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PERSPECTIVES

Of Girths and Brains
X M. Castillo, Editor-in-Chief

I

t is now official: We Americans are no longer the heaviest in
the Western World. This ignominious claim belongs south of
the border, to Mexico. The obesity rate of Mexicans (32.8%)
has now surpassed that of Americans (31.8%). However, that is
just obesity; if you take all of those who are overweight, the rate
goes up to 70%. Mexican child obesity has tripled in the last 10
years, and though a difficult concept to grasp, many obese
individuals are also malnourished. Eating junk food makes one
fatter but does not provide the necessary nutrients to be
healthy. This weight gain trend is reflected throughout Latin
America and other parts of the developing world. Lack of education and a desire to imitate the United States have led to this
global problem, and now, being overweight far outstrips being
underweight throughout the entire world (a landmark change
in humanity that occurred in 2000).1 In Nauru and the Cook
and Marshall Islands, obesity rates have reached 71%, 64%,
and 46%, respectively, the highest rates worldwide.2 High ingestion of fried foods is probably the main culinary culprit, but
Mexicans are also the highest consumers of sugary soft drinks
in our hemisphere: 43 gallons (163 L) per person per year. Very
soon, the world will have more than 900 million obese individuals. Obesity predominantly affects our 2 largest “minorities”:
Hispanics and African Americans; and despite what some reports say, their obesity rates have not changed significantly in
the last few years.3 Because Hispanics and African Americans
will soon together account for most of our population, it is very
disturbing that by 2048, the entire US population will be obese
if we do not stop this trend!
Apart from probably being unable to fit these patients into our
MR imaging and CT units, neuroradiologists will become very
involved in their care. Two of the most common obesity-related
disorders are stroke and diabetes, with all of their neurologic complications.4 The current rate of stroke in the general population is
about 0.5% per year, while in diabetics, it reaches 1.2% per year.
In patients with diabetes, the risk of stroke increases with age,
heart disease, previous stroke, smoking, and—not surprisingly—
waist circumference. Of course, even without diabetes, stroke is
more common in Hispanics and African Americans. Because the
older population in the United States will increase from 13% to
19% and Hispanics, from 14% to 19% by 2025, stroke will become
even more prevalent (the African American population will experience no significant growth and is expected to remain at the current 13% until about 2050).5
The cost of caring for patients with obesity is staggering.
Currently, more than US $190 billion is spent on it every year
(21% of all annual medical spending in the United States), and
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even if obesity rates remained stable, that cost will increase to
$550 billion by 2030. About $14 billion is spent every year
caring for obese children. Disease due to obesity costs businesses about $5 billion in absenteeism every year. While Mexico is also a big country, its gross national product is only 13%
of ours, so it faces a considerable challenge dealing with its
obesity problem.
Although the main impetus for eating is a negative energy
balance, many other nonhomeostatic factors, such as attractiveness of food, time and season (we tend to eat more during
winter), and emotion (we eat more when sad or depressed), all
affect our intake. An interesting observation is that these nonhomeostatic factors are so strong that they generally override
the homeostatic ones.6 Different brain regions are involved for
each of these mechanisms. The hypothalamus, parabrachial
nucleus,* and the nucleus of the tractus solitarius are all in
charge of the homeostatic mechanisms. Various cortical locations, the amygdalae, ventral striata, hippocampi, and the substantia nigra, are in charge of the nonhomeostatic mechanisms
and have complex connections with those in charge of homeostatic control. fMRI can identify activity in all of these regions.
In one experiment, levels of peptide YY (PYY) in the bowel
were manipulated and its effect was observed by fMRI. PYY
activates vagal nerve afferents that activate homeostatic mechanisms and result in a reduction of food intake. fMRI is capable
of showing that the homeostatic circuit is activated when the
levels of PYY are manipulated. Another substance, leptin, a
food-intake-reducing hormone, also results in brain changes
measurable with fMRI. In a leptin-deficient state, individuals
show activation of parts of the nonhomeostatic circuit and
their desire for food increases, but when given leptin, the desire
for food goes away, meaning the homeostatic mechanisms
return.
There are 2 types of thin individuals: those who do not gain
weight (obesity-resistant) and those who do (obesity-prone).6
Overfeeding significantly attenuates fMRI activation in the visual cortex of obesity-resistant individuals compared with obesity-prone ones, meaning that signals that operate to reduce
food rewards and thus reduce intake in lean individuals are not
present in those prone to gain weight. The practical applications of these observations are not certain, but manipulation of
their function by medications or even brain stimulation/ablation could be possible in the future as a means of curing
obesity.
Can obesity be inherited? Those who argue against this notion
claim that altering our genes takes many generations and that the
obesity epidemic is a fairly recent phenomenon; therefore, not
enough time has gone by to change our genes. Those in favor state
that the development of “energy-thrifty genes” occurred when

* The parabrachial nucleus complex (unknown to many neuroradiologists) is located at the junction of the midbrain and pons at the level of the superior cerebellar peduncle and is involved in the transmission of gustatory impulses.
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humans had less food, and now that we have an abundance of it,
these genes favor the storage of fat and make us gain weight. Studies show that genetic factors may be responsible for 50%– 80% of
weight variations.7 About 5% of cases of obesity are monogenic—
that is, caused by single gene defects (11 different genes identified
so far). In polygenic obesity, more than 100 candidate genes
have been identified. Genome-wide association studies have
consistently pointed to the FTO gene as being a main culprit in
obesity, and because it is a highly conserved gene, it is passed to
subsequent generations. This gene leads to production of a
protein that is predominantly expressed in the hypothalamus,
so its absence may lead to the nonhomeostatic circuit overriding the homeostatic one. FTO gene polymorphism results in
increased food intake in children and loss of control over eating, and FTO polymorphism carriers do not respond well to
diets. What is more, FTO is also associated with diabetes independent of weight.
The second most common gene to be associated with obesity is called transmembrane protein 18. The polymorphism of
this gene leads to weight gain and increased waist circumference and, even when adjusted for weight, also carries a higher
risk of diabetes. Deletion of the SH2B adaptor protein (located
in 16p11.2) leads to resistance to leptin and obesity and, once
more, insulin resistance. Again, this gene is expressed in the
hypothalamus and is capable of overriding homeostatic mechanisms. Neuronal growth regulator 1 (1p31.1) is also highly
expressed in the brain, and when absent, weight gain, larger
circumference, and diabetes ensue. Both of these latter genes
also modulate the growth of adipose cells. The hypothalamus
produces something called an agouti-related peptide, which is
an antagonist of the melanocortin-4 receptor, which, if activated, decreases food intake. Homeostatic mechanisms in the
hypothalamus block these receptors, increasing food intake,
and if the gene that encodes for them is deficient and the receptors absent, satiety does not occur, leading to extreme eating, decline in energy use, and obesity.
Obese children may also have a genetic defect that makes them
eat more carbohydrates. Animal studies show that mothers fed a
long-standing high-fat diet produce offspring who demonstrate
increased adiposity, glucose intolerance, and altered brain appetite regulators.8 Even in the face of only mild maternal overnutrition, these traits persist. It is hoped that knowledge of these gene
defects will lead to personalized weight management and prediction of obesity and even perhaps gene manipulation in individuals
at risk and that the effects of drugs may be monitored with fMRI.
However, as always, things are not that easy, and epigenetic factors may further alter the functions of these genes. Ingestion of
monounsaturated fats changes the way many of these genes act.
So, do these genes change us or do we change these genes? Maybe
both.
Once obesity is established, even in absence of diabetes, it
increases arterial disease such as atherosclerosis. In one study,
children with risk factors that included obesity had increased
atherosclerosis progression in adulthood.9 Because 4%– 6% of
all US children are obese, the neurologic implications of these
findings are important. Unfortunately, there is no easy fix because lifestyle modifications, behavior treatments, and even
614
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medications are only minimally effective and most participants remain obese after completion of these treatments.10 In
obese children, the carotid arteries become thicker and stiff,
and plasma markers of endothelial activation and injury are
high. As the arteries stiffen, they cannot dilate to accommodate
increased flow and the brain may not get enough blood when
higher demand is in order.
Low back pain, the most common indication for lumbar spine
MR imaging studies, is also correlated with weight. In one study in
which participants were followed for 11 years, low back pain was
either present at the beginning or developed during the study
independent of other factors such as education, physical activity,
and smoking.11 Neurosurgeons know that physical therapy and
surgery commonly fail when the lumbar spine of obese patients is
operated on. Infections and re-operation rates are also higher in
the obese.
A newly recognized and significant risk factor for back pain
in the obese is metabolic syndrome. Metabolic syndrome is
associated with a special type of weight: a large waistline (individuals with excess fat in their abdomen but relatively little
elsewhere). Other conditions associated with it are diabetes,
high blood pressure, and high lipids. Overall, this syndrome is
present in up to 20% of the adult US population and is highest
in Hispanics. The prevalence of the syndrome is about 5% in
those with a normal weight, nearly 60% in the obese, and
nearly 39% in those with low back pain.12,13 Tumor necrosis
factor-␣ (TNF-␣) is produced by individuals with the metabolic syndrome and is known to cause low back pain; when it is
blocked, the pain disappears. Furthermore, aortic atherosclerosis associated with metabolic syndrome has been linked to
degenerative disk disease and low back pain. The syndrome is
also known to cause silent cerebral infarctions.
It is interesting that some investigators postulate that metabolic syndrome originates in the brain due to alterations in our
circadian clocks. Normally, during sleep, our brain prepares our
body for the next day’s physical activity, but in modern life in
which physical activity is minimal, this mechanism has been disrupted. The hypothalamus releases hormones and alters the function of the autonomic nervous system, resulting in changes in
blood pressure, insulin, abdominal fat breakdown, and glucose
uptake, but all of these activities are no longer needed as we sit at
our desks all day long. The more abdominal fat we have, the
greater the amount of adipokines we produce. Adipokines are
cell-signaling proteins secreted by fatty tissues that have immunomodulating capacities, TNF-␣ being one of the most important
ones. Additionally, adipose tissues produce hormones (called adipose-derived hormones), and their production becomes abnormal in patients with metabolic syndrome. One of these hormones
is leptin, which as we saw above, can affect food intake. Obese
individuals produce too much leptin, but instead of decreasing
hunger, their brains become resistant to leptin and they just eat
more.
There is a popular belief that up until the 1900s, fat was seen as
attractive, that in women it signified health and the ability to have
babies, while in men, it meant prosperity. Newer research shows
that most pre-Victorians and others before were thin, and their
diets, nutritious.14 They ate many fruits and vegetables (mostly

organic) and fiber, a diet akin to what we now call Mediterranean
eating. No, they were not malnourished characters from a Dickens novel. They were actually healthy, and their physical activity is
said to have been 3– 4 times as much as ours.15 Recent evidence
suggests that back then, life expectancy was not much different
from now, the incidence of degenerative disease was 10% of ours,
and cancer was basically nonexistent (of course, infections were
rampant and childbirth fatalities and accidents were common).
By the mid-Victorian times, diet and health had deteriorated significantly (cheap sugar, salted meats, and vegetable oils are just 3
popular products from the Agricultural Revolution responsible
for obesity). The year 1900 was probably the last time we were a
lean human race. Coming back to where I started, obesity was
basically unknown in pre-Columbian Mesoamerica where the
diet was gluten-free, low-carb, nutrient attenuated, and high in
protein and fiber. Unfortunately, it is now in Mesoamerica where
obesity is more prominent.
NB: For those who are interested in this topic, this is a very nice
article: Caballero B. The global epidemic of obesity: an overview.
Epidemiol Rev 2007;29:1–5
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EDITORIAL

Viewpoints on the ARUBA Trial
J.P. Mohr, A. Hartmann, H. Kim, J. Pile-Spellman, and C. Stapf

A

Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA), the first randomized clinical trial for
brain arteriovenous malformations (bAVMs), was planned as a
straightforward simple attempt to learn whether deferring intervention for a bAVM that had not bled would prove superior to
incurring the risks of intervention needed to eradicate the lesion.
The trial was justified by longitudinal data on true natural
history (ie, for those receiving no intervention to eradicate the
bAVM), reports of mild syndromes from many who had bled,
and literature with treatment outcomes that were a mix of
those who had bled before treatment versus those who had not.
Having no wish to disturb current established interventional
practice, the investigators offered randomization only to those
whose bAVMs were considered suitable for eradication; none
whose bAVMs were deemed too daunting for intervention
would be eligible. Medical management for headaches and seizures is well-established, but no standards have yet appeared
dictating interventional management. Widely misquoted literature citing annual hemorrhage rates approximating 4% and
estimates of low risks for intervention allowed the assumption
that the trial might well end within 5 years with a win for
intervention.1 Moreover, more insight would be gained for the
true natural history.
The National Institute of Neurological Disorders and Stroke
(NINDS) application followed well-established guidelines: an
aim, a primary null hypothesis, clear and simple primary outcomes, and a host of secondary aims should enough data be available for useful analysis, with all information posted on the Web.2
Participating centers sought, were offered, and were assumed to
use their experience-based choices of interventions to achieve the
goals of lesion eradication. The 39 active centers randomized fully
61% of those eligible. They also showed their qualifications by
publishing fully 630 PubMed references for bAVMs during 2000 –
2010. Outcomes were reported at fixed intervals and after each
intervention (many interventions not yielding single-stage eradication) and were adjudicated by a distinguished 4-member panel.
An NINDS-appointed equally distinguished Data and Safety
Monitoring Board (DSMB) provided independent oversight of
study conduct and participant safety. National Institutes of
Health (NIH) trials are typically funded in cycles of 5 years or less.
Continuation depends on successful review and priority scores
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for the reapplication when the research questions remain
unsettled.
In April 2013, with 226 subjects randomized (3 within the
previous month) and outcome data available for 223 subjects with
a mean follow-up for the cohort of 3.3 years, the DSMB recommended halting the randomization phase after a planned interim
analysis found superiority for the medical arm. They also recommended continued follow-up to determine whether the disparity
would persist. The results were presented at the 22nd European
Stroke Conference in May, and published in The Lancet as an
Epub in November 2013 and in print in February 2014.3
Although pleased that ARUBA has generated so much interest, we remain bemused at the nature of the commentaries.
During the trial, some critical publications suggested that
those offering the criticisms were either unaware of the design
or were also unaware the investigators were blinded to outcomes.4 After the first public presentation of the data but before our formal publication, the first of the outcome-based
critical reviews appeared.5 Despite our responses in the publication and to letters to the editor and published debates at
national and international meetings along with favorable reviews, similar criticisms continue to accumulate.
ARUBA is indeed a biased sample. Compared with population-based studies and many case series, there is overrepresentation of the smaller bAVMs with lower Spetzler-Martin
grades. It is no surprise that the centers chose for randomization those expected to show more favorable results from intervention. ARUBA did not have numerous contentious cases
considered at higher risk for intervention, despite published
speculations.6 For transparency, we reported those screened,
eligible, having refused participation, and treated outside the
trial, a plan lacking in most of the major stroke trials. We
offered to organize a registry option to meet the objections
directed at earlier trials. No centers replied.
Objections against randomized clinical trials as a process
led to our publishing not only the classic “as-randomized” but
also “as-treated” analyses. (The latter assigned to the medical
arm those outcomes that occurred for those randomized to
intervention before intervention could begin; it also assigned
to the interventional arm those randomized to the medical arm
who elected intervention and then had an interventional outcome event.) The disparity favoring medical management for
the “as randomized” analysis was even greater for the “astreated” analysis: The latter showed a more than 5-fold increased risk of the primary outcomes for those undergoing
invasive therapy (hazard ratio, 5.26; 95% CI, 2.63–11.11) and a
significantly increased risk of major neurologic deficits (relative risk, 2.77; 95% CI, 1.20 – 6.25). The distribution of modified Rankin score by Spetzler-Martin Grade refutes speculations that the clinical severity of outcome events in the
interventional arm was overestimated, a concern raised by
Gary Steinberg, MD, from the audience after presentation of
the results at the Treatment of Unruptured Brain Arteriovenous Malformations debate on February 11 at the 2014 International Stroke Conference in San Diego, California.7
The outcomes for the medical arm were the new data. As expected, the randomization process yielded essentially the same
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clinical characteristics in the 2 arms. All patients in the medical
arm continued their normal activities of daily living, though their
personal quality of life reports showed a higher degree of anxiety
for their future.
It has been inferred by comments in the literature that hemorrhage rates are expected to be stable, steadily accumulating
with time, making the risk for hemorrhage likely in the lifetime
of the individual. However, recent publications suggest a decline in hemorrhage events with time.8 Yet even if one assumes
stable event rates, the disparity between the medical and interventional arms in ARUBA is great enough that 12–30 years may
be needed before outcomes in the medical arm will cross those
of the interventional arm.9 (These calculations are based on the
assumption that no further outcomes will occur in the interventional arm, in which a number of participants were still in
the incomplete treatment phase when randomization was
halted.)
Considerable literature exists on the anatomic features of
those who presented with hemorrhage, many sharing the wellknown Spetzler-Martin grading system predicting risks for surgical intervention. Except for deep venous drainage, these factors
did not predict the frequency or severity of the first hemorrhage in
our earlier reports or in ARUBA. Perhaps the anatomic features
for those considered suitable for attempted eradication are less
likely to predict hemorrhage.
Most reports—including meta-analyses—typically describe a demographic table that includes those who bled or did
not bleed before intervention, after which the outcomes are
described as if all the patients share the same risk for adverse
events and their severity.10 Only a few publications provide
direct comparison with ARUBA and show that results are in
the same range. The lack of registry data prevents comments
on the outcomes for those eligible but not randomized to
ARUBA.
Concerns that primary surgical intervention was not well-represented cannot be answered from ARUBA, in which intervention
choice was made by the local centers. However, the latest metaanalyses do not emphasize the superiority of outcomes for surgery.10 Single-technique surgery was not a recommended option
in the 1 published management algorithm we found for bAVMs
that did not bleed,11 despite objections about too few surgical
cases in ARUBA lodged by the senior author in letters to The
Lancet.12

The Future
To our disappointment and despite insistence from us, the
ARUBA participants, the DSMB, and many critics, the NINDS
Study Section and Council recommended against NIH funding
for continuation of the follow-up. The review cited the assumption of no likely changes in the outcomes disparity. Our goals of
assessing long-term hemorrhage risk and the degree of clinical
improvement after adverse events during intervention remain
unsatisfied. Although we could cite the decisions of reviewers as
acceptance of the trial as definitive, we hope ARUBA will prove a
starting point for further studies.
Preventive eradication of bAVMs remains costly: $75,000 –

$100,000 per patient when last estimated 15 years ago, plus additional costs for potential treatment complications.13
Although intervention after hemorrhage often shows little
worsening and sometimes improvement, ARUBA documents the
difficulties in achieving lesion eradication without some disturbance in perilesional brain function for those previously asymptomatic. While we await new studies, the need for interventional
management for those who have bled should justify studying elements of bAVMs that predict hemorrhage. The ARUBA data can
be read as a challenge to the justification of interventions in those
who have not bled.
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EDITORIAL

The Role of AVM Microsurgery in the
Aftermath of A Randomized Trial of
Unruptured Brain Arteriovenous
Malformations
M.T. Lawton

M

icrosurgical resection is the first-line therapy or criterion
standard for many brain arteriovenous malformations because of its high cure rate, low complication rate, and immediacy.
Surgical results have improved with time with the following: 1)
the creation of grading systems to select patients likely to experience optimal outcomes; 2) the development of instruments like
bipolar forceps and AVM microclips that coagulate or occlude
feeding arteries effectively; 3) the recognition of AVM subtypes
that help decipher AVM anatomy; and 4) the refinement of surgical approaches, strategies, and dissection techniques that facilitate safe AVM resection.1-3 This impressive evolution of AVM
surgery is at odds with the finding of A Randomized Trial of
Unruptured Brain Arteriovenous Malformations (ARUBA) that
medical management alone was superior to interventional therapy for the prevention of death or stroke in patients with unruptured AVMs followed for 33 months.4
An important explanation for the ARUBA finding is the surprisingly nonsurgical management of patients in the interventional group in the trial. Overall, 81% of patients were treated with
embolization alone (32%), radiosurgery alone (33%), or combined embolization and radiosurgery (16%), and only 17 patients
(18%) were treated surgically, with or without embolization.
Therefore, the 3-fold increase in death or stroke in the interventional arm reflects current nonsurgical therapies and should not
be interpreted as an indictment of AVM surgery. In the aftermath
of ARUBA, it is important to clarify the safety, efficacy, and outcomes associated with AVM resection.
Our experience in managing 232 Spetzler-Martin grade I and
II AVMs, the most favorable AVMs for surgery and the ones most
likely to have been selected for treatment outside the randomization process of ARUBA, exemplifies a surgical posture toward
low-grade AVMs that regards curative resection as the first-line or
criterion standard therapy for most lesions.5 We used embolization as a preoperative adjunct and reserved radiosurgery for risky
AVMs in deep, inaccessible locations; in eloquent areas that might
be associated with postoperative neurologic deficits; and/or with
diffuse nidus morphology that might complicate microdissection.
Patients were carefully selected to optimize outcomes, with a
mean age of 38 years, Lawton-Young grades of ⱕIII in 69% of
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patients, and few (⬍4%) AVMs in deep locations or the brain
stem. Conservative embolization minimized additional treatment
risk, with only 43% of patients undergoing embolization and no
patients experiencing endovascular complications. Surgical cures
were confirmed in all patients who underwent postoperative angiography. Overall, 6 patients (3%) were worse neurologically after surgery, with 161 patients (78%) in total and 91 patients (91%)
with unruptured AVMs experiencing good outcomes (modified
Rankin Scale scores, 0 –1). These surgical results are consistent
with other reports in the literature. In a review of 1235 patients
with low-grade AVMs, the average surgical morbidity and mortality rates were 2.2% and 0.3%, respectively, with an average cure
rate of 98.5% and a postoperative or delayed hemorrhage rate of
0.3%.5
The management of AVMs in other parts of the world is diverging from the surgical approach described above. In Europe,
for example, treatment is often limited to only ruptured AVMs,
beginning with aggressive embolization, frequently adding radiosurgery for incompletely embolized AVMs, and rarely resorting to
surgical resection. Onyx (Covidien, Irvine, California) is an important endovascular advancement over N-butyl 2-cyanoacrylate
glue and has improved the efficacy of endovascular therapy, but
cure rates are still low and curative attempts are associated with
increased complications, occlusion of critical draining veins, and
adverse imaging findings in as many as 40% of patients. In a review of 1297 patients with mostly low-grade AVMs, the average
endovascular morbidity and mortality rates were 6.2% and 1.6%,
respectively, with an average cure rate of 29% and a postoperative
or delayed hemorrhage rate of 8.0%.5 Therefore, aggressive endovascular therapy has higher procedural risks, substantially lower
cure rates, and increased hemorrhage risks compared with
surgery.
A similar comparison can be made with radiosurgery for lowgrade AVMs. Although these lesions are ideal for radiosurgery
because of their lower target volumes and higher obliteration
rates, the 2- to 3-year latency period between treatment and obliteration opens a time window for AVM hemorrhage and associated complications. Radiation-induced complications are low,
but in a review of 1051 patients with low-grade AVMs, 7.2% of
patients hemorrhaged after treatment, resulting in morbidity and
mortality rates of 6.5% and 1.2%, respectively.5 The 75.2% radiosurgical cure rate was substantially better than the endovascular
cure rate, but still less than that of surgery. Therefore, despite the
technologic advances in endovascular and radiosurgical therapy,
surgery still offers the best cure rate, lowest risk profile, and greatest protection against hemorrhage for low-grade AVMs. Surgery cannot compete with the minimally invasive appeal of
these other modalities, but this issue remains secondary to
functional outcome.
How do we interpret the ARUBA findings in this context?
First, on the basis of the surgical experience described above, a
substantial number of neurosurgical investigators in ARUBA did
not consider AVMs with low Spetzler-Martin grades (low treatment risk) to be in equipoise with medical management (high
hemorrhage risk) and “selected treatment outside of the randomization process”4 (177 patients, or close to the number of included
patients). Conversely, intermediate (31.8%) and high-grade
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AVMs (10.3%) that are generally considered to have a more benign natural history and high risk for any treatment were included
in the trial, diminishing the interventional results.
Second, with its unusual bias toward nonsurgical therapy and
no data published on cure rates, the number of incompletely
obliterated AVMs was likely high and resulted in ongoing ruptures. Therefore, the event rates observed in Kaplan-Meier estimates of “as-treated” patients reflected the procedural morbidity
of interventional therapies plus the delayed morbidity of latency
hemorrhages associated with radiosurgery and incomplete embolization. The outcome of such a group could never exceed that of
an observational group whose only morbidity was the natural
history risk.
Third, the shortage of surgical expertise in the ARUBA trial is
apparent. Two-thirds of patients in the interventional group had
low-grade, surgical AVMs; yet, only 18% underwent surgery,
which is well below the expectation for the criterion standard
therapy. The rates of stroke and death in this trial do not match
the reported surgical outcomes. Therefore, the management of
AVMs in ARUBA reflects a nonsurgical posture consistent with
the fact that 38 of the 65 ARUBA sites were in Europe, Australia,
and Brazil. Centers were required to manage 10 patients with
AVMs per year, but there were no minimum requirements for
neurosurgeons. AVM resection is among the most challenging
neurosurgical cases, and the best AVM surgeons typically perform
more than 25 resections annually. Had the ARUBA trial been
embraced by the neurosurgical community, the application of
surgical therapy would have been higher, the interventional outcomes would have been better, and the benefits of intervention
would have been apparent. Had ARUBA been more surgical with
complete resections and no delayed hemorrhages in incompletely
treated patients, the event rates observed in Kaplan-Meier estimates of “as-treated” patients would have plateaued and the benefits of intervention would have been realized in much fewer than
10 years.
These critiques were validated in an analysis of our ARUBAeligible patients managed outside the trial. As a participating
ARUBA site, the University of California, San Francisco, screened
473 patients for eligibility, enrolled 4 patients, and had complete
data on 74 eligible patients managed outside the trial, of whom
half had low-grade AVMs. Forty-three patients (71% of treated
patients) were treated surgically with or without preoperative embolization, 15 patients (25% of treated patients) were treated radiosurgically, and 13 patients (18% of the overall cohort) were
observed. The risk of stroke and death and the degree of clinical
impairment among treated patients were lower than those in
ARUBA, with primary outcome rates of 11%, 27%, and 8% for
surgery, radiosurgery, and observation, respectively. The 3-fold
difference in primary outcome reported in ARUBA disappeared
with a different management strategy and a different surgical expertise, leaving no significant difference in the rate of stroke or
death between treated and observed patients (hazard ratio, 1.34;
95% CI, 0.12–14.53; P ⫽ .807).6 Therefore, our results in
ARUBA-eligible patients managed outside that trial led to an entirely different conclusion about AVM intervention, due to the
primary role of surgery, judicious surgical selection with estab-

lished outcome predictors, and technical expertise developed at a
high-volume AVM center.
These critiques beg for another trial to re-establish the role of
surgery in AVM management, this time conducted and embraced
by the neurosurgical community: Beyond ARUBA: Randomized
Low-Grade Brain AVM stuDy, Observation versus Surgery
(BARBADOS). Effort is ongoing to organize, fund, and initiate it.
There is now urgency among neurosurgeons to respond to
ARUBA, which we expect to increase acceptance of such a trial. In
the meantime, the management of ruptured AVMs should remain unaffected by ARUBA and surgery should be regarded as the
first-line or criterion standard therapy for most low-grade AVMs,
with conservative embolization as a preoperative adjunct. High
surgical cure rates and excellent functional outcomes in patients
with both ruptured and unruptured AVMs support a dominant
surgical posture, with radiosurgery reserved for risky AVMs in
deep, inaccessible, and highly eloquent locations.
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EDITORIAL

