraction was not related to any

clinical consequences or symptoms; in addition, no migration of

the PED was observed.14 In some cases, aneurysms were seen to

decrease in size but remained incompletely thrombosed (group

2). In 1 case (Fig 2), the ophthalmic artery that was originally

covered by the PED was later exposed directly to blood flow at 6

months due to device retraction. The demographics of these cases

are included in the On-line Table.

The temporal PED changes were observed in group 1 (Fig 3),

with retraction at either the proximal or distal end. In these cases,

most strands in the device had moved during the retraction, likely

altering the metal coverage at the neck of the aneurysm.

Similar results were seen in group 2 as well (Fig 4). By the

6-month follow-up, the arterial curvature distal to the aneurysm

was frequently altered by device implantation. In both cases (Fig

FIG 1. Demonstration of measurement of the PED length. Only 1 of
the 6 material lines is shown.
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4A, -B), aneurysms were located at the region where the greatest

deformation occurred. The deployed length was 12 and 18 mm

longer than the nominal length for these 2 cases, respectively,

more than 60% longer than their nominal lengths. By 24-month

postdeployment, further deformation of the PED could be ob-

served (Fig 4C); however, the deformation was mostly dominated

by the curvature change.

Subtle PED deformation was also observed at both the acute

and subacute levels. Fig 5 documents both the acute and subacute

changes for an 11-mm supraclinoid ICA aneurysm. This patient

was first treated for the aneurysm and then imaged 1 month later

when another aneurysm at the contralateral ICA was treated. The

proximal end of the PED retracted slightly in the first month

(acute change), followed by the proximal strands creeping up-

ward later (subacute change). These changes did not involve the

aneurysm neck, and the aneurysm was completely obliterated by 7

months. A well-apposed flow diverter should permit no relative

movement between the device and artery. The distal part of the

PED in this case was well-apposed to the vessel wall; however, the

proximal strands gradually moved distally. This strand-creeping

indicated a loose wall apposition and a possible gap between the

PED and vessel wall. It is hypothesized that because the aneurysm

was located near the distal end of the

PED, where the wall apposition had

been better, the aneurysm was fully oc-

cluded by 7 months.

The Table lists the dimensions of the

PEDs immediately after deployment

and at the 6-month follow-up. The de-

vice oversize is defined as the difference

between the nominal diameter and the

average of the distal and proximal diam-

eters of a deployed PED, while the PED

elongation describes the difference be-

tween the deployed PED length and its

nominal length. In this study, the PED

shortened on average 8.4% and 11.6%

after 6 months for groups 1 and 2, re-

spectively. The PED also enlarged 0.23

mm on average for both groups (recoil).

The PED remodeling did not appear to

be a major factor in determining treat-

ment outcome at 6 months, but the out-

come was affected by excessive PED

elongation. The difference in elongation

(both in magnitude and percentage) be-

tween the 2 groups was statistically sig-

nificant. In cases with considerable PED

shortening, the length of the artery re-

mained the same from our image analy-

sis of 3D DSA.

The length of the PEDs at the time of

follow-up was closely related to the orig-

inal deployed length, but the elongation

was not affected by the device oversiz-

ing, implying multiple mechanisms for

device elongation (Fig 6). Furthermore,

device oversizing did not influence the shortening of the PED

during the first 6 months after treatment, nor did it affect the PED

recoil during the same period (Fig 7). The tapering of the ICA

compelled the choice of a larger device. The diameter of the ICA

decreased by 0.03 mm for every 1 mm of length (Table), so for the

treated section of an artery 30 mm long, one could expect the

artery to be almost 1 mm smaller distally, stretching the PED even

more and exaggerating the oversizing effects. This level of vessel

tapering is not unique to our experience; Fischer et al15 reported a

0.7-mm difference between the proximal and distal diameters in

their study of 101 aneurysms.

DISCUSSION
The advancement of C-arm CT technology permits visualization

of radio-opaque strands in the PED at a reasonable resolution,

and the entire PED structure can be reconstructed from these

images. Our study on the change of PED devices with time chal-

lenges the notion that the PED configuration can be predicted by

a computer program and that once the PED is implanted, it re-

mains the same permanently.16 Deformation of the PED and wall

apposition are often overlooked on 2D DSA. Our study demon-

strates that a deployed PED involves a dynamic remodeling pro-

FIG 2. A PED covered the ophthalmic artery initially after treatment, but the PED retracted
distally and uncovered the ophthalmic artery at 6 months (patient 7 in group 2).