A Randomized Trial of Unruptured
Brain Arteriovenous Malformations
Study: What Impact on Clinical Care
and Therapeutic Decision?
C. Cognard

O

ne hundred nine patients presenting with an unruptured
AVM have been recruited in A Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA) in the notreatment arm and have been followed up for 33.7 months (306.1
patient years).1 Eight hemorrhages (2.6% annual bleed rate) and 4
ischemic strokes (1.3%) occurred, bringing the annual stroke risk
to 3.9%. ARUBA confirmed what we already knew—that is, leaving an AVM untreated brings a high lifetime stroke risk.
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According to the New York Islands AVM Study,2,3 there are 3
identified factors associated with an increased risk of rupture of an
AVM (previous rupture, deep venous drainage, deep location),
leading to a reported annual risk from 0.9% to 32%. Some other
factors such as arterial/nidal aneurysms and venous stenosis or
dilations are considered to increase the annual risk of bleeding,
even if there are no good estimates of their respective impacts.
Interventional treatments have been developed in the past decades to select patients presenting with an unruptured AVM; but in
the absence of exhaustive data on the comparative risks of treatment/no treatment, the decision to offer treatment or observation
lies entirely on the individual center and physician running the risk of
intervention or rather the risk of rupture without treatment. Even
more contingency-dependent, a patient with an unruptured AVM is
offered the option of surgery, endovascular embolization, radiosurgery, or a combination of these 3 options, depending on the level of
skill, experience, or mere availability of a trained operator.
Despite a plethora of single-center or multicenter reports in
the literature, the methodology is rather weak and nothing could
support the drafting of guidelines for this very difficult therapeutic decision.
The only piece of evidence useful to this purpose is a randomized controlled trial comparing the different options, ideally featuring a large number of patients, a long follow-up, a precise
clinical end point, and an analysis of the influence of the risk
factors of natural history and different treatments.
The objective of such a trial would be to define the option with
the longest deficit-free survival stratified for AVM characteristics.
Randomized controlled trials (RCTs) are particularly adapted
to homogeneous diseases. As an example, coronary stenosis is
ideal for randomization: The disease appears homogeneous for
the sake of screening, the study sample is very large, and the time
of observation is short, with an expected outcome at short term.
The interventional procedure is well-established and standardized across centers.
Brain AVMs are not ideal subjects for RCTs. The disease is rare
and extremely heterogeneous (age, AVM size, location, eloquence, depth, architecture, and flow dynamics, just to mention a
few variables), and therapeutic options can vary among centers
and among physicians in the same centers on the basis of their
experience and their level of technology expertise.
Designing an RCT that could compare multiple treatment options in such a heterogeneous disease is definitely a challenge, one
that ARUBA could not handle but that we still need to take.
To give a patient the highest chance of deficit-free survival, the
operator should be able to do the following:
1) Identify factors of increased bleeding risk
2) Identify factors of the increased interventional treatment risk
3) Compare the risk of death and handicap in the long term of an
untreated AVM with the risk of performing an intervention
(also evaluating the option of complete or incomplete occlusion of the AVM).
To answers these questions, we have 2 options: either running
an RCT that looks at a limited study population (eg, no treatment
versus surgery in superficial small AVMs in a noneloquent area or
no treatment versus radiosurgery in deeply located deep venous
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drainage AVMs), or alternatively, we need to design an RCT with
a large volume of patients with long-term follow-up that would
allow a strong subgroup analysis to try to determine which patients should or should not be treated and how.

Why ARUBA Is Not the RCT We Need
ARUBA starts from the hypothesis that no treatment is better than
any interventional treatment for unruptured brain AVMs. The
success of ARUBA was meant to show that interventions should
not be performed.4
The original design approved by the National Institutes of
Health/National Institute of Neurological Disorders and Stroke
planned randomization of 800 patients during a 30-month period, with a statistical power analysis based on an expected 5-year
event rate of 12% in the no-treatment group and 22% in the
interventional therapy group. There was an intention-to-treat
analysis, and 2 interim analyses were planned.
Due to slow randomization, the recruitment period was extended to 60 months and the targeted study population was reduced to 400 participants. Enrollment was halted after the second
preplanned interim analysis, when data for 223 patients were
available and the predetermined threshold for safety/efficacy was
met, as reviewed by the independent Data and Safety Monitoring
Board of the trial.

Primary End Point
The primary end point of the trial was time to a composite
event of death or stroke, defined as “any new focal neurologic
deficit, seizure, or new-onset headache associated with imaging findings.”1
It is difficult to understand why time to this composite end
point was selected. It is very unusual to consider a new-onset
headache associated with minimal bleed on MR imaging that does
not carry any permanent morbidity as a stroke. That complications of interventions occur early in the observed period while
complications of the natural evolution of the untreated disease
occur in the long term is also fairly normal. With this design, not
surprisingly, the primary end point was reached by 11 (10.1%)
patients in the no-treatment arm versus 35 (30.7%) in the interventional arm.
The primary end point should have been the mRS score at
last follow-up, a criterion that is used in all stroke trials and
that actually reflects, in a simple way, the clinical status of the
patient.
The secondary end point was risk of death and neurologic
disability, with an mRS score of ⱖ2. At 36 months, this secondary
end point was 6/43 patients (14%) in the no-treatment versus
17/44 (38.6%) in the treatment arm. Most interesting, the difference in the number of deaths between the 2 groups was not statistically significant, with 3 in the interventional arm and 2 in the
medical management arm. A 38.6% severe (death and neurologic
disability with mRS score of ⱖ2) complication rate is very high
compared with that published in the literature for surgery of small
unruptured AVMs in a noneloquent territory or for radiosurgery
in small AVMs. No analysis is available on the factors associated
with these complications (a technique in particular or a specific
AVM profile?).
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Duration of Follow-Up
In fact, for a patient presenting with a lifetime risk of stroke, the
main question is which strategy will give him or her the better life
in the long term?
In ARUBA, the design of the study was to obtain the last follow-up clinical data at 5 years. The mean follow-up was 33.3
months at the intermediate preplanned analysis when the study
was stopped. Such a protocol is aimed at comparing a preventive
interventional treatment that is supposed to cure the AVM and
eliminate the risk of bleed but induces a treatment risk with a
nontreatment strategy not producing any therapeutic risk but
leaving a lifetime risk of bleed. In the treatment group, death and
neurologic disability happens immediately at the time of treatment. In the nontreatment group, it happens progressively due to
AVM bleed in the follow-up. The real question is when will the 2
curves of death and neurologic disability cross? It was obvious
before ARUBA that a long follow-up was needed to show the
potential benefits of the treatment. The shorter the follow-up,
the higher is the risk of the procedure and the lower is the risk of
the disease and the benefit of the intervention. A 10-year follow-up was mandatory in ARUBA as it was used in the Trial on
Endovascular Aneurysm Management study5 and a shorter one
would bias the results toward the benefit of no treatment. It is
even more amazing to analyze the results of radiosurgery after 36
months, the time required for radiosurgery to cure the AVM.
Then only complications of radiosurgery are evaluated, not the
benefit of it.

Methodology
From April 4, 2007, to April 15, 2013, 1740 patients were screened
for eligibility, and finally, 223 were randomized. Indeed, 1514
patients were not randomized because 1014 of them were ineligible for enrollment due to evidence of previous hemorrhage or a
history of previous treatment. In the other 500 patients deemed
eligible, 323 refused to participate in the trial, and 177 patients
were treated outside the randomization process. Finally, 226 patients were randomized, but 3 were excluded because randomization occurred after database lock, 109 were randomized to no
treatment, 114 were randomized to intervention, and only 91 finally received an interventional therapy (neurosurgery alone, 5;
embolization alone, 30; radiosurgery alone, 31; embolization and
surgery, 12; embolization and radiosurgery, 15; embolization,
surgery, and radiosurgery, 1). The number of patients in all the
different types of interventions is then extremely small, and indeed ARUBA could not explain the potential benefit of one type of
intervention in 1 selected patient. For sure, the risk is that the
results of ARUBA will lead to the conclusion that abstinence is
better than any interventions. This conclusion cannot be derived
from ARUBA due to the every limited number of patients in every
treatment type. How could it be possible to conclude that surgery
should not be performed in unruptured AVMs after the inclusion
of 5 patients or that radiosurgery should not be performed after
inclusion of 31?

Centers and Operators
Of the proposed 104 centers, only one-third participated (39 centers). Of these 39 centers, 10 centers included only 1 patient each,

questioning their qualification as high-volume centers, one of the
initial criteria to participate to the study (“center experience with
management of at least 10 brain AVMs per year”).1 Nevertheless,
during a time when each center managed at least 60 patients, 10
centers (25% of total) included only 1 patient each or 1.7% of all
their patients with AVMs. Furthermore, 22 centers (56% of total)
included only ⱕ5% of all their patients with AVMs seen during
the study period. Recruitment looks biased; we do know the reason for excluding many patients from randomization, with 323
refusing to participate and 177 patients being treated outside the
study, leaving only 114 subjects in the intervention arm and 91
finally treated.
The idea of equipoise on which the decision to randomize
relies is a difficult one: We do not randomize patients whose disease seems (to us) to have a low risk of intervention and a high
natural risk. We randomize patients in whom treatment is difficult (risky) as well as those having a long-term natural risk, but
then we only observe the short-term results. Those are biases that
undermine the validity of the conclusions.
When one conducts an RCT on AVMs, every patient presenting with a brain AVM should be randomized consecutively and
none treated outside. As in the most recent MR CLEAN trial
(Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands), comparing
intravenous with intravenous and intra-arterial mechanical
thrombectomy for acute stroke, institutions performing thrombectomies were not reimbursed for patients treated outside the
trial.6 Some raw data show that in 44 months, 502 patients underwent randomization in 16 Dutch centers and almost all treated
patients were randomized.

Impact of ARUBA on Patient Clinical Care and
Therapeutic Decisions
If we follow the conclusions of ARUBA (no treatment is better
than any interventional treatment for unruptured brain AVMs),
at long-term follow-up, we will be faced with consequences of no
treatment, consequences that are unknown and about which
ARUBA does not provide an answer.
We are eliminating the option of surgery, relying on 5 patients
included in the study, or of radiosurgery, which is clearly a longterm suitable treatment strategy for a life-long risky condition,
moreover whose results cannot be measured in a short 36-month
follow-up period.
The authors replied that the National Institutes of Health/
National Institute of Neurological Disorders and Stroke does not
fund trials with longer than 5 years of follow-up.
Well, we have an answer, valid for 3 years, to a problem that
lasts an entire life. Like the built-in obsolescence in industrial
design, we can offer our patients a solution with an expiration
date, a solution that will not serve their long-term safety.
In my own center serving nearly 3 million inhabitants, people
are relatively settled and we follow patients for decades. My main
concern with a patient presenting an unruptured AVM is his or
her condition in the next 10, 15, or 20 years, not in the next 36
months.
The results of the New York Islands AVM Study (which were at
the origin of the design of ARUBA) were very useful by giving a

better knowledge of the annual risk of bleeds, depending on the
presence of risk factors. On the contrary, the results of ARUBA
will not give any new information that could be used in the decision process.

Why ARUBA Is Helpful
ARUBA showed the risk of unruptured AVM interventions.
There are multiple reasons that encourage an operator to intervene. Many do not concern the patient and his or her disease, but
the operator or his or her institution, for example, the operator
and hospital financial turnover, the need for increasing center
caseload for the operator and hospital reputation, partnership
with industry, and even operator self-persuasion that the technique is safe and efficient. There are then definitely many patients
who are treated for murky reasons and who probably have complications of a treatment that should not have been performed.
The results of ARUBA should then convince the operators that
they should only treat a limited number of selected patients because of these arguments.

What Is Next?
There are not many options. We still need a well-designed randomized trial, which is the best reliable level of evidence.

Minimal Requirements
A very large number of patients are needed to overcome the extreme heterogeneity of the disease (patient and AVM characteristics) and the huge variety of proposed interventions.
A very long follow-up (at least 10 years) is needed to depict the
long-term morbidity/mortality of the disease and not only the
treatment complication rate.
A consecutive enrollment is needed to avoid patient-selection
biases.
A method to try to somehow counterbalance cultural resistances to necessary trials is to use the modified Zelen trial
method, with preconsent randomized allocation to treatment
groups, a method that had previously saved difficult breast
cancer trials.7,8
A suboptimal alternative to randomization would be a cluster
study, comparing centers oriented toward no treatment or toward
1 treatment type. Such a study has the advantage of being easier to
organize and might enroll a huge number of patients much more
rapidly. The minimal requirement would be the independent
evaluation of the primary end point (mRS score) at long term (see
Safe Implementation of Treatments in Stroke-OPEN as an example, https://sitsinternational.org/studies/open).
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REVIEW ARTICLE

Current and Emerging MR Imaging Techniques for the
Diagnosis and Management of CSF Flow Disorders: A Review of
Phase-Contrast and Time–Spatial Labeling Inversion Pulse
S. Yamada, K. Tsuchiya, W.G. Bradley, M. Law, M.L. Winkler, M.T. Borzage, M. Miyazaki, E.J. Kelly, and J.G. McComb

ABSTRACT
SUMMARY: This article provides an overview of phase-contrast and time–spatial labeling inversion pulse MR imaging techniques to assess CSF
movement in the CNS under normal and pathophysiologic situations. Phase-contrast can quantitatively measure stroke volume in selected
regions, notably the aqueduct of Sylvius, synchronized to the heartbeat. Judicious ﬁne-tuning of the technique is needed to achieve maximal
temporal resolution, and it has limited visualization of CSF motion in many CNS regions. Phase-contrast is frequently used to evaluate those
patients with suspected normal pressure hydrocephalus and a Chiari I malformation. Correlation with successful treatment outcome has been
problematic. Time–spatial labeling inversion pulse, with a high signal-to-noise ratio, assesses linear and turbulent motion of CSF anywhere in the
CNS. Time–spatial labeling inversion pulse can qualitatively visualize whether CSF ﬂows between 2 compartments and determine whether there
is ﬂow through the aqueduct of Sylvius or a new surgically created stoma. Cine images reveal CSF linear and turbulent ﬂow patterns.
ABBREVIATIONS: CSP ⫽ cavum septi pellucidi; NPH ⫽ normal pressure hydrocephalus; PC ⫽ phase-contrast; Time-SLIP ⫽ time–spatial labeling inversion pulse;
Venc ⫽ velocity-encoding value

R

apid advances in imaging techniques have remarkably improved the diagnosis and treatment of CNS disorders, with
MR imaging being the most recent. New MR imaging applications
are continually being developed, providing improved assessment
of CNS disorders and their response to treatment. One area that
has received much attention, but with only limited success, is CSF
movement, the alteration of which results in many clinical disorders with hydrocephalus (including normal pressure hydrocephalus), cystic CSF collections, and Chiari malformations being
more common. Until now, the only MR imaging technique to
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visualize CSF movement is phase-contrast (PC) MR imaging.
Time–spatial labeling inversion pulse (Time-SLIP) is another option, which makes it possible to noninvasively select CSF at any
region in the CNS and visualize its movement for up to 5 seconds,
providing information about CSF dynamics even in slow-flowing
regions. Time-SLIP is expected to have widespread application for
diagnosis and evaluation of response to treatment of abnormal
CSF movement. The objective of this article is to review the history and findings of PC and discuss additional benefits of TimeSLIP as another technique for expanding the role of MR imaging
for the care and management of CNS disorders.

Phase-Contrast MR Imaging: Technical Review
The earliest MR imaging visualization of CSF flow through the aqueduct was not obtained through quantitative methods but was inferred through distinct MR imaging flow artifacts arising from decreased signal and magnified by increased flow velocities.1-4 Initial
methods for quantifying such flow relied on knowledge of the T1 and
T2 relaxation times of the CSF or a comparison of the degree of
saturation between static tissue and flowing regions.5,6 Later a modified gradient-echo technique, using phase shifts induced by bipolar
gradients programmed into the pulse sequence, improved visualization of CSF movement. Feinberg and Mark7 implemented a velocity imaging method that combined cardiac synchronization,
2D Fourier transform phase-encoding, and high temporal resolution to measure brain motion and CSF flow. They found
differences in CSF velocity patterns in patients with dilated
AJNR Am J Neuroradiol 36:623–30

Apr 2015

www.ajnr.org

623

Venc. Flow velocities greater than the Venc
produce aliasing artifacts, and velocities
much smaller than the Venc result in poor
image quality and weak signal.10,11 An example of aliasing artifacts is shown in Fig
1. When aliasing occurs, the velocity information must be corrected by adding or
subtracting 2 ⫻  ⫻ Venc during postprocessing, or the scan can be repeated with a
higher Venc. Magnitude and phase images
are generated from 1 acquisition containing
both anatomy and velocity information.
By synchronizing the acquisition with
the cardiac cycle, the series of images generated contains velocity information that
can be mapped to the phases of the heartbeat. From this, velocity can be plotted as
a function of the cardiac cycle, providing
the ability to calculate stroke volume, flow
rate, mean velocity, and peak systolic/diastolic flow. Two series of velocity images
are shown in Fig 2, where Fig 2A depicts a
series of midline sagittal images and Fig
2B depicts a series of axial images at the
level of the aqueduct. In both series, every
odd phase of the 16 cardiac phases that
were acquired is displayed.

PC and CSF Imaging
The SNR in PC images is highly related to
the precision between the Venc and the veFIG 1. A 26-year-old healthy male volunteer. A, Geometry for the oblique-axial CSF phase- locity being measured. Choosing the Venc
contrast scan. The section is positioned axially at a 90° angle through the aqueduct of very close to the maximum expected veSylvius (rectangle, A). Aliasing (B) occurs if a phase value is greater than the maximum locity results in the maximum SNR in the
expected velocity, causing the phase to wrap back to a multiple of , appearing black (black
arrow) when it should appear white (or vice versa). Uncorrected (dotted line) and corrected velocity image. The Venc must be lowered
(solid line) ﬂow waveforms in milliliters per second represent bidirectional ﬂow through the to achieve sufficient SNR for slow CSF
aqueduct (C). Aliasing can be corrected off-line by adding a multiple of 2 ⫻  ⫻ Venc to flow. A setting of a V
enc that is too low
aliased pixels.
may cause aliasing. Lowering the Venc increases the gradient strength on the bipolar
gradient
and
may
increase
the TR. Imaging flow throughout
ventricles compared with controls, an early indication that MR
the cardiac cycle requires a short TR to achieve adequate temporal
velocity imaging might be useful in evaluating hydrocephalus.7
resolution. Therefore, PC for optimal CSF flow results requires
In PC, signal contrast between flowing and stationary spins is
careful fine-tuning of parameters for maximizing temporal resogenerated by sensitizing the phase of the transverse magnetization
lution, SNR, and Venc. This sometimes can be problematic for
to the velocity of the spins.8,9 PC collects 2 datasets, each with
opposite polarity. When the 2 datasets are subtracted, accumupatients whose CSF flow velocities are very high or very low comlated phases from stationary spins cancel, but because flowing
pared with control values, with no way to individually predeterspins move from 1 position in the magnetic field gradient to anmine the optimal situation. PC can only measure CSF if it is
other during the time between the executions of the 2 opposite
moving.
polarity gradients, the moving spins accumulate a net phase proOne limitation of the measurements obtained from PC acquiportional to the velocity of the nuclei. Because velocity is being
sitions is that they result from data collected over a large number
measured as phase, the velocity values must be within ⫹ and
of cardiac cycles. The final velocity waveform represents an average measurement of those cycles, but it is presented as 1 cycle. For
⫺. Aliasing occurs if a phase value is ⬎, causing the phase to
the most accurate quantitative evaluation of CSF flow, throughwrap back to a multiple of .
plane acquisition is performed perpendicular to the aqueduct,
A parameter was developed that sets the maximum velocity
which minimizes partial volume effects.10,11 Qualitative assessthat can be encoded in the pulse sequence, known as the velocityencoding value (Venc). The Venc can be adjusted according to the
ment of CSF flow can be accomplished with a midline sagittal
acquisition for assessing in-plane flow. Not accounted for is the
arrangement of the bipolar gradients. PC generates the best results
effect of respiration.
when maximum flow velocity is anticipated correctly through the
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FIG 2. An 18-year-old healthy female volunteer. A, A series of midline
sagittal images depicting pulsatile CSF ﬂow, where ﬂow magnitude
and direction are represented as gray-scale. Flow changes from positive to negative and back to positive (white indicates peak caudal
ﬂow; black, peak cranial ﬂow). B, Depiction of a series of axial images
at the level of the aqueduct (arrow). In both series, every odd phase
of the 16 cardiac phases that were acquired is displayed.

Quantitative Measurements from PC
Since the development of PC, clinical MR imaging flow studies of
CSF have primarily focused on measurements in the aqueduct;
however, a few studies sought to quantify flow in the prepontine
cistern and craniocervical junction.12-14 CSF pulsatility has been
studied extensively by using this method15,16 and has successfully
demonstrated the ability to quantify CSF in axial locations
throughout the brain. The pulsatile component moves cranially
and caudally in a cyclical fashion as a function of the cardiac cycle
at aqueductal peak velocity between 3 and 7 cm/s.14 On the basis
of these CSF flow studies, the brain is considered to behave as if it
were being pulled in systole by the spinal cord secondary to arterial expansion.15
Numerous studies have documented normal aqueductal
stroke volumes between 30 and 50 L.14,15,17,18 (The aqueductal
CSF stroke volume is defined as the average of the volume flowing
down during systole and up during diastole.19) Studies of CSF
flow in hydrocephalus secondary to intracranial pressure changes
demonstrated by invasive monitoring have found up to a 10-fold
increased pulsatile aqueductal flow15,17,19-24 compared with that
in healthy controls. This finding has been used to build criteria for
diagnosing idiopathic normal pressure hydrocephalus (NPH)
based on stroke volumes of ⬎42 L19 or pulsatile flow rates above
a threshold of 18 mL/min, for example.20 However, setting
thresholds such as these has so far not proved to be clinically
reliable. For example, Greitz15 found, along with an increased
aqueductal flow rate, a corresponding decreased flow rate
through the craniocervical junction. Balédent et al,12 in a larger
study, found no such changes. To use stroke volume to diagnose
hyperdynamic CSF, a measurement that some investigators have

advocated for diagnosing shunt-responsive NPH,19 one must first
determine a baseline stroke volume in healthy elderly patients.
Then, by using the same technique on the same machine, some
have found a stroke volume twice normal to correlate with shunt
responsiveness.19
In addition to net flow measurements, some studies have used
the time-dependent features of the waveform to identify abnormal pathophysiology. One such study revealed a shorter systolic
flow period of the temporal waveform for patients with communicating hydrocephalus compared with healthy controls.12 PC
measurements of CSF flow have also been used to study patients
with Chiari I malformation. In these studies, the CSF flow at the
craniocervical junction has been shown to exhibit changes in flow
patterns, including local flow jets and bidirectional flow.25-27
These studies have shown that patients with Chiari I malformations have significant elevations of peak CSF systolic velocity at
the foramen magnum. The application of these findings to determine which patients would benefit from a craniocervical decompression has, however, proved problematic.
PC has also been used to study vascular flow timing with respect to CSF flow timing in various locations in the brain. Some
studies hypothesized that vascular flow timing may be used as a
measure of intracranial compliance changes in NPH and can be
used as an indicator of shunt responsiveness.28 These studies have
not proved helpful because the measurements were not able to
successfully predict shunt responsiveness.29 A study of PC measurements of hydrodynamics found that the patients who responded to shunts were identical to the nonresponders in all variables measured.29
Prediction of improved clinical function following CSF diversion, particularly in patients thought to have NPH, has been a
highly sought goal for PC CSF flow studies. In particular, the
association between aqueductal stroke volume and the response
to shunting has been tested numerous times.19,21-24,30,31 Initial
studies found a positive response to CSF diversion for patients
with NPH whose aqueductal stroke volumes reached ⱖ42 L.19
However, repeat studies by Kahlon et al32 performed in 38 patients did not find any statistical significance between stroke volume and improvement from shunting. Dixon et al22 also failed to
find an association between CSF pulsatility and clinical symptoms
of NPH. Some of the variability in findings may be attributed to
temporal changes that naturally occur, with PC measuring 1 point
in time of a dynamically changing system. In fact, Scollato et al33
observed a patient with unshunted hydrocephalus for 2 years and
found an initial increase in aqueductal stroke volume, followed by
a decrease. Therefore, this variability in pulsatility, which is still
not clearly understood, makes it difficult to use a single PC measurement of stroke volume as a reliable predictor of whether a
given patient will respond favorably to CSF diversion.

Time-SLIP
A New Look at CSF Movement. Historic CSF flow theories of
progressive hydrocephalus propose that blockage of the arachnoid granulations increases the resistance to the absorption of
CSF into the bloodstream, leading to an accumulation of CSF in
the ventricles. In the pulsatile models of hydrocephalus, a “waterhammer” effect is hypothesized, in which large undampened pulAJNR Am J Neuroradiol 36:623–30
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sations produce increased pressure gradients and asymmetric
pulsation distributions lead to ventricular dilation.34,35 Enlarged
pulse-wave amplitudes of CSF movement in patients with NPH
have been observed and measured with MR imaging for a number
of years.1,36 This effort has attempted to improve our understanding of hydrocephalus.14,15,36 However, it has failed to correctly
identify those patients who would benefit from CSF diversion. PC
cannot reliably visualize CSF flow within the ventricular or subarachnoid spaces or within cysts; this visualization can be repeatedly accomplished with Time-SLIP.37 Bulk CSF flow (ie, drainage
of CSF from the CNS) of approximately 20 mL/h, is too little and
too widely dispersed to be seen with MR imaging at present.
Time-SLIP and Arterial Spin-Labeling. Time-SLIP is an arterial
spin-labeling variant that can be combined with fast advanced
spin-echo or steady-state free precession sequences to depict flow
in any imaging orientation within a targeted region.37,38 For vascular imaging, arterial spin-labeling magnetically tags the blood
with radio frequency pulses and uses the labeled blood as a tracer
to generate vascular images in a relatively simple manner. The
stationary tissue signal is suppressed by an inversion pulse, and
the final image contains only the contribution of the labeled flow,
acquired after a deliberate delay time known by convention as the
TI interval. Arterial spin-labeling has been used to evaluate blood
flow in the renal, carotid, and pulmonary arteries and in the pulmonary and portal-venous systems. This technique produces
high-quality angiograms by using blood as its own tracer, instead
of a contrast agent.39-44 The application of arterial spin-labeling
lends itself very well to imaging CSF movement, by using CSF as
its own tracer as well.
Time-SLIP and CSF. CSF is a flowing entity; therefore, a similar
approach can be used to depict CSF movement, but in a unique
way. Unlike PC, which is cardiac-gated and displays the visualization of the pulsatile component of CSF, 2D Time-SLIP acquisitions are incremental, allowing the linear and turbulent movement components of CSF to be seen for up to 5 seconds
noninvasively for the first time. Using a 2D fast advanced spinecho sequence as the fundamental acquisition scheme, Time-SLIP
can acquire a series of single-shot images with incremental TI to
visualize linear and turbulent flow.37
Time-SLIP: Technical Review. CSF movement viewed with TimeSLIP uses a single-shot fast advanced spin-echo technique as
the underlying sequence in any sagittal, coronal, axial, or oblique
plane. Technical details can be found in the article by Yamada
et al.37 While the use of arterial spin-labeling for visualization
of the vasculature throughout the body is well-established, its
application for CSF flow imaging is relatively new and differs
from traditional applications in its use of incremental TI
within the same 2D imaging sequence, thus enabling the CSF
and its movement to be viewed in small incremental steps,
independent of the cardiac cycle.

Sylvius and the third ventricle, something that has never been seen
on PC.37 In addition, this reflux flow was also clearly and consistently seen in the lateral ventricles because CSF flows backward
from the third ventricle through the foramen of Monro into the
lateral ventricle.37
On the basis of the results of initial baseline studies, Time-SLIP
can be readily used as a screening tool to determine whether the
CSF flow is typical, atypical, or not moving at all.37 In an article by
Yamada et al,37 2 patients with hydrocephalus did not exhibit the
same reflux pattern consistently depicted in the healthy subjects.
In a patient with noncommunicating hydrocephalus secondary to
a posterior fossa tumor, the reflux flow into the lateral ventricle
was absent from the tagged CSF in the third ventricle. A repeat
study in this patient following the placement of a right lateral
ventricle external CSF drain showed re-establishment of the normal reflux flow pattern consistently observed in the healthy subjects. In a patient with a left middle fossa arachnoid cyst, the CSF
in the basal cistern was tagged. Before fenestration, no evidence of
CSF flow into the cyst was noted. After surgical intervention, a
repeat study demonstrated labeled CSF flowing into the cyst. In
both cases, imaging with Time-SLIP confirmed noninvasively the
anticipated restoration of CSF movement.
A recent case study reported the usefulness of Time-SLIP in
evaluating a patient with an enlarging symptomatic cavum septi
pellucidi (CSP), a CSF-filled cavity bounded by thin triangular
vertical membranes separating the right and left anterior horns of
the lateral ventricles.47 Serial CT scans noted progressive enlargement of the CSP and lateral ventricles in this patient, who developed progressive headaches and obtundation following a subarachnoid hemorrhage. Before surgical intervention, Time-SLIP
showed CSF flow between the third and lateral ventricles, but not
into the CSP. Following surgical fenestration of the CSP, MR imaging with Time-SLIP demonstrated decreased ventricular and
CSP size and the presence of CSF flowing between the third ventricle and the CSP, which coincided with resolution of this patient’s symptoms. The Time-SLIP study in this patient supported
the hypothesis of Shaw and Alvord48 that in asymptomatic nonexpanding CSP, CSF is in free communication with the ventricular system. In fact, the study showed that when CSF communication was absent in this patient, the CSP expanded.48
The case study is an example of the clinical usefulness of the
technique in demonstrating the presence or absence of CSF
communication.
The effect of respiration on CSF flow has not been adequately
studied with PC because of temporal limitations. Low-resolution
or indirect methods such as echo-planar imaging and real-time
acquisition and evaluation of pulsatile blood flow have not been
able to adequately visualize CSF movement in response to respirations either.49 The higher intrinsic SNR and temporal resolution of Time-SLIP make it possible to visualize CSF movement in
response to respiration and how the CSF flow patterns are altered
by the depth of the respiratory effort.

Distinguishing CSF Flow Patterns
Time-SLIP has enabled CSF flow to be viewed and understood in
a new way that has directly benefitted patients.45,46 On the basis of
a number of studies using Time-SLIP on healthy subjects, it has
showed evidence of turbulent reflux flow between the aqueduct of
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Utility of Time-SLIP
Time-SLIP is a straightforward noninvasive method for determining whether CSF can flow between 2 spaces and whether flow
has been restored after surgical intervention.37,47 Because Time-

SLIP acquires a series of images during several seconds, the presence or absence of CSF movement from the tagged region into
adjacent compartments, such as through the aqueduct of Sylvius,

FIG 3. Hydrocephalus in a 74-year-old woman. The patient had undergone endoscopic third ventriculostomy. Patency of the fenestration on the ﬂoor of the third ventricle is readily and noninvasively
conﬁrmed postsurgery by the presence of CSF ﬂow between the
third ventricle and the basal cisterns (asterisk) emerging from the
tagged region (dotted lines). (See On-line Video 1, which demonstrates postsurgical CSF ﬂow between the third ventricle and the
basal cisterns.)

confirms the presence of CSF flow or blockage, as seen in the
patient depicted in Fig 3, before and after endoscopic third ventriculostomy. Time-SLIP can be used postoperatively to evaluate
the patency of the fenestration by observing CSF flow between
the third ventricle and the basal cisterns (Fig 3). Reflux flow
from the third ventricle into the lateral ventricle has been established in adult patients without hydrocephalus; however, flow has
been shown to be restricted in patients with hydrocephalus and
NPH.37 Normal reflux flow in a healthy patient is seen in Fig 4A,
restricted in NPH (Fig 4B), and restored after surgical intervention (Fig 4C). A Chiari malformation can restrict normal CSF
flow between the cranial and spinal compartments; this restriction, in turn, results in CSF accumulation within the spinal cord,
producing a syrinx. Time-SLIP is a useful, noninvasive tool for
evaluating pre- and postoperative craniocervical decompressive
changes to CSF flow (Fig 5).
For understanding CSF flow disorders, the PC technique to
quantify CSF flow velocities and Time-SLIP to visualize CSF flow
characteristics, pathways, and blockages are qualitatively useful
techniques in combination. Time-SLIP is especially useful in regions where it is difficult or impossible to visualize CSF flow with
PC, such as in the lateral ventricles, subarachnoid spaces, or
within a cyst, secondary to limitations of Venc, SNR, or the absence of pulsatile flow. The Time-SLIP tag is freely selectable, and

FIG 4. Idiopathic normal pressure hydrocephalus in a 78-year-old man. Time-SLIP has consistently shown the presence of reﬂux ﬂow from the
third ventricle into the lateral ventricle in adult patients without hydrocephalus (A). This ﬂow is shown to be restricted in NPH (B). Time-SLIP in
the same patient conﬁrms that this ﬂow is restored after surgical intervention by inserting a CSF diverting shunt (C, artifacts on the right are from
the shunt valve). (See On-line Videos 2 and 3, which demonstrate restricted ﬂow and restored ﬂow pre- and postsurgery, respectively.)
AJNR Am J Neuroradiol 36:623–30
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FIG 5. Chiari malformation in a 43-year-old woman pre- (top row) and post- (bottom row) surgery, shown at incremental TIs. Obliteration of the
subarachnoid space at the craniocervical junction is associated with Chiari I malformation and a syrinx (top row, arrow). Following craniocervical
decompression (bottom row, arrow), Time-SLIP shows CSF ﬂow ventral to the brain stem and cervical spinal cord and a decrease in the size of
the syrinx (bold arrow). (See On-line Videos 4 and 5, which demonstrate restricted ﬂow and restored ﬂow with a decrease in the size of the syrinx
pre- and postsurgery, respectively.)

its orientation is easily and infinitely changed to target the region
of interest, allowing CSF flow to be visualized in any direction or
location.
Half of all occurrences of NPH have no known cause, and
diagnosis is made primarily by clinical observations such as
gait disturbances, dementia, and incontinence. Although enlarged ventricles are the expected MR imaging finding in patients with suspected NPH, the definitive diagnosis of NPH is
difficult, and PC has not consistently predicted patient responsiveness to shunting. More extensive studies are currently underway to investigate whether Time-SLIP will be more predictive in diagnosing suspected NPH that is responsive to CSF
diversion.
Time-SLIP can be used to determine whether CSF spaces are
in communication. Following an endoscopic third ventriculostomy, a catheter is often placed in the ventricle to measure postoperative intraventricular pressure. Contrast injected into the
ventricles can establish the success of the procedure by noting the
distribution of the contrast with a CT scan. The use of Time-SLIP
for this purpose would alleviate the need for postprocedural CT
ventriculography because surgical outcomes could be assessed
noninvasively.37
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Summary and Future Work
PC was the first quantitative MR imaging tool for evaluating CSF
in pathophysiologic conditions. Time-SLIP provides additional
information about CSF flow patterns. Perhaps most remarkably,
the typical CSF flow pathway that has been described in textbooks
is actually much different from that observed noninvasively with
Time-SLIP,45 even in the normal, nonhydrocephalic brain. Larger
clinical studies are expected to provide additional evidence. Possible clinical applications using Time-SLIP to visualize and monitor CSF movement are listed in the On-line Appendix.
Most treatments for hydrocephalus and related CSF flow disorders are surgical, and these are known to work well in appropriate
patients. Initial Time-SLIP studies have shown that successful treatments can be attained by understanding CSF flow patterns and by
restoring these flow patterns when they are abnormal.37,45,47
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PRACTICE PERSPECTIVES

Critique of the Analysis of UpToDate.com on the Treatment of
Painful Vertebral Compression Fractures: Time to Update
UpToDate
D.P. Beall, W.P. McRoberts, S.H. Berven, J.T. Ledlie, S.M. Tutton, and B.P. Parsons

ABSTRACT
SUMMARY: The treatment of painful vertebral compression fractures has changed substantially since the introduction of vertebroplasty
in the mid-1980s and balloon kyphoplasty in the late 1990s. Both procedures were widely accepted with the vertebral fractures treated
reaching 150,000 per annum in 2009 prior to the publication of 2 randomized controlled trials comparing vertebroplasty with a sham
treatment published in the New England Journal of Medicine in August 2009. Since then, there has been a ﬂood of information on
vertebral augmentation and balloon kyphoplasty. It is worth evaluating this information especially because it relates to current recommendations that are often followed blindly by medical and administrative groups unfamiliar with either the procedure or the high level of
evidence surrounding vertebral augmentation. To streamline the evaluation of some current recommendations, we limited the analysis to
the recommendations found on UpToDate.com. This Web site is an evidence-based, peer-reviewed source of information available for
patients, doctors, health insurance companies, and population-based medical decision-making.
ABBREVIATIONS: BKP ⫽ balloon kyphoplasty; NSM ⫽ nonsurgical management; VA ⫽ vertebral augmentation; VCF ⫽ vertebral compression fracture; VP ⫽
vertebroplasty

T

he treatment of painful vertebral compression fractures
(VCFs) has changed substantially since the introduction of
vertebroplasty in the mid-1980s.1 The advent of balloon kyphoplasty in the late 1990s represented a new variation of the procedure
by using balloons to reduce the vertebral fracture and create a void
within the vertebral body.2 Both procedures were widely accepted
with vertebral fractures treated reaching 150,000 per annum in
2009 before the publication of 2 randomized controlled trials
comparing vertebroplasty with a sham treatment published in the
New England Journal of Medicine in August 2009.3-5
The publication of the trials generated a substantial controversy because the results seemed to fly in the face of clinical experience; consequently, numerous societies and physician groups
issued statements commenting on the conclusions of the studies.
The Society of Interventional Radiology6 and the North American
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Spine Society7 issued statements commenting on the trials with
the Society of Interventional Radiology stating that “based on
the … weakness in the studies and the degree of discordance between the outcomes of these studies, prior studies and experience,
we believe it is premature—and possibly incorrect—to conclude
that vertebroplasty is no better than a control sham procedure”
and the North American Spine Society stating that “[b]eyond the
lay press releases which claim ‘Vertebroplasty found to be useless
for osteoporotic fracture and disk pain,’ it is time for cooler heads
to prevail. The medical literature thirsts for evidence. The data
from these two studies must be considered carefully and thoughtfully.… More practical conclusions should be made based on a
thorough and systematic review of all the literature to better define the subgroup of patients for which vertebroplasty might be
most appropriate.”
Since 2009, a flood of information has discussed vertebral augmentation (VA), a term that includes vertebroplasty (VP) and
balloon kyphoplasty (BKP). This information provides valuable
insight into the treatment of patients with osteoporotic VCFs. It is
worth evaluating this information especially because it relates to
current recommendations that are often followed blindly by medical and administrative groups unfamiliar with either the VA procedures or the high level and unpresented body of evidence surrounding VA.
To streamline the evaluation of some current recommendations, we limited the analysis to the recommendations found on
AJNR Am J Neuroradiol 36:631–36
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UpToDate.com. This Web site is an evidence-based, peer-reviewed source of information available for patients, doctors,
health insurance companies, and population-based medical decision-making. Taking the recommendations point-by-point from
the Web site and comparing them with evidence-based information found in the medical literature will simplify the process.

UpToDate.com on Pain Relief Beneﬁts of Vertebroplasty
Short-term placebo-controlled (sham procedure) trials of vertebroplasty in patients with osteoporotic compression fractures
have not shown a significant benefit in reducing pain.8,9 Thus, we
do not recommend vertebroplasty or kyphoplasty for the treatment of osteoporotic compression fractures.
Evidence-Based Information. The authors are basing their recommendation not to treat on 2 trials published in 2009.4,5 These
articles are vertebroplasty articles only, but the authors extrapolated their recommendation to BKP as well, it being a different
procedure.
There are 1587 vertebral augmentation articles in the English
language. The most recent meta-analysis published in 2012 is the
first one of only level 1 and 2 data, and it evaluated 27 studies,
including 8 randomized studies.10 The authors concluded after
analyzing this body of literature in great detail that both VP and
BKP provide significant pain relief and a 50% reduced rate of
additional fracture over nonsurgical management. They also concluded that BKP has better anatomy restoration and may be more
beneficial than VP for improving quality of life and disability.
A recommendation against a procedure that has very strong
support by a large body of high-quality literature is not a logical
recommendation, but to extrapolate that recommendation to a
procedure that has even greater support in the literature is a non
sequitur.

UpToDate.com on Pain Relief and Patient Selection
In unblinded randomized trials comparing vertebroplasty with
pain management, there was greater improvement in pain immediately after vertebroplasty (1 day) but not at 2 weeks,11 3
months,12 or 12 months.13 In 1 trial, the improvement in pain
after vertebroplasty was significant at 1 day, 1 month, and 1
year.14 However by the 1-month and 1-year time points, the between-group differences in the reduction in mean pain score
(⫺2.6 and ⫺2.0, respectively) were of uncertain clinical significance. In addition, more than half of the patients who initially
qualified for the study had spontaneous reduction or resolution of
pain (mean pain score, ⬍5) during screening and therefore were
not eligible for inclusion in the study.
Evidence-Based Information. The authors stated that the VERTOS
trial,11 a randomized controlled trial investigating percutaneous
vertebroplasty with optimal pain medication treatment, showed
no greater improvement of pain after 2 weeks. They then compared this pain measurement with 2 additional time points (3
months and 12 months) in 2 studies different from the VERTOS
trial. This comparison has too much heterogeneity to allow an
appropriate comparison, and the “snapshot in time” implication
that there was no difference in pain levels is not what the VERTOS
trial concluded. Rather, the VERTOS authors reported that “pain
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relief and improvement of mobility, function, and stature after
VP is immediate and significantly better in the short term compared with medication treatment.”11 The additional 2 studies by
Rousing et al15,16 were 3- and 12-month follow-ups of the same
patients. The authors of UpToDate.com did not mention that in
these studies, the pain score before and after the operation in the
VP group was 7.9 and 2.0, respectively, a significant decrease, and
that assessment of back pain 1 month after discharge from the
hospital showed a significantly lower Visual Analog Scale score in
the VP group over the conservative group. The referenced studies
are also small with a combined total of 133 patients and especially
small compared with the much more highly regarded VERTOS II
trial with 202 patients, which found consistent and significant
pain relief at 6 different measurements at the conclusion of the
study at a year.14
A recent meta-analysis on VP, which was the first to include all
the available prospective evidence, including 9 prospective controlled trials (6 of which were randomized controlled trials), concluded that compared with nonsurgical management (NSM), VP
was more effective in relieving pain and in improving the quality
of life for patients with VCFs.17 This meta-analysis was also substantially larger, quadrupling the sample size compared with previous meta-analysis.
A comment was made by the UpToDate.com authors that
“more than half of the patients who initially qualified for the study
had spontaneous reduction or resolution of pain (mean pain
score ⬍5) during screening and therefore were not eligible for
inclusion in the study.”17 We believe that this is an entirely appropriate execution of the inclusion/exclusion criteria. VCFs can heal
and often do, but when they are present, these fractures tend to
cause pain that most patients would rate at least a 6 or 7 of 10.18
When patients are included in fracture assessments that have
fewer than 6 of 10 levels of pain, the pain is likely not coming from
the fracture. The INVEST trial, investigational vertebroplasty
safety and efficacy trial, previously referenced by the
UpToDate.com authors had a pain level of ⱖ3 as an inclusion
criterion, which could certainly have allowed many patients to be
evaluated for the treatment of their fractures who did not have
pain related to the fracture at all. Additionally, in this trial, they
screened 1812 patients to enroll 131. This trial has a far greater
discrepancy between screened and enrolled patients than the
VERTOS trial and could certainly give rise to significant selection
bias.

UpToDate.com on Timing of Vertebral Augmentation
VP and BKP are performed in an outpatient setting, though the
optimal timing related to fracture acuity is unclear.19,20
Evidence-Based Information. A meta-analysis of all of the level 1
and 2 data shows that surgical intervention within the first 7 weeks
yielded greater pain reduction than VCFs treated later.10 The
UpToDate.com authors referred to an article by Ledlie and Renfro19 in regard to the timing of VP and BKP, but according to Dr
Ledlie, the article does not address the timing of BKP and only the
average age of the fractures in the series was reported. He also
stated that this was a report on an historical series and not a recommendation for the timing of BKP.
The Kaufmann et al20 reference in support of the UpToDate

statement actually concluded that “VP is a highly efficacious therapy for relief of pain and improvement in mobility, regardless of
fracture age.” The authors also noted that the longer the fracture
had been present, the greater was the need for postprocedural
anesthesia. The information determined is that painful VCFs
are well-treated regardless of age and that the sooner they are
treated, the less the requirement will be for postoperative pain
medication.

UpToDate.com on Short- and Long-Term Beneﬁts
The potential short-term benefit for both procedures is improvement in pain, whereas potential long-term benefits include prevention of recurrent pain at the treated levels, limitation or reversal of height loss and spinal deformity, and improved functional
capability.
Evidence-Based Information. These assertions are not referenced
but state that VP and BKP provide short-term benefits in pain. If
all of the best level 1 data that follow a patient ⬎6 months are
analyzed, the benefit is consistent and persistent for the treated
patients up to 2 years.10,11,17 The long-term benefits are more
difficult to accurately characterize because these patients are not
typically followed for ⬎2 years, but on the basis of current information, if the patient does not have an additional fracture or other
spine injury, their pain relief should be durable.

UpToDate.com on Randomized Controlled Trials on
Vertebroplasty
In 2 short-term, blinded trials comparing vertebroplasty with a
sham procedure, there was no immediate or delayed benefit of
vertebroplasty.4,5 One of these trials compared vertebroplasty
with a simulated procedure without cement in 131 patients who
had 1–3 painful osteoporotic VCFs.4 The primary outcomes were
pain intensity during the previous 24 hours and disability, measured by the modified Roland-Morris Disability Questionnaire.
The improvement in pain and disability scores was similar in both
groups at all time points (3 days, 2 weeks, 1 month). In both
groups, the greatest improvement occurred within 3 days of the
procedure and was maintained at 1 month.
In these 2 trials, patients assigned to the sham procedures received the same subcutaneous and periosteal anesthetic as those
assigned to the full vertebroplasty procedure. The anesthetic,
rather than the vertebroplasty procedure itself, may account for
some of the immediate pain relief noted in unblinded trials.4,16
On the basis of the available data, we do not recommend vertebroplasty for pain reduction in patients with osteoporotic compression fractures.
Evidence-Based Information. The UpToDate.com authors focused on 2 randomized controlled trials published in 2009.4,5
There is no mention of an analysis of the total body of literature
for making a treatment decision. As mentioned above, a metaanalysis published in 2012 was the first to include all available
prospective evidence, including 6 randomized controlled trials.4,5
This meta-analysis concluded that compared with NSM, vertebroplasty was more effective in relieving pain and in improving
the quality of life for patients with VCFs. We believe that recom-

mendations should be based on all of the available high-quality
data, not just 2 small selected studies.
In regard to the 2 randomized controlled trials published in
2009, these studies are highly controversial and have generated a
large amount of discussion. Most of the issues focus on the execution of these 2 trials. Some of the primary criticisms were that
the INVEST trial was underpowered (target enrollment was 250
versus the actual enrollment of 131) and that both studies had
prominent selection bias. The crossover of patients in the INVEST
trial was far greater for those patients crossing over from sham to
VP (51%) compared with vice versa (13%). The clinical and imaging diagnostic criteria for inclusion were very different from
those in most randomized controlled trials, with patients having a
pain score of ⱖ3 on the Visual Analog Scale being eligible for
inclusion, and there was no requirement for MR imaging or nuclear bone scanning for diagnosing the VCFs. There was also no
description of a clinical examination used to determine whether
the pain came from the VCF itself or from another problem, and
the trial of Buchbinder et al5 assessed “overall pain” rather than
spine-related pain, undermining the validity of the measurement
in this population replete with potentially comorbid painful conditions. There was also criticism that the INVEST trial was not a
true sham, with 63% of the patients receiving sham treatment
correctly guessing that their treatment, and the injection was performed with a paraspinal injection of local anesthetic, which has
been used to successfully palliate patients’ pain from VCFs for up
to 8 weeks.21 Despite all of these limiting factors, if the same response rate for the 131 patients had been obtained on the originally intended 250 patients, VP would have been found to be
significantly better than sham treatment at a P value of ⬍ .01.
Despite the low enrollment of only 131 patients, if only 1 patient
had reported a different response (ie, a favorable response in the
VP group or an unfavorable response in the sham group), VP
would have been found to be significantly better than a sham, with
a P value of ⬍ .04. Given the near-equivocal nature of this information, it is an inappropriate trial on which to base significant
population-based recommendations and, in our opinion, the
quality of the assessment in these trials was far less than in other
trials that had a greater number of patients.8,9,14,16

UpToDate.com on Kyphoplasty
Data from randomized trials are limited. In the largest trial to
date, 300 patients with 1–3 acute vertebral fractures were randomly assigned to balloon kyphoplasty versus nonsurgical care
(not a sham procedure as in the above vertebroplasty trials).12
After 1 month, patients assigned to kyphoplasty had greater improvement in the Short-Form 36 physical component summary
scale, a validated quality of life measurement. However, after 12
months, the difference in improvement between the 2 groups was
no longer significant.
Evidence-Based Information. The authors stated that randomized controlled trials on BKP are limited. Of the 27 articles identified by Papanastassiou et al10 in their summary of all level 1 and
2 data on VA, 18 of the studies involved BKP. All these studies by
definition included ⬎20 patients, and the BKP articles included
the FREE trial, efficacy and safety of balloon kyphoplasty compared with non-surgical care for vertebral compression fracture,
AJNR Am J Neuroradiol 36:631–36
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with 300 patients, and a trial comparing BKP and VP with 100
patients.12,22 The conclusion of Papanastassiou et al regarding
BKP was that it decreased pain to a greater degree than VP (5.07
versus 4.55 points on the Visual Analog Scale) and resulted in
significantly better improvement in the quality of life than both
VP and NSM. This meta-analysis was taken from 1587 articles on
vertebral augmentation, more articles than in any other area of
spinal medicine. If the authors’ contention is that the trials are
limited for BKP, then it would follow that there is no other area of
the spine that had anything but limited information. It is our
contention that there is more than adequate information on
which to base a decision that BKP is effective.
The UpToDate.com authors also stated that significant differences in Short-Form 36 were only short-lived, not significant after
12 months, but they did not mention any other parameters measured, ignoring the conclusion of the authors that reduction in
pain, EQ-5D (a measure of health status), quality of life, patient
satisfaction, and kyphotic angulation remain statistically significant at all time points throughout the 2 years measured. It is also
troubling that the authors of UpToDate.com singled out the lack
of statistical significance of a single time point in the Short-Form
36 physical component summary when all other time points measured up to a year were significant and all of the time points of the
Short-Form 36 Bodily Pain Scale throughout the entire study
were significant.