FIG 3. Minor PED retraction is shown in 2 cases in group 1. The PEDs in white are seen immediately
after deployment, and the PEDs in red are from the follow-up, (left) case 2 and (right) case 1.
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cess in which strands may deform individually or together and

acutely or with time. As a result, the intra-aneurysmal flow may be

evolving. A slight PED retraction demands adjustment of all the

strands at least locally (Fig 5); the level of adjustment is greater at the

convex side at which the aneurysm is often located than at the con-

cave side where strands are close to each other. Our observation is

different from the previously reported de-

layed migration that may lead to compli-

cations or subarachnoid hemorrhage.14

Device oversizing is a result of our

intention to maintain a proper wall ap-

position throughout the device, compli-

cated by the tapered ICA. Although in

some instances, oversizing has been

shown to reduce the therapeutic benefit

of flow diversion in hemodynamic sim-

ulations,17 few studies have examined its

potential effect on the aneurysm occlu-

sion rate. There was a difference in the

oversize between groups 1 and 2 in our

study (0.59 versus 0.78 mm), but this

difference was not statistically signifi-

cant. Instead, the oversize was mani-

fested in device elongation. When an

oversized PED is selected, the deployed

PED tends to be longer than its nominal

length because it cannot fully expand.

This difference, in turn, will lower the

metal coverage over the aneurysm neck,

raising the local porosity and causing a

potential loss of therapeutic impact of a

flow diverter. Thus, while the difference

in oversize is rather subtle (�0.19 mm),

the deployed PED length is significantly

different between the 2 groups (6.84 ver-

sus 13.14 mm). A long PED in a highly

tapered artery will result in an even lon-

ger deployed length, so the selection of

the PED length cannot be overlooked.

There are 2 mechanisms by which a

PED may remodel, changing its shape and structure in response to

the external environment. First, the device could retract at either

or both ends. As the retraction progresses, the proximal or distal

end enlarges, shortening the device in the meantime and shifting

all the strands in between. The PED shortening due to this mech-

anism is predictable. The second mechanism is the curvature

FIG 4. A change of vessel curvature is observed in 2 cases in group 2. A, Case 6 (white is for the posttreatment, and red for 6-month follow-up).
B, Case 1 (white indicates posttreatment, and red shows the 6-month follow-up). C, Further PED movement in case 1 is observed between 6 (in
white) and 24 (in red) months.

FIG 5. Acute and subacute changes of a 4 � 18 mm PED. The PED in white is immediately after
deployment, yellow is the 1-month follow-up, and red is the 7-month follow-up. Left: Acute
change in the first month after deployment. Right: Subacute change of the PED between the 1-
and 6-month follow-ups.

Dimensions and measurements of the PEDa

Occlusion
(n = 7)

Incomplete
(n = 7) P Value

Nominal PED diameter (mm), D0 4.04 (0.45) 4.46 (0.51)
Nominal PED length (mm), L0 17.43 (2.32) 19.43 (4.98)
Proximal diameter post-Tx (mm), D1 3.77 (0.37) 4.13 (0.36)
Distal diameter post-Tx (mm), D2 3.12 (0.45) 3.23 (0.52)
Deployed length (mm), L1 24.27 (5.42) 32.57 (8.89)
D1 at 6 months (mm) 3.93 (0.33) 4.39 (0.28)
D2 at 6 months (mm) 3.32 (0.65) 3.51 (0.55)
Length at 6 months (mm), L2 22.31 (5.73) 28.77 (7.81)
Oversize post-Tx (mm), D0 � (D1 � D2)/2 0.59 (0.25) 0.78 (0.33)
Recoil at 6 months (mm), 	(D1 � D2 )/2 0.18 (0.19) 0.28 (0.18)
Elongation (mm), L1 � L0 6.84 (4.28) 13.14 (4.30) .026
Elongation in %, (L1 � L0)/L0 39.29 (22.42) 66.68 (13.67) .025
Shortening in 6 months (mm), L1�L2 1.96 (1.86) 3.80 (2.14)

Note:—Tx indicates treatment.
a SDs are given in parentheses.
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change of the PED with time in response to bending. This phe-

nomenon is commonly seen in cases with other intracranial stents

when the artery of interest is tortuous.9,12,18 For most cases, the

PED remodeling involves both mechanisms, resulting in a com-

plicated relationship between the oversize/elongation (action)

and shortening/recoil (reaction). The PED remodeling process

becomes even more complicated when 2 PEDs are overlapped or

telescoping for treatment of wide-neck or fusiform aneurysms.