UpToDate.com on Adverse Effects of VP and BKP
Vertebroplasty and kyphoplasty are not without risk. Shortterm complications occur predominantly because of extravasation of the cement and may include increased pain and damage from heat or pressure to the spinal cord or nerve roots,22 and
rarely cement embolization.23 Extravasation has been reported in
11%–73% of vertebroplasty procedures,24 and less commonly
with kyphoplasty.
Evidence-Based Information. The authors stated that short-term
complications occurring from cement extravasation may occur
from heat producing damage to the nerve roots or spinal cord,
and they referenced an article from Watts et al,22 who stated directly that “theoretically, local heat might damage adjacent tissues
because of the exothermic reaction, but the surrounding vascularized tissues, particularly the dura, act to reduce local heat effects. Local tissue damage has been reported only anecdotally.”
This finding has remained true with time, and exothermic damage to neural elements and other structures is either very rare or
nonexistent. A recent randomized controlled trial of 256 patients
examined the differences between traditional polymethylmethacrylate (bone cement) and Cortoss (Stryker, Kalamazoo, Michigan), an injectable, combeite glass ceramic tri-resin polymer with
little to no exothermic reaction. The study showed no difference
in complication rates, no evidence of adverse exothermic events
with bone cement, and no difference between cements in the reduction of the patient pain levels.13
The authors also characterized cement embolization and extravasation as adverse effects. A better description reveals embolization and extravasation as extremely common with embolization occurring in 5%–23% of all patients and extravasation in up
to 73% as stated above.23-27 Most important, however, is the point
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that most embolisms and extravasation are neither symptomatic
or adverse. A review of all of the level 1 and 2 data shows that most
studies did not either report or encounter any serious adverse
events. Overall, the literature suggests that both procedures had
safe serious adverse event profiles with occasional case reports of
symptomatic cement extravasation in the VP arm.28-35
The risk of performing VA should be balanced with the risk of
withholding the procedure because these patients are typically
debilitated and have a mortality rate of 8.6 times that of agematched controls and have a 40% greater mortality after 8
years.36,37 In the first longitudinal, population-based comparison
of mortality risk between surgical and nonsurgical groups, a
Medicare dataset from 2005 to 2008 comprising 858,978 patients
with VCFs was analyzed.38 This included 119,253 patients treated
with BKP, 63,693 patients treated with VP, and the remainder
treated with NSM. The findings at the 4-year follow-up showed
that the VA treatment group was 37% less likely to die than the
NSM group and that the adjusted life expectancy was 85% greater
for the VA group. The adjusted life expectancy for the BKP was
greater than that of VP and was increased 115% compared with
the NSM group. Overall the median life expectancy was increased
between 2.2 and 7.3 years across all treated groups compared with
nonsurgical management. A retrospective review of the treatment
of refractory osteoporotic VCFs by Gerling et al,39 in which treatment with VA was compared with NSM in a hospital setting
found a significant survival advantage (P ⬍ .001) for patients
treated with VA over those patients treated with NSM, regardless
of comorbidities, age, or the number of fractures diagnosed at the
start date.

UpToDate.com on Adjacent-Level Fractures
Two retrospective reviews of patients treated with vertebroplasty
found a high rate of new vertebral fractures.40-42 In 1 report of 177
patients, 22 patients developed 36 new vertebral body fractures.
Of the 36 fractures, 67% involved vertebrae adjacent to a previously treated level and 67% occurred within 30 days after the
initial treatment.32 In another study of 432 patients treated with
vertebroplasty, 84 patients had new vertebral fractures occurring
within 4 months of the procedure.41
Evidence-Based Information. If all of the level 1 and 2 data on VA
are analyzed rather than focusing on particular studies, the adjacent-level fracture rate for those patients treated with VA was 11%
compared with 22% for those patients treated with NSM.10 The
rate of adjacent-level fractures in untreated patients was 20%.40,43
Not only does there appear to be no increased risk of adjacentlevel fractures, but there is also very strong supporting evidence
that treatment with VA reduces the rate of adjacent-level fractures
by half.10

CONCLUSIONS
Substantial scientific contributions to the English literature on
vertebral augmentation rival nearly any other topic in the spine. If
the highest quality portion of that literature is analyzed, the conclusions that can be drawn are that vertebral augmentation was
significantly better than nonsurgical management for decreasing
pain and if the fracture was treated in the first 7 weeks, the pain
reduction was better. This analysis also showed significantly fewer

additional fractures for those patients treated with vertebral augmentation rather than those treated with nonsurgical management, and those patients treated with kyphoplasty had a significantly better improvement in their quality of life than those
treated with vertebroplasty.
Most of the best contributions to the literature have been relatively recent, and many of the analyses and recommendations
have been based on older literature. The data show significantly
higher mortality rates in those treated with nonsurgical management compared with those patients treated with vertebral augmentation; these findings emphasize the importance of offering
the treatment most likely to benefit the patient. The data show
these benefits to be pain reduction, fewer additional fractures, and
improved quality and length of life. If all of these factors are taken
into consideration, it appears that the information on UpToDate
is out of date.
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SOCIAL MEDIA VIGNETTE

Social Media and Research Visibility
R.T. Fitzgerald and A. Radmanesh

A

ssessing the value of scientific research output, an important
component of academic promotion and tenure, is increasingly based on metrics such as the Impact Factor, H-index, and
more recently Google Scholar, that attempt to numerically encapsulate an author’s productivity and scholarly impact. The H-index, discussed by AJNR Editor-in-Chief Mauricio Castillo in a
2010 editorial,1 and an expanding alphabet soup of additional
measurement tools (M-index, C-index, S-index, E-index, etc) are
based on article citations accumulated over time. As such, it behooves researchers to consider avenues to expand the reach and
visibility of their work. It is expected that article influence will
soon be used by funding entities to assign monies for research.
Social media represent a potential opportunity to do so, and may
be particularly important in an era in which the link between an
article’s citation rate and its publishing journal is in decline.2
A growing body of literature has examined the impact of social
media on views and citations of scholarly articles. Tweets containing a link to an article, or “tweetations” have been shown to predict highly cited articles within the first 3 days after publication.3
Randomly selected articles that are disseminated via social media
(Twitter, Facebook, LinkedIn) are viewed and downloaded more
frequently than unselected papers.4 Thewall et al5 showed a positive correlation between altmetrics (a measure of citations or
mentions in specific social media services) and eventual citations,
with the strongest evidence for articles posted on Twitter, Facebook wall posts, and blog entries. Other authors found a less robust correlation between tweets and citations and have suggested
that these metrics may represent different yet complementary
measures of an article’s value.6 Further studies are required to
fully assess the long-term relationship between altmetrics and traditional measures of scholarly value.
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Despite evidence supporting the potential benefits of social
media engagement for researchers, adoption of social media in
academia has been slow. It is estimated that fewer than 3% of
scientists are active Twitter users.7 A study to assess the prevalence
of social media mentions in 1.4 million scholarly articles published between 2010 and 2012, fewer than 10% were tweeted at
least once; however, the rate of tweets increased substantially over
the 3-year study period from 2.4% in 2010 to 20.4% in 2012.6
General science and medicine journals such as Nature (@nature)
and the New England Journal of Medicine (@nejm) enjoy a greater
abundance of followers relative to subspecialty journals such as
AJNR, and thus their articles are more likely to be frequently
retweeted. Most journals (67%) have less than 20% of their content tweeted.6 AJNR (@AmJNeuroradiol) tweets each and every
article that appears in our pages. We invite AJNR authors to include their Twitter handles in the author contact information list
of new submissions to facilitate professional networking and potential collaborations.
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ORIGINAL RESEARCH

BRAIN

Exposing Hidden Truncation-Related Errors in Acute Stroke
Perfusion Imaging
W.A. Copen, A.R. Deipolyi, P.W. Schaefer, L.H. Schwamm, R.G. González, and O. Wu

ABSTRACT
BACKGROUND AND PURPOSE: The durations of acute ischemic stroke patients’ CT or MR perfusion scans may be too short to fully
sample the passage of the injected contrast agent through the brain. We tested the potential magnitude of hidden errors related to the
truncation of data by short perfusion scans.
MATERIALS AND METHODS: Fifty-seven patients with acute ischemic stroke underwent perfusion MR imaging within 12 hours of
symptom onset, using a relatively long scan duration (110 seconds). Shorter scan durations (39.5–108.5 seconds) were simulated by progressively deleting the last-acquired images. CBV, CBF, MTT, and time to response function maximum (Tmax) were measured within
DWI-identiﬁed acute infarcts, with commonly used postprocessing algorithms. All measurements except Tmax were normalized by
dividing by the contralateral hemisphere values. The effects of the scan duration on these hemodynamic measurements and on the
volumes of lesions with Tmax of ⬎6 seconds were tested using regression.
RESULTS: Decreasing scan duration from 110 seconds to 40 seconds falsely reduced perfusion estimates by 47.6%– 64.2% of normal for
CBV, 1.96%– 4.10% for CBF, 133%–205% for MTT, and 6.2– 8.0 seconds for Tmax, depending on the postprocessing method. This truncation
falsely reduced estimated Tmax lesion volume by 71.5 or 93.8 mL, depending on the deconvolution method. “Lesion reversal” (ie, change
from above-normal to apparently normal, or from ⬎6 seconds to ⱕ6 seconds for the time to response function maximum) with increasing
truncation occurred in 37%– 46% of lesions for CBV, 2%– 4% for CBF, 28%–54% for MTT, and 42%– 44% for Tmax, depending on the
postprocessing method.
CONCLUSIONS: Hidden truncation-related errors in perfusion images may be large enough to alter patient management or affect
outcomes of clinical trials.
ABBREVIATIONS: MRP ⫽ MR perfusion imaging; SVD ⫽ singular value decomposition; Tmax ⫽ time-to-maximum of the deconvolved tissue response function

C

T and MR perfusion (MRP) imaging are used frequently in
acute ischemic stroke care and are increasingly used to determine treatment eligibility in therapeutic trials.1-4 In both techniques, maps of regional hemodynamic parameters like CBF or
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CBV are derived from dynamic images that quantify the concentrations of an intravenously injected contrast agent as it
passes through the brain. Clinical studies often omit consideration of the postprocessing algorithms that convert concentration
measurements to perfusion maps, implicitly accepting their accuracy. However, postprocessing algorithms can produce significant errors,5 which typically are visually undetectable during
interpretation.
One type of error results from temporal truncation of concentration measurements by scan durations that are too short to adequately sample the passage of the contrast agent bolus, which
occurs most often under ischemic conditions. Bolus injections
typically take at least 5 seconds, and injecting the larger volumes of
contrast used for CTP may take 10 seconds or longer.6,7 After
injection, the bolus travels to ischemic brain tissue via stenotic arteries and/or circuitous collateral pathways, potentially lengthening the
average arm-to-brain transit time to 35 seconds or more.8

lected all patients from a 14-month period
who satisfied the following criteria: 1) clinical diagnosis of new ischemic stroke; 2)
MR imaging examinations, including
DWI and MRP, completed within 12
hours of the time when the patient was last
seen at neurologic baseline; 3) discovery of
new symptoms within 15 minutes of that
time; and 4) DWI-positive anterior circulation ischemic lesion. Patients were excluded if their DWI or MRP data were too
motion-degraded to permit satisfactory
processing, if motion correction resulted
in the sections containing the DWI lesion
being no longer visualized, or if the DWI
lesion was too small to accommodate a region of interest measuring 5.2 ⫻ 5.2 mm.
FIG 1. Region-of-interest placement. Lesion (red) and contralateral (green) regions of interest
from 1 patient are superimposed on the diffusion-weighted image that was used for their placement (left) and the perfusion source image to which they were subsequently transferred (right).

Dispersion may cause some components of the bolus to arrive far
later.9 Once each part of the bolus arrives, the average time that it
spends in ischemic tissue is commonly 10 –20 seconds and sometimes considerably longer,10 because autoregulatory vasodilation
slows blood velocity. In comparison, CTP and MRP scans may be as
short as 40 seconds.6,11 Therefore, the parametric perfusion maps
that are used for clinical interpretation may be derived from severely
truncated concentration data.
A previous study showed that data truncation may result in
underestimation of CBV in ischemic tissue.12 We hypothesized
that other common perfusion measurements are also prone to
truncation-related errors. We retrospectively analyzed the MRP
images of patients with acute stroke, which can be acquired with
longer scan durations than CTP scans, without concern for ionizing radiation exposure. We simulated progressively shorter scan
durations by discarding the images acquired at the final time
points in each perfusion scan. We tested whether scan duration
altered calculated perfusion parameters within acute infarcts, by
placing regions of interest near the center of each patient’s DWI
lesion, and then assessing whether perfusion measurements obtained within these ROIs were altered by increasing degrees of
scan truncation. We investigated perfusion within acute infarcts because especially severe ischemia might be expected to
exist within infarcts, and because some studies have substituted perfusion imaging for DWI in identifying irreversibly
injured tissue.1-4,13,14 We also tested whether scan duration
altered the volumes of lesions in thresholded maps of the timeto-maximum of the deconvolved residue function (Tmax), because these volumes have been used to determine eligibility for
recanalization therapy in clinical trials.3,15

MATERIALS AND METHODS
Patient Selection
This study was approved by our institutional review board, which
waived its informed consent requirement because only retrospective
data analysis was performed. We reviewed hospital records and se-

Image Acquisition

Images were acquired on a 1.5T MR imaging scanner (Signa; GE Healthcare,
Milwaukee, Wisconsin). DWI used a
balanced spin-echo echo-planar pulse sequence, incorporating
two 180° radiofrequency pulses to reduce eddy current–related
artifacts.16 The FOV was 22 cm, with a 128 ⫻ 128 matrix, zerofilled in k-space to produce 256 ⫻ 256 pixel images. TR was 5000
ms, and TE was as short as possible. There were 25 diffusionencoding directions, with b⫽1000 s/mm2 and 3 volumes with
b⫽0 s/mm2.
MRP used a gradient-echo echo-planar pulse sequence with a
22-cm FOV and a 128 ⫻ 128 matrix. TR and TE were 1500 and 35
ms, respectively, and the flip angle was 60°. Eighty volumes were
acquired, resulting in a scan time of 2 minutes. Ten seconds after
scan initiation, 20 mL of gadopentetate dimeglumine (Magnevist;
Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) was
power-injected intravenously at 5 mL/s, followed by a similar volume of normal saline, injected at the same rate.
For both DWI and MRP, section thickness and spacing were 5
and 1 mm, respectively. DWI sections were prescribed to completely cover the brain. MRP coverage was limited to 14 or 15
sections, prescribed as a subset of DWI section locations.

Image Review
Without referring to perfusion maps, an experienced neuroradiologist placed a 5.2 ⫻ 5.2 mm region of interest in the geographic
center of each patient’s DWI lesion. A second, identically sized
region of interest was placed in an anatomically similar location
on the opposite side of the brain, to allow normalization of perfusion values in the lesion via comparison with presumably normal values. These ROIs were transferred to the corresponding
anatomic locations on the raw perfusion images (Fig 1). Before
generation of any postprocessed perfusion maps, the neuroradiologist reviewed the ROIs to ensure that neither included a macroscopically visible blood vessel whose “blooming” could unduly
influence perfusion measurements. When this occurred, the region of interest was moved slightly. Whenever possible, each patient’s ROIs were placed exclusively in gray matter or exclusively
AJNR Am J Neuroradiol 36:638 – 45
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voxels were identified with a combination of previously described criteria,19-23
including high CBV, early contrast agent
arrival time, short relative MTT, and
narrow full width at half maximum concentration values. K-means cluster analysis was then performed on the candidate voxels, and the cluster with the
narrowest full width at half maximum
was selected as the arterial input function. The same arterial input function
was used for every simulated scan duration, though the arterial input function
was truncated to the same length as the
C(t).
FIG 2. Visual appearance of truncation artifacts resulting from scans of different durations.
Deconvolution was performed by
Sample perfusion maps produced from a single patient’s perfusion data, which have been trunusing
2 alternative algorithms: standard
cated to simulate perfusion scans of 2 different durations that are similar to those in common
clinical use: 45.5 seconds (top row) and 90.5 seconds (bottom row) following contrast injection. singular value decomposition (sSVD)24
The CBV map from the shorter 45.5-second scan shows a low-CBV lesion in the right frontal lobe and oscillation-index regulated singular
(arrows, top row). However, the more accurate CBV map produced from the longer scan shows
elevated rather than reduced CBV (arrows, bottom row). CBF maps produced from the 2 scan value decomposition with a block circudurations show little appreciable difference. The MTT map from the truncated scan shows almost lant matrix (oSVD), a refined version of
no lesion, but there is a sizeable lesion with prolonged MTT in the map produced from the longer SVD that is insensitive to bolus arrival
scan. The Tmax maps produced from the 2 scan durations show subjectively appreciable lesions
25
of similar sizes. However, the color legend at the right of the ﬁgure shows that the abnormal Tmax delay–related artifacts. Hereafter, hevalues produced by the shorter scan are ⬍6 seconds, so this tissue would not be classiﬁed as “at modynamic measurements derived
risk” by studies that use that threshold, whereas the longer scan produced a large lesion with from standard singular value decomTmax values above the 6-second threshold.
position are labeled with the prefix “s,”
whereas those derived from oSVD are
in white matter. In the few cases in which this placement was
labeled with the prefix “o.”
impossible, the lesion and contralateral ROIs were chosen to inCBV was calculated in 3 ways. One CBV measurement, hereclude similar proportions of gray and white matter.
after called CBVc, was produced by integrating the C(t) in each
image pixel. This simplest of CBV algorithms has been used in
Following the completion of region-of-interest placement, the
numerous MRP studies and does not require deconvolution.20,26
same neuroradiologist manually measured the volumes of DWIThe other 2 CBV measurements were produced by integrating the
hyperintense lesions that were thought to reflect acute infarction,
R(t), and will be designated sCBVr and oCBVr, to indicate which
for each patient.
deconvolution algorithm was used. This technique is equivalent
Image Processing
theoretically to that used by at least 1 commercially available CTP
From MRP data, we calculated 4 commonly studied regional hesoftware package.27
modynamic parameters: CBV, CBF, MTT, and the time at which
CBF was calculated as the maximum value of the deconvolved
the deconvolved tissue response function R(t) reached its maxiresponse function (sCBF or oCBF), and Tmax was the time at
mum (Tmax). To assess whether different computation methods
which that maximum was reached (sTmax or oTmax). MTT was
have varying vulnerabilities to truncation-related artifacts, we calcalculated as the quotient of CBVc divided by sCBF or oCBF
culated each of these 4 parameters using several alternative algo(yielding sMTTc or oMTTc, respectively), sCBVr divided by sCBF
rithms, so that 11 perfusion maps were created for each patient.
(yielding sMTTr), or oCBVr divided by oCBF (yielding oMTTr).
Generation of 10 of the 11 perfusion maps required deriving
To assess the effects of scan duration, we created temporally
R(t) from the tissue concentration function C(t), by using decontruncated datasets, simulating the data that would have been
volution with an arterial input function. Deconvolution was peracquired if shorter scans had been performed. For example, a
formed by in-house, fully automated software, using the following
90-second scan duration was simulated by discarding the imsteps: First, the number of baseline images (ie, before arrival of the
ages from the final 30 seconds of the full 120-second scan.
contrast bolus) was derived by spatially smoothing each image with a
Sample perfusion maps produced from a single patient’s data,
Hanning filter, averaging the signal intensity of all tissue pixels at each
truncated to simulate 2 different scan durations, are shown in
time point, and selecting the time point before the one exhibiting the
Fig 2.
largest incremental signal change as the final baseline image. Motion
Our MRP protocol included a 10-second delay between the
correction was performed by coregistering17 each volume to the first
beginning of image acquisition and initiation of contrast injecbaseline image, and the images were then converted to concentration. To facilitate comparison with previously published results
tion-of-contrast-agent versus time curves, C(t).18
(which may not use the same preinjection delay) and to facilitate
Arterial input function voxels were selected from the section
future protocol design, we will hereafter refer to our simulated
with the largest number of high-blood-volume voxels. Candidate
scan durations in terms of their relationship to the time at which
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contrast injection began (eg, the duration of the full 120-second
scan was 110 seconds postinjection).

Statistical Analysis
For each patient, for every simulated scan duration, normalized
CBV, CBF, and MTT measurements were obtained, by dividing
the mean of the lesion region-of-interest values by the mean value
in the contralateral region of interest. For the 2 Tmax measurements, sTmax and oTmax, the mean absolute regional Tmax
value recorded in the lesion region of interest was recorded, without normalization.
For every simulated scan duration ranging from 39.5 to 110
seconds postinjection, the mean of each hemodynamic measurement across all patients was calculated. This minimum duration
was chosen for 2 reasons: First, 39.5 seconds was the shortest scan
duration for which perfusion measurements incorporated at least
9 data points for all patients, thereby avoiding noisier measurements obtained from only a few data points. Second, perfusion
studies have used scan durations as short as 40 seconds postinjection,6,11 and, with our TR of 1.5 seconds, the available scan duration closest to 40 seconds was 39.5 seconds.
Linear regression analyses were performed between each of
these 11 hemodynamic measurements and scan duration, and
against the base-10 logarithm of scan duration. To assess the magnitude of truncation-related errors that might be expected for an
individual patient, we fit longitudinal fixed-effects models for
each hemodynamic parameter, with patient-specific slopes and
intercepts, incorporating observations from all durations, from
all patients. For these fixed-effects regressions, measurements
were included only if they were produced from at least 9 postarrival data points.
For each of the 11 measurements, we counted the number of
patients for whom worsening truncation by shorter scan durations resulted in “lesion reversal,” which we defined as either the
false creation of an apparent lesion when no lesion was truly present, or the false disappearance of a lesion when a lesion was truly
present. Our goal was to reserve the classification of “lesion reversal” for only those cases in which worsening truncation caused a
sustained change from above-normal ROI values to below-normal values and to avoid labeling as “lesion reversal” cases in which
image noise caused perfusion values to fluctuate randomly above
and below normal levels. Therefore, to determine that lesion reversal had occurred for a particular patient and any of the 9 normalized measurements, we required that decreasing scan durations (ie, worsening truncation) resulted in above-normal
measurements for at least 3 consecutive scan durations, followed
by below-normal measurements for at least 3 consecutive durations, and were not followed by a subsequent return to 3 abovenormal measurements. For sTmax and oTmax, which were not
normalized, we defined lesion reversal as a sustained transition
from values of ⬎6 seconds to ⱕ6 seconds. Several recent studies
have proposed 6 seconds as the Tmax threshold that best identifies tissue at risk of infarction.3,15 For each of the 11 perfusion
measurements, we tallied the proportion of patients for which
lesion reversal occurred, and used logistic regression to assess
whether the likelihood of lesion reversal was related to DWI lesion
size.

In some clinical trials, patient eligibility for recanalization
therapy was based on the existence of a sufficient volume of brain
tissue with a Tmax of ⬎6 seconds. To determine how scan duration might artifactually influence this measured volume, we measured the volumes of tissue with a Tmax of ⬎6 seconds for each
patient at each simulated duration. We assessed the effect of scan
duration on lesion volume by using additional regression analyses
similar to those described above.

RESULTS
The study included 57 patients, 25 women, whose ages ranged
from 30.4 to 93.3 years, with a mean ⫾ standard deviation of 68.2
⫾16.8 years. DWI lesion volumes ranged from 0.29 to 178.07 mL,
with a mean ⫾ standard deviation of 31.40 ⫾ 42.65 mL.
For all hemodynamic parameters, the logarithmic model produced higher R2 goodness-of-fit statistics. Therefore, only the results of the logarithmic model will be discussed. The means of all
11 parameters decreased significantly (P ⬍ .001) as truncation
increased, as shown in Fig 3. However, the calculated slopes for
sCBF and oCBF were much smaller than those of the other parameters, reflecting the much smaller effect that truncation had
on CBF. The calculated slopes for each parameter were the following: CBVc, 0.99/log10(s); sCBVr, 1.07/log10(s); oCBVr, 1.11/
log10(s); sCBF, 0.09/log10(s); oCBF, 0.06/log10(s); sMTTc, 2.70/
log10(s); sMTTr, 3.16/log10(s); oMTTc, 4.04/log10(s); oMTTr,
4.69/log10(s); sTmax, 15.6 s/log10(s); and oTmax, 18.6 s/log10(s).
Aggregated lesion volumes of tissue with a Tmax of ⬎6 seconds
also decreased significantly with decreasing scan duration (P ⬍
.001), with slopes of 73.8 mL/log10(s) and 167.6 mL/log10(s) for
sTmax and oTmax, respectively (Fig 4).
Results of the fixed regression models with patient-specific
slopes and intercepts are presented in Table 1 for region of interest– based hemodynamic measurements and lesion reversal frequencies, and in Table 2 for volumes of lesions with a Tmax of ⬎6
seconds. All 11 parameters decreased significantly as truncation
increased (P ⬍ .001). Again, the calculated slopes for CBF were
much smaller than those of the other parameters. To facilitate
meaningful interpretation of the magnitudes of scan duration–
dependent artifacts, Table 1 includes calculations of “potential
truncation effect,” which we define as the decrease in the calculated value of that parameter that would be expected for an individual patient if perfusion data were truncated by reducing the
scan duration from 110 seconds to 40 seconds postinjection. Decreasing the scan duration from 110 to 40 seconds falsely reduced
perfusion estimates by 47.6%– 64.2% of normal for CBV, 1.96%–
4.10% for CBF, 133%–205% for MTT, and 6.19 – 8.00 seconds for
Tmax.
Lesion reversal frequencies for the 3 methods of computing
CBV ranged between 37% and 46%, indicating that for more than
one-third of patients, truncation of data by a short scan could
result in the appearance of a low-CBV lesion when no such lesion
was truly present. Lesion reversal frequencies for the 4 MTT calculations ranged between 28% and 54%, indicating that truncation errors could obscure high-MTT lesions for many patients.
Lesion reversal frequencies for sTmax and oTmax were 42% and
44%, respectively, again showing that truncation errors could often prevent detection of tissue considered at risk of infarction.
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FIG 3. Quantitative measurement of truncation artifacts caused by scans of different durations. Mean values of the 3 different CBV measurements (A), the 2 different CBF measurements (B), the 4 different MTT measurements (C), and the 2 different Tmax measurements (D), averaged
across all patients, for scan durations ranging from 39.5 to 110 seconds after contrast injection. The curves in each graph were ﬁtted by
logarithmic regression, which showed a signiﬁcant (P ⬍ .001) decrease in every calculated parameter with decreasing scan time. However, the
magnitude of this reduction was much smaller for CBF than for the other parameters.

relationship between lesion reversal frequency and DWI lesion
size for any of the 11 perfusion parameters, except for sMTTc
(odds ratio ⫽ 1.021/mL, P ⫽ .03) and sMTTr (odds ratio ⫽ 1.018/
mL, P ⫽ .02).
Significant associations (P ⬍ .001) were also found between
scan duration and the volume of tissue with a Tmax of ⬎6 seconds. Truncating scan durations from 110 to 40 seconds falsely
reduced the estimated Tmax lesion volume by 71.5 mL for sTmax,
and 93.8 mL for oTmax (Table 2). An example of the effect of
scan duration on Tmax lesion volume is shown in Fig 5.

DISCUSSION

FIG 4. Artifactual effect of truncation on Tmax lesion volumes. Volumes of tissue with calculated Tmax values of ⬎6 seconds averaged
across all patients, for scan durations ranging from 39.5 to 110 seconds
after contrast injection. The curves in each graph were ﬁtted by logarithmic regression, which showed a signiﬁcant (P ⬍ .001) reduction in
both sTmax and oTmax with decreasing scan duration.

Lesion reversal was much rarer for oCBF and sCBF, with lesion
reversal frequencies of 2% and 4%, respectively.
Logistic regression analysis showed no statistically significant
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Perfusion imaging research studies frequently provide little or no
information regarding the postprocessing algorithms used, and
design details of proprietary postprocessing software typically are
not revealed. However, inattention to methodology may conceal
errors in perfusion images that could significantly change their
implications for patient care. Our results demonstrate that common perfusion postprocessing algorithms may produce very different results when scans of different durations are performed on
the same patient, resulting in varying degrees of data truncation
errors.
Longer scans more completely sample the passage of the contrast bolus through the brain, and presumably provide more ac-

Table 1: Regression-derived effects of scan duration on various hemodynamic measurements
Hemodynamic
Deconvolution
Function Used for
Potential Truncation
Measurement
Algorithm
CBV Integration
t-statistic
Slopea
Effectb
47.6%
CBVc
None
Concentration
41.53
1.08/log10(s)
64.2%
sCBVr
sSVD
Response
17.99
1.46/log10(s)
51.4%
oCBVr
oSVD
Response
16.72
1.17/log10(s)
4.10%
sCBF
sSVD
NA
9.62
0.09/log10(s)
1.96%
oCBF
oSVD
NA
3.58
0.04/log10(s)
133%
sMTTc
sSVD
Concentration
34.49
3.03/log10(s)
164%
sMTTr
sSVD
Response
35.57
3.73/log10(s)
166%
oMTTc
oSVD
Concentration
42.50
3.79/log10(s)
205%
oMTTr
oSVD
Response
51.15
4.67/log10(s)
6.19 seconds
sTmax
sSVD
NA
25.91
14.10/log10(s)
8.00 seconds
oTmax
oSVD
NA
28.62
18.2/log10(s)

Lesion Reversal
Frequency
37% (21/57)
35% (20/57)
46% (26/57)
4% (2/57)
2% (1/57)
47% (27/57)
28% (16/57)
54% (31/57)
39% (22/57)
44% (25/57)
42% (24/57)

Note:—NA indicates not applicable.
a
The slopes of all 11 hemodynamic parameters with respect to the logarithm of scan duration were signiﬁcantly greater than zero (P ⬍ .001). Therefore, t-statistics rather than
P values are reported.
b
“Potential truncation effect” refers to the expected reduction in the calculated parameter value that would result from decreasing the scan duration from 110 seconds to 40
seconds postinjection. For example, if the CBVc value derived from a 110-second scan were 107.6% of normal, the expected CBVc using a 40-second scan would be 60.0% of
normal.

Table 2: Regression-derived effects of scan duration on the
volume of brain tissue with Tmax greater than 6 seconds
Lesion
Potential
Hemodynamic Deconvolution
tVolume
Truncation
a
Measurement
Algorithm
statistic
Slope
Effectb
sTmax
sSVD
44.21 162.7 mL/log10(s)
71.5 mL
oTmax
oSVD
47.94 213.4 mL/log10(s) 93.8 mL
a

The slopes of sTmax and oTmax lesion volumes with respect to the logarithm of
scan duration were both signiﬁcantly greater than zero with P ⬍ .001. Therefore,
t-statistics rather than P values are reported.
b
“Potential truncation effect” reﬂects the expected decrease in the lesion volume
that would result from decreasing the scan duration from 110 seconds to 40 seconds
postinjection. For example, if the volume of an oTmax lesion were measured to be 150
mL using a 110-second scan, the expected lesion volume derived from a 40-second
scan would be 56.2 mL.

curate perfusion measurements. Shorter scans may produce perfusion maps in which CBV, MTT, Tmax, and, to a much lesser
degree, CBF values are all underestimated in ischemic brain tissue
to varying degrees, depending on truncation severity. Because
scan durations vary widely across institutions, the severity of
truncation artifacts likely varies extensively as well. Perfusion
measurements reported in different studies from different institutions may not only fail to reflect the true hemodynamic status of
the brain but may not even be reliably comparable with each
other.
The severity of truncation artifacts is presumably most severe
in stroke patients, whose arterial lesions delay the arrival of the
contrast agent bolus and prolong its transit through the brain.
However, truncation can also be worsened for other reasons. For
example, a slower contrast injection rate, a narrower intravenous
catheter, longer or larger injection tubing, or an increase in patient size could all result in increased truncation artifacts. Even if
these factors were constant, moment-to-moment changes in cardiac output could change the rate at which contrast material is
delivered to the brain and, therefore, the degree of truncation.
Therefore, even data acquired at different times at the same institution by using the same imaging protocol may be difficult to
compare if the scan duration is too short.
In acute stroke imaging, perfusion maps are often used to
identify brain tissue that is putatively at risk of infarction.4 Some
studies have proposed defining tissue at risk as visibly appreciable
MTT lesions. As shown in Fig 2, the truncation artifacts intro-

FIG 5. Change in Tmax lesion volume resulting from truncation artifacts. Tmax maps produced from a single patient’s perfusion data,
which have been truncated to simulate perfusion scans of 2 different
durations that are similar to those in common clinical use: 45.5 seconds (left) and 90.5 seconds (right) following contrast injection. Highcontrast window settings were used to depict pixels with a Tmax of
⬎6 seconds as white and other pixels as black. The 90.5-second scan
demonstrates a large lesion that would be considered “at risk” by
using the 6-second criterion and could potentially make the patient
eligible for thrombolytic therapy. The 45.5-second scan shows a much
smaller Tmax lesion. Tmax lesion sizes measured across all image sections for this patient were 430.2 mL for the 90.5-second scan and 79.2
mL for the 45.5-second scan.

duced by a shorter scan could make such lesions less conspicuous
or erase them entirely. Other studies have proposed delineating
at-risk tissue by using quantitative hemodynamic thresholds, for
example, Tmax values of ⬎6 seconds. In our study, calculated
Tmax values changed from above that threshold to below it in
nearly half of ischemic lesions, when scan durations were reduced.
Our analysis estimates that truncation of perfusion data may reduce the measured volume of putative “at-risk” tissue by ⬎70 mL,
depending on truncation severity and the postprocessing algorithm used. These truncation-related errors in MTT and Tmax
maps could result in failure to administer thrombolytic therapy to
patients who could be eligible for treatment in clinical trials using
Tmax inclusion criteria.
Some studies have also proposed that perfusion imaging
can also be used to identify “core” brain tissue that has irreAJNR Am J Neuroradiol 36:638 – 45
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versible ischemic injury, a role usually filled by DWI, because
low-CBV lesions approximate the size and location of DWI
lesions.2,13 Our results show that identifying core tissue with
perfusion imaging also may be challenging, because shorter
scan durations could cause CBV to appear low when it is actually elevated. If a large low-CBV lesion is presumed to reflect
extensive completed infarction that would make thrombolytic
therapy futile or dangerous, then truncation-related errors in
the CBV calculation could result in failure to treat patients who
otherwise would be eligible.
Our study is limited in that only a handful of postprocessing
algorithms were tested. Although these algorithms are among the
most commonly used in clinical research and practice, other algorithms potentially could be more resistant to truncation-related errors. In addition, oTmax and sTmax volumes appear to
diverge with increased scan duration. However, it is more likely
that both will converge to different steady-state values representing the extent of tissue with abnormal hemodynamics. This outcome is likely due to the threshold used for identifying tissue at
risk being based on literature values that used SVD for deconvolution. It is possible that if a higher Tmax threshold were used,
similar volumetric results would be obtained. This finding of volume dependency exemplifies the need to disclose the algorithms
used for calculating perfusion maps, even those as simple as
Tmax.
Another limitation of our study is our inability to achieve exactly the same proportion of gray matter and white matter in each
patient’s lesion and contralateral ROIs, for those patients in
whom ROIs could not be placed entirely within either gray matter
or white matter structures. As a result, noise may have been
introduced into the ratios that were used for normalization of
CBV, CBF, and MTT values. Therefore, the lesion reversal frequencies that we calculated for each parameter are best considered approximations of the frequencies that would be computed by using a larger sample size. However, because each
patient’s lesion and contralateral ROIs did not change positions across different scan durations, volume averaging–related errors in normalization ratios would not invalidate our
finding that increasing truncation causes artifactual decreases
in calculated perfusion parameters.
The most straightforward way to avoid truncation-related errors in perfusion maps is simply to use CTP and MRP scans that
are as long as is feasibly possible. Unfortunately, in the case of
CTP, longer scans entail increased exposure to ionizing radiation.
This increase in exposure may be mitigated by combining an increase in scan duration with a decrease in sampling frequency, for
example, acquisition of CTP images every 3 seconds instead of
every 1 second. However, reducing sampling frequency also presumably degrades perfusion maps, causing errors whose nature
and severity are dependent on the imaging technique and postprocessing algorithm used. Such artifacts are beyond the scope of
the current study but have been investigated by previous studies
that used methodology similar to ours, in which the effects of
various sampling frequencies were tested by acquiring a scan with
a high sampling frequency and then simulating lower frequencies
by selectively omitting some images.28-30
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CONCLUSIONS
Our results show that truncation of data by short perfusion scans
may introduce large errors in perfusion maps of patients with
acute ischemic stroke. Our findings highlight the importance of
considering the vulnerabilities of different algorithms to truncation errors when choosing among them and interpreting the results of published studies that have relied on perfusion imaging.
Just as stroke researchers have recognized the importance of assessing postprocessing errors related to bolus arrival delay,31 our
results show that truncation-related errors may be important as
well. Testing perfusion postprocessing software for these and
other shortcomings is more difficult when vendors of proprietary
software do not disclose the details of their postprocessing algorithms. Therefore, our results also show the importance of transparency in revealing algorithms that may be used in clinical research or patient care.
Disclosures: Ona Wu—RELATED: Grant: National Institutes of Health/National Institute of Neurological Disorders and Stroke (R01NS059775)*; UNRELATED: Consultancy: Penumbra, Comments: I consulted on work unrelated to the topic of this
article; Grants/Grants Pending: National Institutes of Health (P50NS051343,
R01NS059775, R01NS082285);* Royalties: US Patent 7,512,435, March 31, 2009,* Comments: delay-compensated calculation of tissue blood ﬂow. This patent has been
licensed by GE Healthcare, Siemens, Imaging Biometrics, and Olea Medical. *Money
paid to the institution.
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Contribution and Additional Impact of Imaging to the
SPAN-100 Score
P. Krishnan, G. Saposnik, B. Ovbiagele, L. Zhang, S. Symons, and R. Aviv

ABSTRACT
BACKGROUND AND PURPOSE: Stroke Prognostication by Using Age and NIHSS score (SPAN-100 index) facilitates stroke outcomes. We
assessed imaging markers associated with the SPAN-100 index and their additional impact on outcome determination.
MATERIALS AND METHODS: Of 273 consecutive patients with acute ischemic stroke (⬍4.5 hours), 55 were characterized as SPAN-100-positive
(age ⫹NIHSS score ⱖ 100). A comprehensive imaging review evaluated differences, using the presence of the hyperattenuated vessel sign,
ASPECTS, clot burden score, collateral score, CBV, CBF, and MTT. The primary outcome assessed was favorable outcome (mRS ⱕ 2). Secondary
outcomes included recanalization, lack of neurologic improvement, and hemorrhagic transformation. Uni- and multivariate analyses assessed
factors associated with favorable outcome. Area under the curve evaluated predictors of favorable clinical outcome.
RESULTS: Compared with the SPAN-100-negative group, the SPAN-100-positive group (55/273; 20%) demonstrated larger CBVs (⬍0.001),
poorer collaterals (P ⬍ .001), and increased hemorrhagic transformation rates (56.0% versus 36%, P ⫽ .02) despite earlier time to rtPA (P ⫽
.03). Favorable outcome was less common among patients with SPAN-100-positive compared with SPAN-100-negative (10.9% versus 42.2%;
P ⬍ .001). Multivariate regression revealed poorer outcome for SPAN-100-positive (OR ⫽ 0.17; 95% CI, 0.06 – 0.38; P ⫽ .001), clot burden
score (OR ⫽ 1.14; 95% CI, 1.05–1.25; P ⬍ .001), and CBV (OR ⫽ 0.58; 95% CI, 0.46 – 0.72; P ⫽ .001). The addition of the clot burden score and
CBV improved the predictive value of SPAN-100 alone for favorable outcome from 60% to 68% and 74%, respectively.
CONCLUSIONS: SPAN-100-positivity predicts a lower likelihood of favorable outcome and increased hemorrhagic transformation. CBV
and clot burden score contribute to poorer outcomes among high-risk patients and improve stroke-outcome prediction.
ABBREVIATIONS: AUC ⫽ area under curve; CBS ⫽ clot burden score; SPAN-100 ⫽ Stroke Prognostication Using Age and NIHSS

S

everal scores have been designed to prognosticate clinical outcomes in acute ischemic stroke and assess potential risks of
intravenous thrombolysis.1 Age and stroke severity measured by
the National Institutes of Health Stroke Scale are among major
independent prognostic factors for determining stroke outcome.2,3 Stroke Prognostication Using Age and NIHSS (SPANReceived April 6, 2014; accepted after revision October 16.
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100) was conceived by combining age in years and stroke severity
measured by the NIHSS4 and applying the combination to predict
clinical outcome and risk of intracerebral hemorrhage. With individuals older than 80 years of age constituting a significant proportion of hospitalized patients with acute ischemic stroke, the
relevance of the SPAN-100 is self-evident.5 Moreover, the elderly
also have a higher risk of fatality and longer hospitalization, necessitating the consideration of the benefit-harm ratio preceding
rtPA therapy. More interestingly, most stroke predictive scores use
either clinical or imaging components, and though several exist, their
utility in clinical practice is somewhat restricted.1 Multimodal imaging-selection strategies are evolving into a cornerstone for stroke
management to best define target groups with salvageable tissue at
risk.6-9 Apart from excluding hemorrhage and early ischemic
changes, the presence and extent of ischemic core, intravascular clot
burden, and extent of collaterals are critical elements assessed by imaging, dictating management and outcome in patients with stroke.10
The simplicity of SPAN-100, using readily accessible information including age and NIHSS, makes it attractive for practical

use. Furthermore, imaging features accompanying SPAN-100positivity provide insight into pathophysiologic characteristics of
patients evaluated with SPAN-100. We sought to externally validate SPAN-100, document multimodal CT parameters associated
with SPAN-100 status, and assess their interaction with SPAN100 and clinical outcome.

MATERIALS AND METHODS
Study Design and Patient Cohort
A single-center retrospective study of patients presenting to a regional stroke center within 4.5 hours of anterior circulation stroke
symptoms with a vessel occlusion, between October 2009 and
December 2011, was performed. The institutional review board
approved this study, and individual patient consent was obtained.
Patients underwent clinical assessment by certified stroke neurologists and an acute CT-based stroke protocol, including CTA and
CTP. Follow-up imaging included repeat CTA/CTP at 24 hours
and 5- to 7-day CT or MR imaging. Presenting demographic data
collected included age, sex, and cerebrovascular risk factors, including hypertension, diabetes, hypercholesterolemia, coronary
artery disease, atrial fibrillation, and history of smoking and previous stroke. Baseline National Institutes of Health Stroke Scale
(pre-NIHSS) and 3-month follow-up modified Rankin Scale
scores were documented. Patients were not treated with intraarterial therapies because this option was not available when these
patients underwent the CT studies.
Outcome Measures. The primary outcome was favorable clinical
outcome defined as mRS ⱕ 2. Secondary outcomes included
hemorrhagic transformation (by using the European Cooperative
Acute Stroke Study definition), recanalization, and lack of NIHSS
improvement between baseline and 24 hours (defined as ⬍3point NIHSS change).4 Patients were divided into 2 groups:
SPAN-100-positive (age ⫹ NIHSS score of ⬎100) and SPAN100-negative (age ⫹ NIHSS score of ⬍100).
Image Analysis. Imaging was assessed by an experienced neuroradiologist. A comprehensive imaging review documented the
presence of the hyperattenuated vessel sign, ASPECTS, early ischemic changes, clot burden score, and collateral score. CBV, CBF,
and MTT volumes were measured planimetrically by using Medical Image Processing, Analysis, and Visualization, Version 4.4.1
(National Institutes of Health, Bethesda, Maryland; http://
mipav.cit.nih.gov). The threshold adopted for volumetric measurements of penumbra and infarct was internally validated. Penumbral tissue was identified by using a threshold of CBF of ⬎19
mL/100 g/min and relative MTT of ⬍140%, whereas infarct on
the CBV map was defined by CBV of ⬍1.48 mL/100 g.11 CT Perfusion software, Version 4 (GE Healthcare, Milwaukee, Wisconsin) was used to analyze data from the baseline CT perfusion study
to calculate parametric maps of CBF, CBV, and MTT. A deconvolution of the arterial input curves by using the model of Johnson and Wilson was applied to calculate the parametric maps.12 A
venous output function from the anterior cerebral artery and the
superior sagittal sinus was obtained to correct for partial volume
averaging of the arterial input curves. Functional CT perfusions
maps were analyzed by using custom software (IDL, Version 6.1;
RSI-Research Systems, Chapel Hill, North Carolina). All compo-

nents of the analysis were performed blinded to the clinical information to reduce interpreter bias. Pixels with CBF values of ⬎100
mL/100 g/min or CBV of ⬎8 mL/100 g were excluded and were not
used for calculating average CBF and CBV values for regions of interest. The time from symptom onset to scan, rtPA treatment, and
hemorrhagic transformation on follow-up was noted for each
patient.
Clot burden score (CBS) was used to quantify the burden of
intracranial thrombus in the proximal intracranial circulation.
The score allocates points on a scale of 0 –10 for contrast opacification of proximal intracranial vessels. Two points each were subtracted for the presence of thrombus in the supraclinoid ICA and
proximal or distal M1, and 1 point each, for the infraclinoid ICA,
A1, and each affected proximal M2 branch (ⱕ2 points).12 Collateral score was used to grade the extent of collateral vascular supply
to the occluded MCA distribution on a scale of 0 –3. A score of
zero denotes absent collateral supply; a score of 1, collateral filling
of ⱕ50%; a score of 2, ⬎50% but ⬍100%; and a score of 3, collateral supply to 100% of the occluded MCA distribution.12

Scanning Protocol and Generation of Parametric Maps
The CT stroke protocol was performed on a 64-section CT scanner (LightSpeed VCT; GE Healthcare) and included pre- and
postcontrast CT head scans. The parameters used were as follows:
120 kV(peak), 340 mA, 8 ⫻ 5 mm collimation, 1 s/rotation, and
table speed of 15 mm/rotation. Standard CTA from the aortic
arch to the vertex was performed with the following parameters:
0.7-mL/kg iodinated contrast, maximum of 90 mL (iohexol; Omnipaque, 300 mg iodine/mL; GE Healthcare), 5- to 10-second
delay, 120 kVp, 270 mA, 1 s/rotation, 1.25-mm-thick sections,
and table speed of 3.7 mm/rotation. CTA data comprised multiplanar 7-mm MIP reconstructions and 4-mm axial reformats on
CTA source images. The biphasic CTP technique included a 45second initial scan reconstructed at 0.5-second intervals, producing a series of 90 sequential images for each of the 8 sections,
covering 4 cm from the basal ganglia to the lateral ventricles. This
was followed by a second phase covering the same 8 sections, 15
seconds apart for 6 acquisitions for an additional 90 seconds as
previously published.13
CTP scanning parameters used were the following: 80 kVp,
100 mA, 0.5-mL/g (maximum, 50-mL) iodinated contrast agent
injected at 4 mL/s with a 3- to 5-second delay.

Statistical Analysis
All analyses were conducted by SAS (Version 9.3 for Windows;
SAS Institute, Cary, North Carolina). We compared demographic
and clinical factors between patients with SPAN-100-positivity
and -negativity. The 2 test was used for categoric variables; the
Wilcoxon rank sum test, for continuous variables with nonnormalized distribution; and the ANOVA, for those with normalized distribution. To search for the most significant clinical
and imaging factors related to SPAN-100 status, we performed
backward stepwise-selection logistic regression. Natural logtransformation was applied for normalization of variables
when necessary. Comparison of demographic, imaging, and
outcome factors was made for patients with SPAN-100-positivity and SPAN-100-negativity who did or did not receive
rtPA, by using univariate logistic regression. To investigate the
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Table 1: Comparing demographics/clinical factors between patients with positive SPAN-100
and patients with negative SPAN-100
SPAN-100-Negative
SPAN-100-Positive
(n = 218)
(n = 55)
P Value
Age (yr)
68.2 ⫾ 12.5
85.5 ⫾ 5.07
⬍.001
NIHSS (median, IQR)
13 (7–18)
21 (17–24)
⬍.001
Male sex
121 (55.5%)
22 (40)
.04
SBP
157.7 (139–172)
156.04 (138–177)
.77
DBP
84.9 (71–95)
76.1 (64–87)
.01
Glucose (admission)
8.1 (5.8–8.1)
7.6 (6.0–9.0)
.18
Risk factors
Hypertension
127 (58.26)
45 (81.8)
.001
Diabetes mellitus
43 (19.72)
10 (18.18)
.79
Hypercholesterolemia
72 (33.03)
25 (45.4)
.08
Coronary artery disease
53 (24.3)
12 (21.8)
.69
Atrial ﬁbrillation
64 (29.36)
19 (34.5)
.45
Smoker
44 (20.1)
6 (10.9)
.11
Stroke
1 (0.46)
1 (1.82)
.29
Hyperdense sign
114 (52.53)
35 (63.64)
.13
ASPECTS (median) (IQR)
7 (6–9)
7 (5–8)
.39
Clot burden score
6 (4–9)
6 (5–9)
.29
Collateral score
2 (2–3)
2 (1–2)
⬍.001
CBV (median) (IQR)
14.7 (4.7–34.7)
34.7 (13.8–60.5)
⬍.001
CBF
101.6 (55.3–133.1)
98.2 (74.6–129.5)
.75
MTT
104.5 (58.5–133.4)
98.4 (74.7–130.5)
.69
Time and thrombolysis
rtPA dose
63.0 (54–73)
63.0 (54–72)
.75
Onset to CT
104.0 (80–148)
108.0 (75–127)
.62
Onset to rtPA
161.7 (147)
143.0 (131)
.03
Outcome
Recanalization
119 (55.35)
33 (61.1)
.44
mRS (at follow-up)
3 (1–4)
5 (4–6)
⬍.001
mRS ⱕ 2
92 (42.2)
6 (10.9)
⬍.001
NIHSS improves ⬎3 in 24 hours
101 (46.3)
27 (49)
.71
Hemorrhagic transformation
78 (38.6)
28 (56.0)
.02
Hemorrhage infarct
64 (29.4)
23 (41.8)
.07
Parenchymal hemorrhage
26 (11.9)
9 (16.4)
.37
Note:—IQR indicates interquartile range; SBP, systolic blood pressure; DBP, diastolic blood pressure.

association between favorable outcome and demographic/
clinical factors, we performed a univariate logistic regression
analysis as described above. Factors with P ⬍ .10 in univariate
analysis were included in a backward stepwise logistic regression after adjusting for SPAN-100 status.
The additional benefit of significant clinical and radiologic
factors over SPAN-100 as a null model for favorable outcome
prediction was tested by using the Akaike information criterion
(AIC ⫽ LRES ⫹ 2 ⫻ k). A lower Akaike information criterion
indicates a better model fit, where LRES represents the restricted
maximized ⫺2 ⫻ log-likelihood (⫺2 L) of the model, and k, the
number of parameters in the model. The G2 likelihood ratio statistic is the difference between ⫺2 L of the fitted model (transformed threshold) and the reference model (nontransformed
threshold). A 2-sided P value was obtained from the G2 likelihood
ratio 2 test. Similarly, the area under the curve (AUC) was calculated for each model by using receiver operator characteristic
curves and was compared with pair-wise comparison. A P value ⬍
.05 was considered significant.

RESULTS
Among 273 patients with acute ischemic stroke, 55 (20.1%) were
SPAN-100-positive (Table 1). Factors associated with SPAN-100positivity included female sex (P ⫽ .02), hypertension (P ⫽ .001),
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and diastolic blood pressure (P ⫽ .006).
rtPA was given to 47/55 (85.5%) of the
SPAN-100-positive group and 172/218
(78.9%) of the SPAN-100-negative group
(P ⫽ .28). The rtPA dose was comparable
in both groups with a mean of 63 mg (P ⫽
.7), though patients with SPAN-100-positivity received rtPA earlier (143 minutes
versus 161 minutes; P ⫽ .03).

Differences in Imaging Parameters
by SPAN-100 Status
The collateral score was lower in patients
with SPAN-100-positivity, consistent
with worse collateral circulation (P ⬍
.001). Baseline CBVs were higher in
patients with SPAN-100-positivity
(P ⫽ .001) despite similar CBF/MTT
volumes (P ⫽ .7 and .6, respectively),
indicating comparable degrees of ischemia. No significant difference for median baseline ASPECTS (P ⫽ .39), hyperattenuated MCA sign, clot burden
score, or early ischemic change was
observed. Stepwise multivariate logistic regression analysis revealed that
hypertension (OR ⫽ 3.1; 95% CI, 1.1–
7.07; P ⫽ .003), female sex (OR ⫽ 0.47;
95% CI, 0.2– 0.8; P ⫽ .02), and collateral score (OR ⫽ 0.4; 95% CI, 0.2– 0.6;
P ⬍ .001) were associated with SPAN100-positive status. Baseline CBV did
not reach clinical significance.

Primary and Secondary Outcome by SPAN-100 Status
Favorable clinical outcome was less common in patients with
SPAN-100-positivity (10.9% versus 42.2%, P ⬍ .001). Any hemorrhage was more common in patients with SPAN-100-positivity
(56% versus 38.6%, P ⫽ .02). Hemorrhagic transformation was
the most common hemorrhagic infarction subtype (Table 1). Recanalization rate and lack of NIHSS improvement were similar
(P ⫽ .4 and P ⫽ .7). In contradistinction to patients with SPAN100-negativity, no significant demographic imaging or outcome
differences were present in patients with SPAN-100-positivity
with or without rtPA treatment. Patients with SPAN-100-negativity treated with rtPA were more likely than non-rtPA-treated
patients to present earlier (P ⫽ .01), demonstrate the hyperattenuated sign (P ⫽ .06), undergo hemorrhagic infarction (P ⫽
.05), recanalization (P ⫽ .009), show neurologic improvement
within 24 hours, and experience a good clinical outcome (P ⫽ .06).