The first PED device deployed is underneath the others and is

highly constrained, and the subsequent PEDs are subject to a dif-

ferent environment. A case of multiple PEDs is included as an

example in the On-line Figure in which the proximal PED expe-

rienced unexpected and abnormal deformation.

The metal coverage and porosity may evolve with time due to

this PED remodeling process. Considering that most PEDs in our

studies become shorter and larger with time, the metal coverage

will increase at the aneurysm neck, lowering the local porosity.

This remodeling brings the device closer to its nominal dimen-

sions, at which the porosity is lower; therefore, the remodeling

could be beneficial to aneurysm embolization. Elongation of a

PED, however, complicates its deployment. An oversized PED

leads to a longer and unpredictable deployed length, challenging

the positioning of a PED relative to the aneurysm and neighbor-

ing branches. A sufficient overhang is recommended so the aneu-

rysm neck is well-covered should the PED retract.15

Braided stents permit a relative motion between the strands,19

and friction between the strands is not sufficiently great enough to

prevent this motion.20 Consequently, individual strands deform,

and the PED remodels. Wang and Ravi-Chandar20 have devel-

oped a mathematic model that describes the mechanics of braided

stents. The radial force for a braided stent increases linearly with

device oversizing initially. From their model, we estimate that the

contact pressure between the PED and artery increases 5 mm Hg

for every 0.5 mm of oversize. This is equivalent to a radial force of

2 mN/mm at the nominal diameter, and 4 and 5 mN/mm for a

0.5- and 1- mm oversize, respectively.15,19 Thus, a 0.5-mm over-

size doubles the radial force, and any additional oversize produces

little or no advantage.

An artery interacts with an implant both biologically and me-

chanically. The acute elastic recoil, resulting in a smaller lumen,

ranges from 9% to 21% after deployment of a balloon-expandable

or self-expanding stent.21,22 This stent recoil is attributed to the

elasticity of plaque/vessel and plastic deformation of the (nitinol

or stainless) stent during deployment, independent of the size or

FIG 6. A, A linear relationship between the deployment length and the length at 6-month follow-up. B, The PED elongation is independent of
the initial PED oversize.

FIG 7. The relationship between device oversize and shortening (A) and recoil (B).
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design of stent.22 The stent recoil leads to a suboptimal lumen size

and possible restenosis; however, this recoil does subside with

time (38% at 8 weeks and 12% at 6 months).23,24 The PED remod-

eling reduces the forces (and strain energy) required to hold all the

strands together and seems to diminish with time in our limited

number of cases. Bending of a PED, however, constrains the de-

vice and limits how the device can remodel. The device is allowed

to adjust only at the section that is not subject to bending. If this

process fails, then the adjustment of local arterial curvature is

required.

We have treated �100 patients with flow diverters since the

approval of the PED. However, only a limited number of patients

were treated with a single PED, and this contributes to the small

sample size in this study. The average number of PEDs used for an

aneurysm in the literature is 1.14 –2.0,2,4-26 and this is very similar

to our experience with 1.8 PEDs per case in the first 100 cases.

Fifty-three percent of the patients at our institution received 1

PED, compared with 34%– 69% at other centers,15,25,26 and these

aneurysms were, in general, smaller than aneurysms treated by

multiple PEDs (6.2 versus 12.2 mm). Additional PEDs may lower

the porosity and reduce the intra-aneurysmal flow simultane-

ously, rendering rapid aneurysm occlusion. However, the deci-

sion to implant multiple PEDs is subjective. Overlapped PEDs are

less appreciated on DynaCT images, and interaction among PED

devices is quite complicated. Because we have very limited knowl-

edge on the long-term behavior of these flow diverters, the current

study is only the first step toward an understanding of the flow

diverter interacting with the vessel wall.

Our study is limited by the resolution of DynaCT images,

which is by no means close to the dimension of the struts in a PED.

However, it does not require a �30-�m resolution for detection

of the PED remodeling,27 and the effect of PED remodeling is

well-demonstrated in the study. The shortening of a PED is as large as

6–7 mm, twice the local diameter of the ICA, and the increase in the

circumference is 0.65 mm on average. These changes are easily seen

even without additional imaging postprocessing.

CONCLUSIONS
Not only does a PED reconstruct the aneurysm and parent artery,

but its entire structure goes through a gradual remodeling pro-

cess. The relative deformation between the PED and the artery

indicates suboptimal wall apposition. Device oversizing does not

have a direct effect on the shortening or recoil. The aneurysm

occlusion rate, however, is lowered by overelongation of the PED.
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