Predictors of Outcome
Multiple clinical and radiologic factors were associated with favorable clinical outcome on univariate analysis (Table 2). The
multivariate logistic regression showed that SPAN-100-positivity
(OR ⫽ 0.17; 95% CI, 0.06 – 0.38; P ⬍ .001) and larger CBV (OR ⫽
0.58; 95% CI, 0.46 – 0.72; P ⬍ .001) were associated with a lower

Table 2: Univariate logistic regression analysis of good clinical outcome (mRS < 2) on
demographic and clinical factors and imaging parameters
mRS ≤ 2 (n = 98), mRS > 2 (n = 175),
Favorable
Poor
P
Outcome
Outcome
Value
OR (95% CI)
67 (57–78)
76 (66–83)
⬍.001 0.96 (0.94–0.98)
17 (12–21)
9.0 (4–15)
⬍.001 0.86 (0.82–0.90)
42 (42.86)
88 (50.29)
.23
1.35 (0.82–2.23)
151 (138.5–173.5)
155 (137–171.5)
.93 1.00 (0.99–1.01)
81 (72.5–92)
80 (70–90)
.26
1.01 (0.99–1.02)
6.4 (5.4–7.3)
6.4 (5.4–7.3)
.04 0.42 (0.17–0.92)

Age (yr)
NIHSS pre-rtPA (median, IQR)
Female sex
SBP
DBP
Glucose (admission)a
Risk factors
Hypertension
54 (55.10)
118 (67.43%)
.04 0.59 (0.36–0.99)
Diabetes mellitus
15 (15.31)
38 (21.71)
.20 0.65 (0.33–1.24)
Hypercholesterolemia
29 (29.59)
68 (38.86)
.12 0.66 (0.39–1.12)
Coronary artery disease
23 (24.3)
42 (24)
.92 0.97 (0.54–1.73)
Atrial ﬁbrillation
29 (29.59)
54 (30.86)
.82 0.94 (0.55–1.61)
Smoker
22 (22.45)
28 (16)
.18
1.52 (0.81–2.83)
Stroke
1 (1.02)
1 (0.57)
.68 1.79 (0.07–45.66)
Hyperdense sign
48 (48.98%)
101 (58.05)
.14 0.69 (0.42–1.14)
EIC
84 (85.91)
158 (90.29)
.25 0.65 (0.30–1.39)
ASPECTS (median, IQR)
8 (6–9)
7 (5–8)
.001 1.24 (1.09–1.42)
Clot burden score
7 (6–9)
6 (4–9)
.002 1.14 (1.05–1.25)
Collateral score
2 (2–3)
2 (1–3)
.02 1.46 (1.06–2.04)
CBV (median, IQR)a
8.77 (2.5–24.09) 25.14 (9.1–49.60) ⬍.001 0.58 (0.46–0.72)
CBF
88.12 (44.7–122.1) 104.17 (74.3–143.6) ⬍.001 0.99 (0.99–1.00)
MTT
87.96 (43.2–125.9) 105.4 (77.5–138.8) ⬍.001 0.99 (0.99–1.00)
Time and thrombolysis
rtPA given (No. of the patients)
80 (81.63%)
139 (79.43%)
.66
1.15 (0.62–2.20)
rtPA dose (mg)
64.0 (50–73)
62.0 (54–72)
.94 1.00 (0.98–1.02)
Onset to CT (min) (median, IQR)a 102.0 (74–151)
105.0 (80.5–141.5)
.73 1.08 (0.68–1.72)
Onset to rtPA (min) (median IQR)
145 (120–179)
146 (126–175)
.70 1.00 (1.00–1.01)
Outcome
Recanalization
119 (55.35%)
33 (61.1%)
⬍.001 3.58 (2.09–6.30)
Hemorrhagic transformation
28 (30.43%)
78 (48.75%)
.004 0.46 (0.26–0.78)
NIHSS improves ⬎3 in 24 hours
101 (46.3%)
27 (49%)
.20 1.38 (0.84–2.27)
SPAN-100-positive
6 (6.12%)
49 (28%)
⬍.001 0.17 (0.06–0.38)

60%, increasing significantly to 68% and
74% with the addition of the clot burden
score and CBV, respectively (Table 3).
Univariate logistic regression for any
hemorrhage showed significance for
NIHSS (P ⬍ .001), hyperattenuated sign
(P ⫽ .001), ASPECTS (P ⫽ .022), collateral score (P ⫽ .020), CBV (P ⬍ .001),
and SPAN-100 (P ⫽ .027). Stepwise logistic regression of SPAN-100, collateral
score, CBV, and clot burden score demonstrated significant associations for
SPAN-100 (OR ⫽ 2.17; 95% CI, 1.16 –
4.14; P ⫽ .001) and clot burden score
(OR ⫽ 0.91; 95% CI, 0.84 – 0.99; P ⫽
.03) with hemorrhagic transformation.
The AUC for hemorrhagic transformation by using SPAN-100 alone was 55%,
increasing significantly to 62% with the
addition of clot burden score (Table 3).

DISCUSSION

Early prognostication of ischemic
stroke outcome is a critical component
of stroke management. SPAN-100,
combining age and NIHSS score, is a recently proposed simple and practical
tool to estimate the clinical response and
risk of hemorrhagic complications after
thrombolysis.4 Although other clinical
Note:—EIC indicates early ischemic changes.
a
risk scores1 may have a better power to
Natural log-transformation was applied for normalizing the distribution.
prognosticate stroke, the SPAN-100 index is a practical tool that may help deTable 3: Prediction of favorable clinical outcome and hemorrhagic transformation
termine patients who are more likely to
−2
P
AIC (Log-Likelihood) R2a AUC OR 95% CI Value
achieve a good or poor outcome. The
Favorable clinical outcome
combination of a simple clinical tool
Model of SPAN-100 only
316.64
312.64
0.054 0.599
0.56–0.64
with imaging parameters may help stratSPAN-100
0.2
0.1–0.4
ify patients according to their risk for reModel of SPAN-100, CBS
307.42
301.42
0.088 0.676
0.61–0.74 .004
SPAN-100
0.2
0.1–0.3
ceiving thrombolytic or endovascular
CBS
1.2
1.1–1.3
therapy for acute stroke. We evaluated
Model of SPAN-100, CBS, CBV 294.09
286.09
0.135 0.742
0.68–0.80 ⬍.001
the role of imaging parameters added to
SPAN-100
0.2
0.1–0.5
the SPAN-100 score to estimate clinical
CBS
1.1
1.0–1.2
CBV
0.6
0.5–0.8
outcomes. We confirmed that patients
Hemorrhagic transformation
with SPAN-100-positivity were less
Model of SPAN-100 only
342.06
338.06
0.019 0.55
0.49–0.60
likely to be independent irrespective of
SPAN-100
2.0
1.1–3.8
rtPA treatment, while carrying a higher
Model of SPAN-100, CBS
339.39
333.392
0.037 0.62
0.54.5–0.69 .02
SPAN-100
2.2
1.2–4.1
risk of hemorrhagic complications. NoCBS
0.9
0.8–0.9
tably, worse outcomes occurred despite
Note:—AIC indicates Akaike information criterion.
earlier time to rtPA therapy. Patients
a 2
R is the proportion of variability in a dataset that is accounted for by the statistical model.
with SPAN-100-positivity had lower
collateral circulation and larger baseline
likelihood of a favorable outcome, whereas a higher clot burden
CBVs. Extending prior studies, we explored the interaction bescore (OR ⫽ 1.14; 95% CI, 1.05–1.25; P ⫽ .003) was associated
tween the SPAN-100 index and additional radiologic factors
with a greater chance of a favorable outcome. No interaction was
and assessed their additional predictive value over SPAN-100
found between SPAN-100 and CBV (P ⫽ .53) or between SPANstatus for clinical outcome. Both the clot burden score (reflect100 and clot burden score (P ⫽ .98), respectively. The AUC for
ing the burden of intraluminal thrombus) and CBV (reflecting
favorable clinical outcome by using SPAN-100 alone was
infarct core) remained significant contributors to clinical outAJNR Am J Neuroradiol 36:646 –52
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ume and hemorrhage as previously described.19,20 Despite CBV differences in
SPAN-100 subgroups on univariate analysis, no significant baseline difference of
ASPECTS was seen. This apparent disparity likely reflects the relatively coarse sensitivity of ASPECTS for lesion volume
within the M1– 6 or cortical regions compared with the significant impact of even
small basal ganglia lesions on ASPECTS.
Heavy weighting of ASPECTS to the
basal ganglia may, in part, contribute to
its modest sensitivity for outcome
prediction.21,22
Although reduced collateral flow was
FIG 1. Coronal CTA MIP image and CBV map in a patient with SPAN-100-positivity at presentation. Coronal CTA MIP image (A) in this SPAN-100-positive patient with acute right-sided hemi- also associated with unfavorable outparesis and subsequent unfavorable outcome demonstrates abrupt occlusion of the main stem
come on univariate analysis, CBV and
left MCA with a collateral score of zero. The corresponding CBV map (B) demonstrates a large
the clot burden score remained domiCBV deﬁcit.
nant in the multivariate analysis in addition to SPAN-100 status. In the multivariate analysis, the imaging factors of
SPAN-100 status, CBV, and clot burden
scores were significantly associated with
the mRS outcome (Fig 2). The lack of
interaction between SPAN-100 status
and clot burden score or between CBV
and SPAN-100 status indicated that the
probability difference on the mRS good
outcome between SPAN-100-positivity
and -negativity was similar with clot
burden score changes or with CBV
changes. For instance, in patients with a
clot burden score of 6, the proportion of
FIG 2. Axial CTA MIP image and CBV map in a patient with SPAN-100-positivity with favorable good mRS outcome was 6% for patients
outcome. Axial CTA MIP (A) in this SPAN-100-positive patient with left-sided acute stroke and with positive SPAN-100 and 49% for pafavorable outcome shows abrupt occlusion of the distal main stem right MCA. The extent of clot tients with negative SPAN-100 (the difburden is low and underscores the utility of imaging in prognostication. The CBV map (B) shows a
cortical-subcortical insular/subinsular defect in the right MCA distribution, with relative sparing ference was 43%). In patients with a clot
of the basal ganglia. Chronic infarction is incidentally seen in the left parietal lobe.
burden score of 9, the difference in the
proportion of good mRS outcome was
33% versus 71% for those with positive
or negative SPAN-100 (the difference was 38%). These nonsignifcome prediction and improved the prediction of the probability
icant interaction terms might be due to the limited sample size in
of achieving a favorable outcome at 3 months. Similarly the
patients from the SPAN-100-positive group. Indeed, similar to a
SPAN-100 index and clot burden score predicted hemorrhagic
prior study, the AUC of SPAN-100 status alone was 60%.23 The
transformation.
addition of CBV and clot burden score, however, increased preIn patients with SPAN-100-positivity, reduced collateral flow
dictions to 74%. A systematic review by Schiemanck et al24 and
contributed to larger baseline CBVs manifest by its dominance
several other studies7,10,25 corroborated the importance of lesion
within a multivariate analysis of SPAN-100 status and the loss of CBV
significance. Collateral score reduction in patients with SPAN-100volume and neurologic deficit assessed by the NIHSS score for
positivity is supported by prior reports of diminishing functional
clinical-outcome determination. Clot location and volume were
collateral compensatory capacity with age.14 Similarly, the CTA colboth previously shown to be important independent prognostic
factors of outcome.10,12,26 Similarly, larger clot burden is associlateral profile is strongly associated with baseline infarct volume and
ated with larger baseline infarct volumes, poorer clinical outlong-term outcome in acute ischemic stroke.15-17 Poor collateral
come, and risk of hemorrhage.26,27
flow and larger CBV, in part, explain the worse outcome in patients
Limitations of the present study include a retrospective data
with SPAN-100-positivity despite an earlier time to rtPA (Fig 1).
analysis with a modest sample size. CBV, though improving progIncreased intracranial hemorrhage in patients with SPAN-100-posinostication for outcome, is difficult to measure in real-time and
tivity may also, in part, be attributed to poorer collaterals18 and larger
complicates the purposeful simplicity of the SPAN-100 index as a
baseline CBVs, with a clear association between baseline infarct vol650
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quick clinical prognostic tool. Whether rapid estimations of CBV,
for example by ABC/2 (a commonly used method for volume
calculation), provide benefit similar to that of a planimetric approach remains uncertain. The limited spatial resolution of CT
perfusion may also underestimate complete CBV measurement.
This issue is easily addressed with widely available table-toggle
techniques28,29 or 320-section scanners capable of whole-head
imaging. Furthermore, the small sample of patients with SPAN100-positivity is a limitation of this study and could have partly
contributed to the lack of a significant difference in outcomes in
this group. Finally, the accuracy of CTP CBV for DWI core assessment has recently been questioned,30 though in our experience,
this was largely mitigated by protocols that capture the full timeattenuation curve, thereby avoiding CBV underestimation.
Most of the predictive scores for outcome in acute stroke are
inclusive of age and stroke severity scale (NIHSS), and their predictive power is moderate. Hence, consideration for rtPA treatment is currently based on clinical judgment, and clinical scores
are used as an adjunct. Because the SPAN-100 index is among the
more simplified prognostic scores for stroke outcome with core
prognostic determinants of age and NIHSS, it would be reasonable to suggest that imaging parameters should be an integral part
of the future stroke-outcome prediction scores with a need to
customize for individual patients with a greater degree of precision. Our study re-emphasizes the need to incorporate imaging
parameters (eg, CBV, collaterals, and clot burden scores) to provide additional predictive power.
The practical use of clinical prediction scores at present is limited in decision-making paradigms and is essentially complementary to clinical assessment. Future trials and larger retrospective
studies inclusive of imaging parameters are needed to design comprehensive clinical scores with the potential to triage patients and
tailor treatment options.

CONCLUSIONS
Imaging parameters improve outcome estimation in stroke prognostication when added to the clinical risk score (SPAN-100 index). Reduced collateral flow, higher clot burden, and larger cerebral blood volume deficits offer insight into the most relevant
pathophysiologic parameters explaining poorer clinical outcomes
among patients with SPAN-100-positivity.
The addition of imaging parameters to the SPAN-100 index
improves the predictive power of stroke prognostication (ie, the
prediction of favorable outcome and the risk of subsequent hemorrhage). The inherent simplicity of the SPAN-100 index and additional imaging parameters renders easy translation of this prediction score for practical use in routine clinical decision-making.
The routinely performed imaging assessment for acute stroke
(multimodal CT and the parameters CBV, clot burden score, and
collateral scores) could potentially add meaningful value to a wellestablished simplified clinical score (SPAN-100 index) for stroke
prognostication.
Disclosures: Gustavo Saposnik—UNRELATED: Grants/Grants Pending: Dr Saposnik
is supported by the Distinguished Clinician Scientist Award from the Heart and
Stroke Foundation of Canada.
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Comparing 3T and 1.5T MRI for Mapping Hippocampal Atrophy
in the Alzheimer’s Disease Neuroimaging Initiative
N. Chow, K.S. Hwang, S. Hurtz, A.E. Green, J.H. Somme, P.M. Thompson, D.A. Elashoff, C.R. Jack, M. Weiner, and L.G. Apostolova,
for the Alzheimer’s Disease Neuroimaging Initiative

ABSTRACT
BACKGROUND AND PURPOSE: Prior MR imaging studies, primarily at 1.5T, established hippocampal atrophy as a biomarker for Alzheimer
disease. 3T MR imaging offers a higher contrast and signal-to-noise ratio, yet distortions and intensity uniformity are harder to control. We
applied our automated hippocampal segmentation technique to 1.5T and 3T MR imaging data, to determine whether hippocampal atrophy
detection was enhanced at 3T.
MATERIALS AND METHODS: We analyzed baseline MR imaging data from 166 subjects from the Alzheimer’s Disease Neuroimaging
Initiative-1 (37 with Alzheimer disease, 76 with mild cognitive impairment, and 53 healthy controls) scanned at 1.5T and 3T. Using multiple
linear regression, we analyzed the effect of clinical diagnosis on hippocampal radial distance, while adjusting for sex. 3D statistical maps
were adjusted for multiple comparisons by using permutation-based statistics at a threshold of P ⬍ .01.
RESULTS: Bilaterally signiﬁcant radial distance differences in the areas corresponding to the cornu ammonis 1, cornu ammonis 2, and
subiculum were detected for Alzheimer disease versus healthy controls and mild cognitive impairment versus healthy controls at 1.5T and
more profoundly at 3T. Comparison of Alzheimer disease with mild cognitive impairment did not reveal signiﬁcant differences at either
ﬁeld strength. Subjects who converted from mild cognitive impairment to Alzheimer disease within 3 years of the baseline scan versus
nonconverters showed signiﬁcant differences in the area corresponding to cornu ammonis 1 of the right hippocampus at 3T but not at 1.5T.
CONCLUSIONS: While hippocampal atrophy patterns in diagnostic comparisons were similar at 1.5T and 3T, 3T showed a superior
signal-to-noise ratio and detected atrophy with greater effect size compared with 1.5T.
ABBREVIATIONS: AD ⫽ Alzheimer disease; ADNI ⫽ Alzheimer’s Disease Neuroimaging Initiative; CA ⫽ cornu ammonis; CDR ⫽ Clinical Dementia Rating; MCI ⫽
mild cognitive impairment; MMSE ⫽ Mini-Mental State Examination; NC ⫽ healthy control

A

lzheimer disease (AD), the most common form of dementia
in the elderly, is characterized by progressive cognitive and
functional decline. AD is increasingly recognized as one of the
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most important medical problems facing society today. In the
United States alone, approximately 5.2 million people have AD.
This number is predicted to rise to 13.8 million by 2050.1 Worldwide, an estimated 35.6 million people lived with dementia in
2010. The worldwide prevalence is expected to reach 65.7 million
diagnosed cases in 2030, and 115.4 million, in 2050.2
At the tail end of the cognitive spectrum, AD is often preceded
by mild cognitive impairment (MCI), an intermediate stage between normal aging and dementia. Patients with MCI show a
milder degree of cognitive impairment and preserved ability for
day-to-day activities.3 Patients with MCI are at an increased risk
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for developing AD. Identifying patients during this prodromal
stage allows early interventions. Noninvasive biomarkers for detecting prodromal AD are greatly needed.4
Hippocampal atrophy is the most established structural AD
imaging biomarker to date. Hippocampal volume shrinkage is
associated with AD-like postmortem hippocampal neuronal
loss5,6 and neurofibrillary tangle deposition.7 Atrophy of the
cornu ammonis (CA) 1 subfield is characteristic of both AD and
MCI.8-11 Greater involvement of CA1 is a risk factor for conversion from MCI to AD.9,10
High-resolution MR imaging has helped us visualize subtle
anatomic changes in the brain in the initial stages of disease.12,13
State-of-the-art analytic techniques helped us identify, quantify,
and track AD-associated atrophy with great precision. The hippocampus, an area involved early in AD, has been studied via
visual rating scales,14-16 regional volumetric analysis,10,11,17-19
and shape-deformation methods.9,20-23 The early studies have
used 1.5T, and some of the recent ones have used higher magnetic
field strengths. Few studies have compared atrophy detection between 1.5T and 3T field-strength scans.24-27 One tensor-based
morphometry whole-brain study reported that analyses of 1.5T
and 3T Alzheimer’s Disease Neuroimaging Initiative (ADNI) data
from the same subjects did not differ statistically in detecting neurodegenerative changes during 12 months.26 Hippocampal volumes extracted from the same study cohort at 1.5T and 3T
showed only 3.2% test-retest variability.25 Similar results were
reported for manual segmentations in 8 healthy subjects with 1.5T
and 3T scans in an epilepsy study.28
Using the ADNI-1 dataset, we sought to directly compare 1.5T
and 3T segmentations and to determine how well each magnetic
field strength detects anatomic differences between subjects who
are cognitively healthy (NC) or have MCI and AD as well as between subjects with MCI who converted from MCI to AD in 3
years (MCI converters) and those who did not (MCI nonconverters). Although distortions and intensity uniformity may be more
difficult to control at 3T, 3T MR imaging offers higher contrast
and signal-to-noise ratio. We hypothesized that higher field MR
imaging will offer greater power to detect hippocampal atrophy in
the cognitive spectrum from normal aging to AD.

MATERIALS AND METHODS
Subjects
ADNI-129-32 is a longitudinal multisite observational study,
which started in 2004 and collected cognitive, imaging, and biomarker data from 200 NC subjects, 400 with MCI, and 200 with
AD. The goals of ADNI are to determine relationships among
clinical, cognitive, imaging, genetic, and biochemical biomarkers
as AD evolves from normal aging to MCI to dementia, to discover
biomarkers sensitive to early diagnosis, to establish standardized
methods for imaging/biomarker collection, and to conduct research on methodologies that could lower the costs of clinical
trials.
Our sample consisted of the 187 (22%) of the 842 subjects in
ADNI-1 who underwent both 1.5T and 3T MR imaging. 1.5T and
3T brain baseline MR images and their associated clinical data
were downloaded from the ADNI public data base (http://
adni.loni.usc.edu). The cognitive variables we used to clinically
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characterize the research cohorts are the global Clinical Dementia
Rating (CDR), sum-of-boxes Clinical Dementia Rating,33,34 and
the Mini-Mental State Examination (MMSE).35,36 These are the 3
most commonly used global scales to gauge disease severity. The
global CDR reflects the overall severity of dementia in which
global CDR scores of 0, 0.5, 1, 2, and 3, indicate no cognitive
decline, questionable cognitive decline, and very mild, mild,
moderate, or severe dementia, respectively. The sum-of-boxes
Clinical Dementia Rating ranges from 0 to 18 and reflects clinical
deterioration in memory, orientation, judgment and problem
solving, community affairs, home and hobbies, and personal care.
The MMSE is a 30-point global cognitive screening instrument
that evaluates orientation, registration, attention, calculation, recall, and language. All patients with AD met the National Institute
of Neurological Disorders and Stroke/Alzheimer’s Disease and
Related Disorders Association criteria for probable AD.37 Subjects with MCI met the criteria of Petersen et al for MCI.3 Our
MCI converter-versus-nonconverter analyses included only subjects with follow-up data for 36 months after baseline (36 were
MCI converters, and 31 were MCI nonconverters).

Imaging Data Collection, Image Preprocessing, and
Analysis
We acquired 1.5T and 3T scans analyzed in this study from 31
ADNI-1 sites on scanners from 3 MR imaging vendors (GE
Healthcare, Milwaukee, Wisconsin; Philips Healthcare, Best, the
Netherlands; or Siemens, Erlangen, Germany) with a standardized protocol developed to evaluate 3D T1-weighted sequences
for morphometric analyses (http://adni.loni.usc.edu/methods/
documents/mri-protocols/).31,38 Participants with structural
abnormalities such as hemispheric infarctions, white matter
ischemic changes, and focal lesions were excluded from participation.31 Of the 187 subjects who were imaged at both 1.5T and
3T, 111 (59%) subjects were scanned on GE Healthcare, 24 (13%)
on a Phillips Healthcare, and 52 (28%) on Siemens 1.5T scanners.
At 3T, 29 (15%) subjects were scanned on GE Healthcare, 50
(27%) were scanned on Phillips Healthcare, and 108 (58%), on
Siemens scanners.
The 1.5T and 3T scanning protocols used a 3D sagittal volumetric sequence. The typical 1.5T acquisition parameters were
TR ⫽ 2400 ms, minimum full TE, TI ⫽ 1000 ms, flip angle ⫽ 8°,
FOV ⫽ 24 cm, with a 256 ⫻ 256 ⫻ 170 acquisition matrix in the
x-, y-, and z-dimensions, yielding a voxel size of 1.25 ⫻ 1.25 ⫻ 1.2
mm3. For 3T scans, the typical parameters were a TR ⫽ 2300 ms,
minimum full TE, TI ⫽ 900 ms, flip angle ⫽ 8°, FOV ⫽ 26 cm,
with a 256 ⫻ 256 ⫻ 170 acquisition matrix in the x-, y-, and
z-dimensions, yielding a voxel size of 1.0 ⫻ 1.0 ⫻ 1.2 mm3. The 3T
protocol included an increased receiver bandwidth to compensate for the increase in chemical shift and susceptibility artifacts.31
For a detailed description of the acquisition parameters for the
various scanner manufacturers, please see Jack et al (2008).31
The ADNI MR imaging core at the Mayo Clinic preprocessed
the data by using Gradwarp (GE Healthcare) for correction of
geometric distortion due to gradient nonlinearity,39 “B1-correction” for adjusting image intensity inhomogeneity,31 “N3” bias
field correction for reducing residual intensity inhomogeneity,40
and geometric scaling for adjusting scanner- and session-specific

calibration errors.31 The raw and preprocessed data are stored at
the Laboratory of Neuroimaging at the University of Southern
California and are available to the general scientific community
for download (http://adni.loni.usc.edu).
MR images were automatically registered by using a 9-parameter transformation to the ICBM53 template.41 The images were
resampled in an isotropic space of 220 voxels along x-, y- and
z-axes with a final voxel size of 1 mm3.
For each field strength, a minimal deformation target was constructed from 9-parameter linearly aligned scans.42 The minimal
deformation target is an unbiased average template image created
to represent common features for a group of subjects. This helps
to reduce bias by using a template that deviates least from the
anatomy of the subjects and to improve statistical power by using
a customized template. For this study, 1.5T and 3T baseline scans
were nonlinearly aligned to the minimal deformation target developed from 1.5T and 3T images of the NC group.
Two experienced raters manually traced the hippocampal formations of 21 randomly selected subjects (7 NCs, 7 with MCI, and
7 with AD) at 1.5T and 3T by using our in-house hippocampal
tracing protocol43 (intrarater reliability, Cronbach ␣ ⫽ 0.97; interrater reliability, Cronbach ␣ ⫽ 0.9). Traces included the hippocampus proper, dentate gyrus, and subiculum as previously
described.44 Tracers were blinded to subject demographics, diagnosis, and the study objective. Anatomic landmarks were followed in all 3 orthogonal viewing planes by using interactive segmentation software. The hippocampi were traced on contiguous
coronal sections following a detailed well-established protocol
with high intra- and interrater reliability.45 When boundaries
were ambiguous, standard neuroanatomic atlases were consulted.46,47 Traces included the whole hippocampal head, body,
and tail.
Hippocampal segmentation used AdaBoost, our automated
machine-learning hippocampal segmentation algorithm, based
on a statistical method called “Adaptive Boosting.”48 The technique has been previously described in detail in several publications.49,50 Briefly, AdaBoost uses a training set (ie, a small number
of representative images) to develop classification rules for hippocampal-versus-nonhippocampal tissue. Our training set for
this study consisted of 21 subjects, 7 NCs, 7 with MCI, and 7 with
AD, who were scanned at both 1.5T and 3T. AdaBoost analyzes
the specific feature information contained in the positive and negative voxels (ie, those belonging and not belonging to the structure of interest) of the training dataset and develops segmentation
rules based on the optimal combination of features. AdaBoost
uses ⬃18,000 local features, such as image gradients, local curvature of image interfaces, tissue classification as gray or white matter, and statistical information on the likely stereotaxic position of
the hippocampus. In the training phase, the algorithm applies
mathematic approaches from the fields of machine learning and
computer vision51 to estimate the optimal weighting of these features in a mathematic formula that computes the probability of
any given voxel for being inside the hippocampus. AdaBoost performance has been previously validated and has been found to
agree with human raters as well as human raters agree with each
other (ie, similar to interrater reliability).49 After statistical rules
for hippocampal segmentation are developed, the algorithm is

tested in a training set and then applied to the full sample. All
segmentations were visually inspected to make sure they appropriately captured the hippocampal anatomy at the given magnetic
field strength.
We used an anatomic mesh modeling method called “hippocampal radial distance”44 to match equivalent hippocampal
surface points, obtained from the AdaBoost hippocampal segmentations, across subjects. To match the digitized points representing the hippocampus surface traces in each brain volume, we
made the AdaBoost contours spatially uniform by modeling them
as a 3D parametric surface mesh.44 This procedure allows statistical comparisons in 3D and averaging of hippocampal surface
morphology across all individuals belonging to a group. Next, to
assess the pattern of regional hippocampal atrophy, a medial core,
threading down the center of the hippocampus, was computed for
each individual. Radial distance was assessed by measuring the
distances from the hippocampal surface points to the medial core
of the individual’s hippocampal surface model.44 Change in radial
distance with time can, therefore, capture localized atrophy. This
methodology assures that all hippocampal surfaces are represented by using the same parametric mesh structure. This allows
corresponding surface traces and the associated distance measures to be matched across subjects and/or time and averaged
across diagnostic groups. Distance fields indexing local expansions or contractions in hippocampal surface morphology can
thus be compared statistically between groups.
An ROI was drawn over the lateral hippocampal surface (ie,
the area corresponding to CA1) on the 3D hippocampal radial
distance model, and the CA1 mean radial distance was computed
for each subject at both 1.5T and 3T.

Statistical Methods
We used ANOVA with post hoc Bonferroni correction for multiple comparisons to examine between-group diagnostic differences in age, education, MMSE, CDR, and sum-of-boxes Clinical
Dementia Rating. A 2 test was used to determine differences in
sex distribution.
The effect of diagnosis on hippocampal radial distance was
studied by using linear regression while correcting for demographic variables that showed significant between-group differences. Our 3D statistical maps were adjusted for multiple
comparisons by using permutation-based statistics with a
threshold of P ⬍ .01. A Student t test was performed for the
direct comparison of 1.5T- and 3T-derived radial distance in
each diagnostic group.
The observed CA1 regional differences between MCI converters and nonconverters at 3T but not at 1.5T (see “Results”) were
further examined by using receiver operating characteristic
curves. We studied how well the mean CA1 radial distance (in
millimeters) discriminated between MCI converters and nonconverters at 3T and 1.5T. We used the Mann-Whitney Wilcoxon test
for independent paired samples to statistically compare the sum
of the ranks for the mean CA1 radial distance at 1.5T versus 3T
and the DeLong partial area under the curve test to statistically
compare the area under the curve of the 2 receiver operating characteristic curves.
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Demographic characteristics for the diagnostic-comparisons study
Variable
NC (n = 53)a
MCI (n = 76)a
Age (yr)
75.4 ⫾ 4.7 (60–87)
75.2 ⫾ 8.2 (55–88)
Education (yr)
16.1 ⫾ 2.8 (7–20)
15.9 ⫾ 3.2 (6–20)
Sex, M/F
18:35
47:29
MMSE
29.3 ⫾ 0.9 (26–30)
26.8 ⫾ 1.9 (23–30)
CDR global
0 ⫾ 0 (0)
0.50 ⫾ 0 (1)
CDR sum of boxes
1.0 ⫾ 0.2 (1–2)
2.8 ⫾ 1.0 (2–6)
1.5T Left hippocampus (mm3)
3859 ⫾ 436 (2707–4730)
3335 ⫾ 588 (1730–4827)
1.5T Right hippocampus (mm3)
3734 ⫾ 591 (2114–5441)
3254 ⫾ 641 (850–4796)
3T Left hippocampus (mm3)
3897 ⫾ 758 (408–5087)
3259 ⫾ 601 (1627–4697)
3T Right hippocampus (mm3)
3981 ⫾ 612 (1468–5158)
3389 ⫾ 638 (1800–5053)
a
b

AD (n = 37)a
74.1 ⫾ 8.7 (57–91)
14.6 ⫾ 3.2 (7–20)
13:24
23.3 ⫾ 2.1 (20–27)
0.69 ⫾ 0.25 (1)
5.1 ⫾ 1.5 (3–9)
3242 ⫾ 615 (1573–4302)
3110 ⫾ 668 (613–4814)
3123 ⫾ 598 (2013–4437)
3237 ⫾ 672 (1873–4577)

P Value
.671
.055
.002b
⬍.0001b
⬍.0001b
⬍.0001b
⬍.0001b
⬍.0001b
⬍.0001b
⬍.0001b

Data are means and ranges.
Signiﬁcant.

RESULTS

Surface-Mapping Atrophy Patterns

Demographics

Bilaterally significant atrophy in the CA1, CA2, and subiculum
regions was detected for AD versus NC at both field strengths but
was more extensive at 3T (1.5T: left Pcorrected ⫽ .0015, right
Pcorrected ⫽ .0015; 3T: left Pcorrected ⫽ .0001, right Pcorrected ⫽
.0001; Fig 1). The pattern of atrophy seen in MCI compared with
NC was similar and was similarly more extensive at 3T (1.5T: left
Pcorrected ⫽ .0019, right Pcorrected ⫽ .0020; 3T: left Pcorrected ⫽
.0008, right Pcorrected ⫽ .0001). No significant differences in radial
distance between AD and MCI were found (1.5T: left Pcorrected ⫽
.49, right Pcorrected ⫽ 1.0; 3T: left Pcorrected ⫽ .31, right Pcorrected ⫽
.65).
The hippocampal radial distance of MCI converters versus
MCI nonconverters was not significantly different at 1.5T (left
Pcorrected ⫽ .80, right Pcorrected ⫽ .74), yet at 3T, we observed
differences in the CA1 radial distance that were significant on the
right (right Pcorrected ⫽ .01) and trend-significant on the left (left
Pcorrected ⫽ .06, Fig 2). Mann-Whitney Wilcoxon comparison of
mean CA1 radial distance between MCI converters and nonconverters showed significant differences at 3T (P ⫽ .003) and trendsignificance at 1.5T (P ⫽ .098).
The receiver operating characteristic analyses examining the
ability of mean CA1 radial distance to discriminate MCI converters and nonconverters resulted in an area under the curve of 0.62
at 1.5T and 0.71 at 3T (Fig 3). While the absolute difference in the
area under the curve between the 2 field strengths (⌬ area under
the curve ⫽ 0.09) was relatively large, it was not statistically significant (DeLong test, Z ⫽ 1.5361, P ⫽ .125).

Twenty-one 3T MR imaging scans failed the automated hippocampal segmentation process and were excluded from further
analyses. Thus, our final sample consisted of 166 subjects in
ADNI-1 (53 NCs, 76 with MCI, and 37 with AD). Demographic
data are shown in the Table. Differences in sex distribution were
found (P ⫽ .002), with the MCI group having significantly more
men than women compared with the NC and AD groups. Sex was
included as a covariate in the radial distance multiple regression
model. As expected, the NC group had the highest MMSE score
(29.3 ⫾ 0.9) compared with MCI (26.8 ⫾ 1.9) and AD groups
(23.3 ⫾ 2.1) (P ⬍ .0001). NC had the lowest CDR global score
(0 ⫾ 0), followed by MCI (0.50 ⫾ 0) and AD (0.69 ⫾ 0.25) (P ⬍
.0001). The sum-of-boxes Clinical Dementia Rating followed a
similar trend: NC (1.0 ⫾ 0.2), MCI (2.8 ⫾ 1.0), and AD (5.1 ⫾
1.5) (P ⬍ .0001).

Hippocampal Regional Volume Differences
Predictably, NC had the largest hippocampal volumes, and the
AD group had the smallest (Table). Mean hippocampal volumes
at 1.5T were significantly different among NC, MCI, and AD both
on the left and the right (ANOVA, P ⬍ .0001). Between-group
differences after Bonferroni correction for multiple comparisons
were significant for NC versus MCI (left and right, P ⬍ .0001) and
NC versus AD (left and right, P ⬍ .0001), but they were not significant when comparing MCI with AD (left, P ⫽ l; right, P ⫽ .77).
3T-derived left hippocampal volumes showed significant differences among NC, MCI, and AD (ANOVA, P ⬍ .0001). 3T-derived
hippocampal volumes were significantly different between NC
and MCI (left and right, P ⬍ .0001) and NC and AD (left and
right, P ⬍ .0001) but not between MCI versus AD (left, P ⫽ .90;
right, P ⫽ .71).
We used a paired-samples t test to directly compare 1.5T versus 3T hippocampal volumes. In the pooled sample, we observed
significantly larger right (P ⫽ .03) but not left (P ⫽ .50) hippocampal volumes at 3T compared with 1.5T. The intraclass correlation coefficient between 1.5T and 3T volumes was 0.89, and
the absolute mean volumetric difference was 1.8%. Within diagnostic groups, significant volumetric differences were seen in the
NC group on the right (right, P ⫽ .04; left, P ⫽ .43) but not in the
MCI (right, P ⫽ .20; left, P ⫽ .43) or AD groups (right, P ⫽ .42;
left, P ⫽ .40).
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DISCUSSION
The bilateral atrophy in the CA1, CA2, and subiculum regions for
NC versus AD and NC versus MCI in this present study agrees
with findings in prior studies.9-11,20,52-54 At 3T, MCI converters
versus nonconverters presented significant hippocampal atrophy
along the lateral and medial edges of the hippocampus corresponding to the CA1 and subicular regions—in concurrence with
prior reports by our group based on independent samples.10
To date, several groups have compared the performance of
1.5T with 3T for detecting brain atrophy. In a strictly signal-tonoise comparison study, Fushimi et al24 reported no significant
differences in signal-to-noise ratios between 1.5T and 3T in multisection images with a 0-mm gap. Applying tensor brain morphometry and Structural Image Evaluation Using Normalization

FIG 1. 3D statistical maps of diagnostic comparisons by using 1.5T and 3T. Red and white areas in the signiﬁcance maps correspond to P ⬍ .05.

FIG 2. 3D statistical maps for MCI converters versus nonconverters at 1.5T and 3T.

of Atrophy algorithms to ADNI-1 1.5T and 3T data, Ho et al26
reported no significant advantage of 3T over 1.5T for detecting
1-year whole-brain atrophy rates. Perhaps most importantly, 2
groups compared the performance of their automated multiatlas

hippocampal segmentation techniques at 1.5T and 3T in small
samples derived from ADNI-1. Lötjönen et al25 used a sample
consisting of 10 NCs, 10 subjects with MCI, and 10 subjects with
AD and reported an intraclass correlation coefficient of 0.98 and
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tion in MCI and AD but not in NCs who
lack large CSF pools surrounding the hippocampus in the temporal horn. Our data
suggest that 3T images, with their higher
contrast and higher signal-to-noise ratio,
may enhance the topographic localization
of atrophy.
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Cerebral Microbleeds: Different Prevalence, Topography, and
Risk Factors Depending on Dementia Diagnosis—The
Karolinska Imaging Dementia Study
S. Shams, J. Martola, T. Granberg, X. Li, M. Shams, S.M. Fereshtehnejad, L. Cavallin, P. Aspelin, M. Kristoffersen-Wiberg,
and L.O. Wahlund

ABSTRACT
BACKGROUND AND PURPOSE: Cerebral microbleeds are thought to represent cerebral amyloid angiopathy when in lobar regions of the
brain and hypertensive arteriopathy when in deep and infratentorial locations. By studying cerebral microbleeds, their topography, and risk
factors, we aimed to gain an insight into the vascular and amyloid pathology of dementia diagnoses and increase the understanding of
cerebral microbleeds in dementia.
MATERIALS AND METHODS: We analyzed 1504 patients (53% women; mean age, 63 ⫾ 10 years; 10 different dementia diagnoses) in this
study. All patients underwent MR imaging as part of the dementia investigation, and all their clinical parameters were recorded.
RESULTS: Among the 1504 patients with dementia, 22% had cerebral microbleeds. Cerebral microbleed topography was predominantly
lobar (P ⫽ .01) and occipital (P ⫽ .007) in Alzheimer disease. Patients with cerebral microbleeds were signiﬁcantly older (P ⬍ .001), were more
frequently male (P ⬍ .001), had lower cognitive scores (P ⫽ .006), and more often had hypertension (P ⬍ .001). Risk factors for cerebral
microbleeds varied depending on the dementia diagnosis. Odds ratios for having cerebral microbleeds increased with the number of risk
factors (hypertension, hyperlipidemia, diabetes, male sex, and age 65 and older) in the whole patient group and increased differently in the
separate dementia diagnoses.
CONCLUSIONS: Prevalence, topography, and risk factors of cerebral microbleeds vary depending on the dementia diagnosis and reﬂect
the inherent pathology of different dementia diagnoses. Because cerebral microbleeds are seen as possible predictors of intracerebral
hemorrhage, their increasing prevalence with an increasing number of risk factors, as shown in our study, may require taking the number
of risk factors into account when deciding on anticoagulant therapy in dementia.
ABBREVIATIONS: CAA ⫽ cerebral amyloid angiopathy; CMB ⫽ cerebral microbleed; ICD ⫽ International Classiﬁcation of Diseases; KIDS ⫽ Karolinska Imaging
Dementia Study; MMSE ⫽ Mini-Mental State Examination

C

erebral microbleeds (CMBs) are not usually seen on conventional MR imaging and CT but have been increasingly detected due to the more frequent use of the T2* and SWI MR
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imaging sequences, sensitive to minute amounts of blood. On MR
imaging, CMBs are seen as round hypointense foci, and histologically they are represented by hemosiderin deposits in macrophages, mainly located around small vessels.1,2 The pathology of
CMBs is thought to vary depending on the location: Deep and
infratentorial CMBs represent underlying hypertensive arteriopathy, whereas lobar CMBs mainly represent vascular amyloid deposition, so-called cerebral amyloid angiopathy (CAA).3
CAA and hypertension are common in patients with dementia. CAA is reported to be present in up to 98% of patients with
Alzheimer disease in postmortem studies, and hypertension in
middle-aged and elderly populations has been related to the development of dementia.4,5 Studies have shown a higher prevalence of CMBs in patients with dementia compared with healthy
populations. Alzheimer disease, for instance, is reported to have a
CMB prevalence of 18%–32% versus 3%–11% in healthy populations imaged with MR field strengths of 1T–1.5T.6-15 Consequently, CMBs are hypothesized to play an important role in the
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disease mechanisms of dementia as well as being a marker of the
synergistic effects between vascular and amyloid pathology.16 Of
further interest, CAA and hypertension are the most common
causes of intracerebral hemorrhage, with CMBs being proposed
as a possible predictor of intracerebral hemorrhage.17
Investigating CMBs in dementia is of importance for further
understanding the disease mechanisms of different dementia diagnoses and improved clinical and therapeutic treatment. CMBs
and their location may give an insight into the vascular and amyloid pathology of dementia diagnoses and thus expose different
dementia characteristics. Up-to-date studies on CMBs and dementia have been conducted mainly on small cohorts, without a
standardized scale for CMB rating and with a scarcity of included
dementia diagnoses. Furthermore, analyses have been made on a
whole-cohort basis, rather than separating different dementia diagnoses and their respective CMB characteristics. In this study, we
aimed to examine the prevalence, topography, and risk factors
associated with CMBs in a large and diverse dementia population
with subgroup analysis. By doing so, we hoped to gain insight in
the pathophysiologic mechanisms in different dementia diagnoses. We hypothesized that CMB prevalence would be dependent
on risk factors, depending on the dementia diagnosis, and that
vascular risk factors would be important in the development of
CMBs in dementia.

MATERIALS AND METHODS
Patients
This study is part of the Karolinska Imaging Dementia Study
(KIDS), a cross-sectional study on the impact of CMBs in dementia. Patients undergoing dementia investigation/follow-up from
January 1, 2006 to January 1, 2012, and having undergone MR
imaging with CMB sequences were included in this study. A total
of 1509 patients were included. Exclusion criteria for all patients
were insufficient MR imaging scan quality (3 patients excluded)
and a history of traumatic brain injury (2 patients excluded), leading to a cohort of 1504 patients.
All patients included had undergone routine dementia assessment, including medical history; physical, neurologic, and cognitive examinations; laboratory tests; and, consequently, MR imaging of the brain with CMB sequences at the memory clinic/
radiology department, Karolinska University Hospital. Diagnosis
was based on the International Classification of Diseases
(ICD)-10 criteria, by an experienced memory clinic team consisting of geriatricians, neuropsychologists, neurophysiologists, and
neuroradiologists after the whole picture had been considered. All
patients were subdivided into 10 diagnostic groups on the basis of
the ICD-10 codes, shown in On-line Table 1. If ⬎1 ICD code
existed for a patient, the current ICD code at the dementia investigation/MR imaging scan was chosen.
Clinical data were collected for every patient during the dementia investigation. The presence of hypertension, hyperlipidemia, and diabetes was determined on the basis of prior medical
diagnosis and treatment for all patients. Vascular risk factors are
included for all patients in this study, and the Mini-Mental State
Examination (MMSE) scores, for 1416 patients. The percentage
of MMSE scores in the diagnoses was 91%–97%, except in frontotemporal lobe dementia (77%) and asymptomatic hereditary
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dementia (73%). The MMSE score was missing due to the following: patient too severely disoriented to participate (6%, n ⫽ 5;
Alzheimer disease and vascular dementia only) and score registration missing in the patient notes, even though it was performed
(94%, n ⫽ 83). Informed consent was obtained from each patient;
if the patient was too confused to consent, it was obtained from a
legal guardian. Ethics approval was obtained from the regional
ethics board, Stockholm, Sweden.

MR Imaging Protocols
All patients underwent MR imaging of the brain at the radiology
department, Karolinska University Hospital, Huddinge, Sweden.
For each patient, axial SWI and/or T2* sequences and conventional MR imaging sequences, such as T1, T2, and FLAIR, were
performed. Three MR imaging scanners at the radiology department, Karolinska University Hospital, Huddinge, Sweden, were
used. Of all patients, 453 patients were scanned on a 1.5T Magnetom Symphony scanner (Siemens, Erlangen, Germany; T2*: TE,
25 ms; TR, 792 ms; flip angle, 20°; section thickness, 5.0 mm), 687
patients were scanned on a 1.5T Magnetom Avanto scanner (Siemens; T2*: TE, 26 ms; TR, 800 ms; flip angle, 20°; section thickness, 5.0 mm; SWI: TE, 40 ms; TR, 49 ms; flip angle, 15°; section
thickness, 4.0 mm), and 364 patients were scanned on a Magnetom Trio scanner (Siemens; 3T; T2*: TE, 20 ms; TR, 620 ms; flip
angle, 20°; section thickness, 4.0 mm; SWI: TE, 20 ms; TR, 28 ms;
flip angle, 15°; section thickness, 1.6 mm). Scans of all patients
were randomly assigned to various MR imaging scanners with
1.5T and 3T field strengths and different CMB sequences, T2* and
SWI. In the whole cohort, the distribution of patients scanned at
3T with SWI sequences included is seen in On-line Table 1.

Image Analysis
All MR images first underwent routine analysis by the neuroradiologists at the radiology department, Karolinska University Hospital. In addition, all MR images were analyzed specifically for CMBs
by an MD/PhD student, with 2 years of training and experience in
MR imaging and neuroradiology, at the initial time of rating. The
rater was blinded to clinical data and assessed the number and location of CMBs on T2* and/or SWI sequences according to the Microbleed Anatomical Rating Scale.2 Minor modifications were made
to the Microbleed Anatomical Rating Scale to increase the accuracy
of CMB ratings: CMBs were not rated as probable; hypointensities in
the globus pallidus were not rated to reduce the risk of calcifications
and physiologic iron deposition mimicking CMBs. Furthermore, if a
patient had a deep venous anomaly in the vicinity of a CMB, the CMB
was not rated as definitive because deep venous anomalies increase
the risk of adjacent cavernomas that, in turn, can mimic a CMB.
T2-weighted images were analyzed simultaneously with the CMB
sequences, to better distinguish vessels and flow voids, which might
mimic CMBs.
To ensure a correct CMB rating, a senior consultant neuroradiologist rated 50 patients with CMBs with wide distributions in
different locations. The 50 patients with CMBs were selected from
the KIDS database established after analysis by choosing the first
10 patients with CMBs for every year from 2006 to 2010, to get a
thorough representation of CMBs analyzed. Besides the 50 patients with CMBs, 50 patients without CMBs were also analyzed,

all chosen in the same manner as patients with CMBs. The second
rater was blinded to clinical data and prior ratings. Interrater analysis yielded an intraclass correlation coefficient of 0.988 when the
50 patients with CMBs were taken into account and 0.987 when all
analyses were considered. Both coefficients equal an excellent
agreement.18 Intrarater analysis was also performed by the MD/
PhD student, rating the whole cohort for CMBs in the same manner as above (blinded to clinical data, prior ratings). Two months
after the initial analysis, the first 100 patients with CMBs and the
first 100 patients without CMBs were re-rated. Intraclass correlation analysis showed excellent agreement, 0.989 (n ⫽ 200), and
0.991 for the 100 patients with CMBs only. All neuroradiologic
analyses were made on a radiologic PACS workstation with 3 radiologic monitors.

Statistical Analysis
Descriptive statistics are presented as means (⫾SD) for continuous variables and median and interquartile range for CMBs. Inter- and intrarater analysis was performed with the intraclass correlation coefficient on the number of CMBs and is presented in
“Image Analysis.” Differences in population characteristics and
CMBs in the diagnoses were analyzed by using 2 and Fisher exact
tests for categoric variables. CMBs were defined as dichotomous
(present/absent). Due to our nonparametric data, the Mann
Whitney U test was used for continuous variables. Kruskall-Wallis analysis was performed when analyzing CMB topography in
the cohort, with topographies as categoric variables and CMBs as
a continuous variable. The topographic analysis was performed in
the 3 Microbleed Anatomical Rating Scale locations and more
specific infratentorial and lobar locations. Logistic regression was
performed for all diagnostic groups with CMBs (dichotomous
variable: present/absent) as a dependent variable and diagnosis as
an independent variable. For each diagnosis, the subjective cognitive impairment was set as a reference group. Odds ratios were
adjusted for hypertension, hyperlipidemia, diabetes, sex, age, MR
imaging field strength (1.5/3T), and CMB sequence (SWI/T2*).
Logistic regression was further used to obtain odds ratios for
CMBs, depending on the number of risk factors. CMB (dichotomous: present/absent) was a dependent variable, with the number
of risk factors as an independent variable. The model was adjusted
for MR imaging field strength and CMB sequence. Negative binomial regression analyses were used to determine the impact of the
number of CMBs/number of CMBs in different topographies on
risk factors. The number of CMBs was a dependent variable, and
risk factor, an independent variable; the model was corrected for
MR imaging field strength and CMB sequence. Post hoc Bonferroni correction was applied to all P values; thus, all significance
levels presented in this article are Bonferroni-corrected, unless
otherwise stated. SPSS 22.0 (IBM, Armonk, New York) was used
for statistical analyses, and P ⬍ .05 was statistically significant.

RESULTS
Prevalence
In the 1504 recruited patients, 332 (22%) had CMBs. Patient
characteristics are shown in On-line Table 2. The prevalence
(2 ⫽ 94; P ⬍ .001) and number (P ⬍ .001) of CMBs and the
presence of multiple (2 ⫽ 25; P ⫽ .03) CMBs varied significantly

among the different diagnostic groups (On-line Table 2 and Online Fig 1). The significant adjusted odds ratios for having CMBs
in the different diagnoses were the following: alcohol-related dementia (OR, 4.0; 95% CI, 1.4 –11.2), Alzheimer disease (OR, 2.0;
95% CI, 1.2–3.1), unspecified dementia (OR, 2.2; 95% CI, 1.0 –
4.4), and vascular dementia (OR, 8.7; 95% CI, 4.1–18.6) (On-line
Table 2).

Topography
The most common CMB topography among all patients with
CMBs (n ⫽ 332) was lobar; this was also true in the separate
groups (On-line Table 3). Eighty-four percent had CMBs in lobar
regions, followed by infratentorial topography in 30% of patients
and deep topography in 27% (On-line Table 3). In patients with
CMBs (n ⫽ 332), 487 CMBs (median, 1; interquartile range, 1–5),
were found in infratentorial locations; 367, in deep locations (median, 2; interquartile range, 1–3); and 2415 CMBs, in lobar locations (median, 2; interquartile range, 1–5). Kruskall-Wallis analysis of the topographic distribution of CMBs, for all diagnoses, in
infratentorial, deep, and lobar regions showed a significant lobar
predominance of CMBs only in Alzheimer disease (P ⫽ .01). Further analysis for more detailed brain regions (brain stem; cerebellum; deep; frontal, parietal, temporal, and occipital lobes) in the
diagnoses showed a significant difference among these locations
only in Alzheimer disease, with most CMBs in occipital regions
(P ⫽ .007).

Risk Factors and Associations
Comparing patients with (n ⫽ 332) and without CMBs (n ⫽
1172), we found that CMBs were significantly more frequent in
male patients (2 ⫽ 37; P ⬍ .001), older patients (2 ⫽ 32; P ⬍
.001), and those with hypertension (2 ⫽ 23; P ⬍ .001) (On-line
Table 4). There was no significant association between CMBs and
diabetes, hyperlipidemia, and low MMSE score (⬍21) in the
whole cohort. Risk factors and association with CMBs for the separate groups are shown in On-line Table 4. Mann Whitney U analysis
for the whole cohort showed lower MMSE scores with CMBs (mean
MMSE score: CMB⫹, 24 ⫾ 5; CMB⫺, 25 ⫾ 5; P ⫽ .02). In the
separate groups, this was only true in unspecified dementia (CMB⫹,
24 ⫾ 5; CMB⫺, 21 ⫾ 5; P ⫽ .01) and asymptomatic hereditary
dementia (mean MMSE score: CMB⫹, 28 ⫾ 1; CMB⫺, 29 ⫾ 1; P ⫽
.032) before Bonferroni correction, and it was insignificant after
correction.
In the separate groups, CMB prevalence was higher with hypertension in subjective cognitive impairment (2 ⫽ 8; P ⫽ .02)
and higher with hyperlipidemia in mild cognitive impairment
(2 ⫽ 7; P ⫽ .03). Male patients further had a higher prevalence of
CMBs in Alzheimer disease (2 ⫽ 8; P ⫽ .02), mild cognitive
impairment (2 ⫽ 10; P ⫽ .01), and vascular dementia (2 ⫽ 7;
P ⫽ .04). Older patients, defined as 65 years and older, had a higher
CMB prevalence in Alzheimer disease (2 ⫽ 9; P ⫽ .01) and mild
cognitive impairment (2 ⫽ 8; P ⫽ .02) (On-line Table 4).
When we took the number of CMBs and the relation to risk
factors into account, in a multivariate negative binomial regression analysis, male sex, advanced age, and hypertension showed
an increasing number of CMBs in the whole cohort. A decreasing
number of CMBs with hyperlipidemia and diabetes were shown.
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Prevalence and odds ratios of CMBs depending on number of risk factorsa
1 RF
2 RF
3 RF
≥4 RF
0 RFb
Diagnostic Group
Prevalence Prevalence
OR
Prevalence
OR
Prevalence
OR
Prevalence
OR
35 (69) 5.3 (3.3–8.5)c
33 (35) 4.8 (2.8–8.4)c
All patients (n ⫽ 1504)
10 (31)
18 (92) 2.1 (1.4–3.3)d 28 (105) 3.8 (2.5–5.9)c
Subjective cognitive impairment
8 (13)
10 (13)
1.2 (0.5–2.8)
11 (6)
1.3 (0.5–3.8)
24 (7)
3.6 (1.3–10.2)e
20 (2)
3.2 (0.6–17.2)
(n ⫽ 385)
d
c
d
Alzheimer disease (n ⫽ 423)
7 (4)
26 (37) 4.9 (1.7–14.6)
37 (47) 8.2 (2.8–24.4)
33 (23)
7.1 (2.3–22.2)
23 (7)
3.4 (0.9–13.1)
Mild cognitive impairment (n ⫽ 418)
7 (5)
17 (24) 2.8 (1.0–7.7)e 22 (25)
3.7 (1.3–10.3)e
37 (21)
7.8 (2.7–22.9)c 35 (14)
7.2 (2.2–21.3)d
Vascular dementia (n ⫽ 54)
67 (4)
50 (3)
0.5 (0.04–6.1) 58 (11)
0.6 (0.1–4.7)
58 (7)
0.5 (0.1–4.8)
64 (7)
0.8 (0.1–7.1)
Note:—RF indicates risk factors; OR, odds ratio of CMBs in all groups; Prevalence, prevalence of CMBs in all groups.
a
Numbers are % (No.), odds ratio (95% CI). Logistic regression analysis was performed with CMBs (present/absent) as a dependent variable and number of risk factors as an
independent variable. Risk factors were deﬁned as hypertension, hyperlipidemia, diabetes, male sex, and age 65 years and older. The model was corrected for MRI ﬁeld strength
(1.5T/3T) and CMB sequence (T2*/SWI). In the risk factor groups, prevalence of CMBs (number of patients) is stated to the left and odds ratios for CMBs, to the right.
b
Patients with zero risk factors were used as a reference.
c
P ⬍ .001, signiﬁcant after Bonferroni correction.
d
P ⬍ .05, signiﬁcant after Bonferroni correction.
e
P ⬍ .05, signiﬁcant before Bonferroni correction.

On-line Table 5 shows the regression coefficients for the risk factors in the 4 largest diagnoses.
CMB prevalence and odds ratio for the presence of CMBs
increased with the increasing number of risk factors in the whole
patient group (Table). The Table shows the impact of the number
of risk factors on CMB prevalence and odds ratios in the 4 largest
diagnostic groups. On-line Fig 2 illustrates the increase in odds
ratios for number of risk factors in the whole patient group.
The topography of CMBs and the association to risk factors
were analyzed. Patients with CMBs in deep and infratentorial locations were compared with patients with CMBs in lobar regions
regarding patient characteristics (hyperlipidemia, diabetes, sex,
age, and MMSE score). The only difference found between the 2
groups was 62% of all patients with deep and infratentorial CMBs
having hypertension, compared with 48% in patients with lobar
CMBs (2 ⫽ 10; P ⫽ .006). When we took the number of CMBs
into account in a multivariate negative binomial regression analysis, CMBs were associated with different risk factors in the different topographies and diagnoses (On-line Table 5).

DISCUSSION
Our study provides insight in CMBs and the relation to various
dementia diagnoses. Prevalence, topography, and risk factors (hypertension, hyperlipidemia, diabetes, male sex, and older age) for
CMBs vary depending on the dementia diagnosis. Prevalence and
odds ratios for CMBs increase with the increasing number of risk
factors in the whole patient group and increase differently in different dementia diagnoses.
To the best of our knowledge, this is the first study on CMBs
and dementia in a large and diverse cohort with subgroup analysis
and emphasis on risk factors for the presence of CMBs. The prevalence of CMBs detected in our study is in line with previously
published results.6-8,13-15,19,20 However, the mean age in other
studies has generally been higher, therefore presumably occasionally leading to a higher CMB prevalence. Similarly, studies using
higher field strengths and the SWI sequence have shown a higher
prevalence of CMBs.21
Our findings may have several important clinical implications.
The association of lobar CMBs with CAA and deep CMBs with hypertensive arteriopathy has been shown and discovered in pathologic
and risk factor analysis studies and further by in vivo PET imaging
with Pittsburgh compound-B.22-29 The prevalence, topography, and
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risk factors of CMBs may thus give an insight in the vascular and
amyloid components of different dementia diagnoses.
Our results showed a significantly predominant lobar and occipital CMB topography in Alzheimer disease, typical for
CAA,30-33 reflecting the importance of amyloid pathology in Alzheimer disease. Lobar topography of CMBs in Alzheimer disease
has been reported before,6,8,13,19,20 with occipital predominance
only reported in 1 study.6 The CMB topography in the whole
cohort was predominantly lobar, with a large amount of strictly
lobar CMBs compared with CMBs strictly in infratentorial and
deep regions. This may reflect the predominance of CAA and
further amyloid pathology in dementia, as well as increasing CAA
with age. Our topographic analysis further showed CMBs in both
lobar and deep and infratentorial locations across dementia diagnoses, with a relation to hypertension in both topographies, corroborating the synergistic/additive effects of amyloid and vascular
disease in dementia.
The concomitant effects between amyloid and vascular pathology are further suggested in our results. Hypertension and
hyperlipidemia were both accompanied by higher CMB prevalence in the whole patient group and in mild and subjective cognitive impairment. Furthermore, hypertension in subjective cognitive impairment and hyperlipidemia in mild cognitive
impairment were significantly associated with an increasing number of CMBs. The association of CMBs with hypertension and
hyperlipidemia in the early dementia stages may suggest a stepwise process, with vascular risk factors important early in the dementia process, later overtaken by amyloid pathology. Likewise,
theories exist that hypertension may be an important risk factor
for the development of Alzheimer disease.5 The odds ratios for
CMBs, adjusted for vascular risk factors, sex, and advanced age
support this theory. Only alcohol-related dementia, Alzheimer
disease, unspecified dementia, and vascular dementia had significant odds ratios for developing CMBs, when adjusting for vascular risk factors. This finding suggests the importance of amyloid
pathology in the development of CMBs in Alzheimer disease, vascular dementia, and possibly also in alcohol-related dementia,
though unreported cerebral contusions might be possible in the
latter case as well.
Prevalence and number of CMBs rendered a slightly different
risk factor profile across the diagnoses. In the whole cohort, the
prevalence of CMBs increased with hypertension and hyperlipid-

emia, and the number of CMBs decreased with hyperlipidemia
and diabetes. The decrease in CMBs with hyperlipidemia may
imply that hyperlipidemia in itself merely causes or leads to the
development of CMBs, without major impact on the number of
CMBs. The association of diabetes with a decreasing number of
CMBs and the lack of association with the prevalence of CMBs
suggest that diabetes in itself may not be a strong risk factor for
CMBs in dementia. Hypertension, male sex, and advanced age
were associated with consistently higher prevalence/number of
CMBs and are thus presumably strong risk factors for CMBs
across dementia diagnoses. The MMSE score increased with an
increasing number of CMBs in Alzheimer disease and mild cognitive impairment, suggesting that the number of CMBs does not
directly impact cognition.
Another potentially important clinical implication of our
study is the increasing CMB prevalence with number of risk factors. Odds ratios for CMBs increased with the increasing number
of risk factors (vascular risk factors, male sex, and older age) in the
whole patient group. Because CMBs have been suggested as predictors of intracerebral hemorrhage, the number of risk factors
may be an important factor to consider, especially in patients with
anticoagulant medication. However, more research is warranted
to outline the role of CMBs as a predictor of intracerebral hemorrhage and thus the clinical implications of our finding.
Our study has several strengths. A large and diverse cohort,
subgroup analysis, and the use of a standardized scale for CMB
rating accompanied by excellent inter- and intrarater agreement
are major strengths, contributing to the generalizability of our
study. Limitations, on the other hand, encompass the use of different MR imaging parameters and field strengths. Nevertheless,
patients were randomly assigned to different scanners, with almost equal representation of MR imaging field strength/CMB
sequence across diagnoses. Furthermore, we corrected all our regression models for the potential effect of MR imaging field
strength and CMB sequence.

CONCLUSIONS
Our study demonstrates the variance of CMBs in dementia, providing an insight into different dementia diagnoses. Future studies in the KIDS will focus on CSF markers in relation to CMBs and
further neuroradiologic interpretations.
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Aneurysmal Subarachnoid Hemorrhage Causes Injury of
the Ascending Reticular Activating System:
Relation to Consciousness
S.H. Jang and H.S. Kim

ABSTRACT
BACKGROUND AND PURPOSE: Little is known about the pathogenetic mechanism of impaired consciousness following subarachnoid
hemorrhage. Using diffusion tensor imaging, we attempted to investigate the presence of injury of the lower portion of the ascending
reticular activating system between the pontine reticular formation and the intralaminar thalamic nuclei, and the relation between this
injury and consciousness level in patients with SAH.
MATERIALS AND METHODS: We recruited 24 consecutive patients with spontaneous SAH following aneurysmal rupture and 21 healthy
control subjects. Consciousness level was rated by using the Glasgow Coma Scale. Using diffusion tensor tractography, we reconstructed the
lower portion of the ascending reticular activating system between the pontine reticular formation and the intralaminar thalamic nuclei. Values
of fractional anisotropy, apparent diffusion coefﬁcient, and tract number of the ascending reticular activating system were measured.
RESULTS: A signiﬁcant difference in the tract number was observed between the patient and control groups (P ⬍ .05); however, there was
no signiﬁcant difference in terms of fractional anisotropy and apparent diffusion coefﬁcient values (P ⬎ .05). In addition, regarding the tract
number of the patient group, the Glasgow Coma Scale showed strong positive correlations with the tract number on the more affected
side (r ⫽ 0.890, P ⬍ .05), the less affected side (r ⫽ 0.798, P ⬍ .05), and both sides (r ⫽ 0.919, P ⬍ .05), respectively.
CONCLUSIONS: We found injury of the lower portion of the ascending reticular activating system between the pontine reticular
formation and the thalamus in patients with SAH. In addition, we observed a close association between injury of the lower portion of the
ascending reticular activating system and impaired consciousness in patients with SAH.
ABBREVIATIONS: ARAS ⫽ ascending reticular activating system; FA ⫽ fractional anisotropy; GCS ⫽ Glasgow Coma Scale

S

ubarachnoid hemorrhage, which occurs by extravasation of
blood into the subarachnoid space covering the central nervous system, comprises 5% of all cases of stroke. The average
fatality rate in patients with SAH is 51%.1,2 Most deaths occur
within 2 weeks after SAH, especially 25% within 24 hours, with
approximately one-third of survivors needing life-long care.1,2
Various neurologic complications are known to occur in ⬎50%
of survivors with SAH, and impaired consciousness is a common
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neurologic complication.2 Two-thirds of patients with SAH have
been reported to show impaired consciousness in the acute stage,
and loss of consciousness is a powerful predictive factor for a poor
neurologic outcome in patients with SAH.2,3 However, the pathogenetic mechanism of impaired consciousness following SAH has
not been clearly elucidated so far.4
Human consciousness consists of arousal and awareness, which is
accomplished by action of the pathway known as the ascending reticular activating system (ARAS).5-7 The ARAS is a complex neural
network connecting from the reticular formation of the brain stem to
the cerebral cortex via excitatory relays in the intralaminar nuclei of
the thalamus; therefore, accurate assessment of the ARAS plays an
important role in the diagnosis and management of patients with
impaired consciousness.5-8 Successful evaluation of the ARAS has
been limited despite many attempts by using conventional MR imaging, functional neuroimaging, electrophysiologic assessments, MR
spectroscopy, and positron-emission tomography.9-11
By contrast, diffusion tensor tractography, which is derived from
diffusion tensor imaging, has enabled 3D reconstruction and estimaAJNR Am J Neuroradiol 36:667–71
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Table 1: Demographic and clinical data of patientsa
Patient
Group
(n = 24)
Male/female
7/17
Mean age (yr) (SD)
58.45 (8.73)
GCS (SD)
13.74 (1.42)
Ruptured artery (AcomA, IC-PcomA, 14, 3, 2, 2, 2, 1
MCA, other ICA, BA, PA)
Fisher CT grade (SD)
2.75 (0.44)
Duration from onset (week) (SD)
6.49 (2.63)

Clinical Evaluation
Control
Group
(n = 21)
12/9
55.17 (9.70)

Note:—AcomA indicates anterior communicating artery; IC-PcomA, internal carotid–
posterior communicating artery; BA, basilar artery; PA, pericallosal artery.
a
Values represent mean (SD).

tion of the ARAS in the healthy human brain.5,6 In addition, a few
studies have reported injury of the ARAS in patients with traumatic
brain injury and hypoxic-ischemic brain injury by using diffusion
tensor tractography.12,13 However, no study on injury of the ARAS in
patients with SAH has been reported, to our knowledge. In this study,
we hypothesized that injury of the lower portion of the ARAS between the reticular formation of the brain stem and the intralaminar
thalamic nuclei would be observed in patients with spontaneous
SAH and that injury of the lower ARAS might be correlated with
consciousness level.
In the current study using DTI, we attempted to investigate the
presence of injury of the lower portion of the ARAS between the
pontine reticular formation and the intralaminar thalamic nuclei
and the relation between this injury and consciousness level in
patients with SAH following aneurysmal rupture at the chronic
stage ⬎3 weeks after onset.

MATERIALS AND METHODS
Subjects
Twenty-four consecutive patients with spontaneous SAH (7 men,
17 women; mean age, 58.45 ⫾ 8.73 years; range, 42–73 years) and
21 healthy control subjects (12 men, 9 women; mean age, 55.17 ⫾
9.70 years; range, 41–74 years) with no previous history of neurologic illness were recruited (Table 1). Inclusion criteria were as
follows: 1) first-ever stroke; 2) age, 21–75 years; 3) hemorrhage in
the subarachnoid space due to aneurysmal rupture confirmed by
a neuroradiologist; 4) DTI scanning performed at a chronic stage
(⬎3 weeks after onset); and 5) absence of serious medical complications affecting consciousness, such as hepatic problems or
severe kidney disease, at the time of evaluation by using the Glasgow Coma Scale (GCS). Patients who had any other brain lesion,
intracerebral hemorrhage, intraventricular hemorrhage, or hydrocephalus that required a shunt operation were excluded because these pathologic conditions could affect consciousness. The
artery distribution of aneurysmal rupture in patients with SAH
was as follows: anterior communicating artery, 14 patients
(58.33%); internal carotid–posterior communicating artery, 3 patients (12.50%); middle cerebral artery: 2 patients (8.33%); other
internal carotid artery, 2 patients (8.33%); basilar artery, 2 patients (8.33%); and pericallosal artery, 1 patient (4.17%). The severity of SAH, assessed by using the modified Fisher CT grade and
the average Fisher CT grade, was 2.75 ⫾ 0.44 (Table 1).14 This
study was conducted retrospectively, and the institutional review
board of our hospital approved the study protocol.
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Consciousness level was rated by using the GCS at the time of DTI
scanning. The reliability and validity of the GCS are well-established.15,16 The distribution of GCS scores was as follows: 3 patients, 11 points; 4 patients, 12 points; 2 patients, 13 points; 5
patients, 14 points; and 10 patients, 15 points.

Diffusion Tensor Tractography
DTI data were acquired at 6.49 ⫾ 2.63 weeks (range, 3.14⬃13.86
weeks) by using a 6-channel head coil on a 1.5T Gyroscan Intera
scanner (Phillips Healthcare, Best, the Netherlands) with singleshot echo-planar imaging. For each of the 32 noncollinear diffusion-sensitizing gradients, we acquired 67 contiguous sections
parallel to the anterior/posterior commissure line. Imaging parameters were as follows: acquisition matrix ⫽ 96 ⫻ 96, reconstructed to matrix ⫽ 191 ⫻ 191, FOV ⫽ 240 ⫻ 240 mm, TR ⫽
10,726 ms, TE ⫽ 76 ms, parallel imaging reduction factor (sensitivity encoding factor) ⫽ 2, EPI factor ⫽ 59, b⫽1000 s/mm2,
NEX ⫽ 1, and section thickness ⫽ 2.5 mm (acquired isotropic
voxel size ⫽ 2.5 ⫻ 2.5 ⫻ 2.5 mm).

Probabilistic Fiber Tracking
Analysis of DTI data was performed by using the fMRI of the
Brain Software Library (www.fmrib.ox.ac.uk/fsl). Affine multiscale 2D registration was used for correction of the head-motion
effect and image distortion due to eddy current. Fiber tracking
was performed by using a probabilistic tractography method
based on a multifiber model and was applied in the current study
using tractography routines implemented in the FMRIB Diffusion Toolbox (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html)
(5000 streamline samples, 0.5-mm step lengths, curvature thresholds ⫽ 0.2).17 Advantages of probabilistic tractography, which
was used in this study, include greater robustness to noise and the
ability to detect pathways with sharper angles and distinguish
crossing fibers.18,19
The pathway of the ARAS was determined by selection of fibers
passing through seed regions of interest and target (termination)
ROIs. A seed ROI was placed on the reticular formation of the pons at
the level of the trigeminal nerve entry zone. The target ROI was given
on the intralaminar nuclei of the thalamus at the level of the commissural plane.10 In defining the intralaminar nuclei of the thalamus, we
referred to a brain atlas.20 Of 5000 samples generated from the seed
voxel, results for contact were visualized at a threshold minimum of 1
streamlined through each voxel for analysis. Values of fractional anisotropy (FA), apparent diffusion coefficient, and tract number of the
lower portion of the ARAS were measured. We defined the side that
showed the lowest tract number as the more affected side and the
other side as the less affected side (Fig 1).

Statistical Analysis
SPSS software (Version 15.0; IBM, Armonk, New York) was used
for data analysis. A paired t test was used to determine the difference in values of DTI parameters of the ARAS between the patient
group and control group and between the more affected side and
the less affected side. The Pearson correlation test was used to
determine the correlation between DTI parameters of the ARAS
and the GCS. Results were considered significant when the P value

correlation was observed between the
GCS and FA and apparent diffusion coefficient values on the more affected
side, the less affected side, and both sides
(P ⬎ .05) (Fig 2).

DISCUSSION
In this study, by using DTI, we investigated the presence of injury of the lower
portion of the ARAS between the pontine reticular formation and the intralaminar thalamic nuclei and the relation
of this injury and consciousness level in
patients with SAH. We found that the
tract number of the lower portion of the
ARAS was decreased in patients with
SAH, though FA and apparent diffusion
FIG 1. Brain CT (left) showing subarachnoid hemorrhage at onset and diffusion tensor tractogra- coefficient values did not differ from
phy of the ascending reticular activating system between the pontine reticular formation and the
those of healthy control subjects. In adintralaminar thalamic nuclei (right) in 2 patients (A, A 69-year-old woman, Glasgow Coma Scale
dition, the tract number of the ARAS
score, 11; and B, A 57-year-old woman, Glasgow Coma Scale score, 15).
showed strong correlation with the GCS
Table 2: Mean values for diffusion tensor imaging parameters and correlations between
in patients with SAH. However, no sigGlasgow Coma Scale score and diffusion tensor imaging parameters of the ascending
nificant correlation was observed bereticular activating systema
tween other DTI parameters (FA and
Patient Group
apparent diffusion coefficient) and the
More Affected Side Less Affected Side
Both Sides
Control Group
GCS. The FA value indicates the degree
FA
0.40 ⫾ 0.10 (0.150)
0.42 ⫾ 0.03 (⫺0.238)
0.41 ⫾ 0.05 (0.073)
0.41 ⫾ 0.03
of directionality and integrity of white
ADC 0.93 ⫾ 0.09 (⫺0.079) 0.93 ⫾ 0.08 (⫺0.003)
0.93 ⫾ 0.07 (⫺0.052)
0.95 ⫾ 0.12
441 ⫾ 71 (0.798b)
396.45 ⫾ 76.04 (0.919b) 459.13 ⫾ 54.91
TN
352 ⫾ 94 (0.890b)
matter microstructures, such as axons,
myelin, and microtubules; and the apNote:—TN indicates tract number.
a
Values represent mean ⫾ SD (correlation coefﬁcient) and mean average values for both sides between the right and
parent diffusion coefficient value indileft hemispheres.
cates the magnitude of water diffusion,
b
Signiﬁcant differences (P ⬍ .05).
which can increase under conditions of
was ⬍ .05. A correlation coefficient of ⬎0.60 indicated a strong
vasogenic or cytotoxic edema or accumulation of cellular debris
correlation, a correlation coefficient between 0.40 and 0.59 indifrom axonal injury.22,23 By contrast, the tract number indicates
cated a moderate correlation, a correlation coefficient between
the number of voxels contained within a neural tract.24 As a result,
0.20 and 0.39 indicated a weak correlation, and a correlation cothe decrement of the tract number without a significant change of
efficient of ⬍0.19 indicated very weak reproducibility.21
FA and apparent diffusion coefficient values of the lower ARAS
suggests injury of the lower ARAS, and correlation between the
RESULTS
tract number of the lower ARAS and GCS indicates a close relaThe mean values for DTI parameters of the lower portion of the
tionship between the degree of injury of the lower ARAS and the
ARAS (from the pontine reticular formation to the intralaminar
consciousness level in patients with SAH.
nuclei of the thalamus) in the patient and control groups and the
Previous studies have reported that nearly two-thirds of deaths
correlations between DTI parameters and the GCS on the more
following SAH were due to the initial hemorrhage, and most of
affected side, less affected side, and both sides are shown in Table
these deaths happened during the first 2 days.25 Regarding acute
2. A significant difference in the tract number was observed bedeath following SAH, increased intracranial pressure leads to
tween the patient and control groups (P ⬍ .05); however, there
overactivation of the sympathetic system, which is caused by 2
was no significant difference in terms of FA and apparent diffumechanisms: 1) direct effect on the brain stem, and 2) a local
sion coefficient values (P ⬎ .05). In addition, a significant differrelease of inflammatory mediators.1,26 As a result of overactivaence in the tract number was observed between the more affected
tion of the sympathetic system, life-threatening symptoms might
side and the less affected side of the ARAS in the patient group
appear rapidly, such as cardiac arrhythmias, electrocardiographic
(P ⬍ .05). By contrast, no significant differences in terms of FA
changes, and cardiac arrest after onset of SAH.25 In addition, as a
and apparent diffusion coefficient values were observed between
further consequence of this process, neurogenic pulmonary
the more affected and the less affected sides of the ARAS in the
edema might appear, which is characterized by sudden-onset repatient group (P ⬎ .05) (Table 2).
spiratory failure.27 It is reported that the volume of initial hemorRegarding the tract number, the GCS showed strong positive
rhage and level of consciousness, which is measured by the GCS
correlations with tract number on the more affected side (r ⫽
score, are strong predictors of early mortality. Thus, conscious0.890, P ⬍ .05), the less affected side (r ⫽ 0.798, P ⬍ .05), and both
sides (r ⫽ 0.919, P ⬍ .05), respectively. By contrast, no significant
ness level following SAH is regarded as a powerful predictive facAJNR Am J Neuroradiol 36:667–71
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FIG 2. Correlation between the Glasgow Coma Scale score and fractional anisotropy (A), apparent diffusion coefﬁcient (B), and tract number (C)
of patients with subarachnoid hemorrhage on the more affected side, the less affected side, and both sides.

tor for a poor neurologic outcome in patients with SAH.25 Although the pathogenetic mechanisms of neurologic injury
following SAH have not been clearly elucidated, there are several
possible mechanisms: vasospasm, cortical ischemia, microthromboemboli, hydrocephalus, free radical injury, and inflammation.4,28-30 However, no study on the pathogenetic mechanism of
injury of the lower portion of the ARAS between the reticular
formation and the intralaminar thalamic nuclei following SAH
has been reported.
Previous studies have reported that injury of the brain stem
can be caused by hematoma in the perimesencephalic cisterns
following SAH.1,31-33 Therefore, we assume that injury of the
lower portion of the ARAS might occur because of the hematoma
in the subarachnoid space around the thalamus and brain stem. In
addition, on the basis of previous studies suggesting the injury
mechanism of periventricular white matter following intraventricular hemorrhage, we believe that this injury might be ascribed
to the following mechanical or chemical mechanisms: 1) Mechanical: increased intracranial pressure or direct mass effect by
intraventricular hemorrhage can cause a decrease in cerebral
perfusion pressure and secondary ischemic injury to periventricular white matter; 2) chemical: a blood clot itself can cause
extensive damage to the ependymal layer, subependymal layer, or
periventricular tissues by release of potentially damaging substances, such as free iron, which may generate free radicals or
inflammatory cytokines.34,35
The basis of arousal in the brain stem has been conceptualized as the ARAS, introduced by Moruzzi and Magoun in
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194936; they reported that electrical stimulation of the reticular
formation in the brain stem evokes activation of the cerebral
cortex change of electroencephalography.36 It is now accepted
that the ARAS is a complex network of neurons projecting
from multiple brain stem source nuclei to the cerebral cortex
via the thalamus and extrathalamic pathways.8,37-41 Since the
introduction of DTI, several studies have reported on the lower
portion of the ARAS in healthy subjects and patients with brain
injury.5,6,12,13 In 2012, Edlow et al6 reconstructed the ARAS
connecting the brain stem to the thalamus, hypothalamus, and
the basal forebrain in healthy subjects. In 2013, Yeo et al5 reported a method for reconstruction of the lower portion of the
ARAS from the pontine reticular formation to the thalamus in
healthy subjects. Subsequently, Edlow et al in 201313 reported
on a patient with coma who showed disruptions of white matter pathways connecting brain stem arousal nuclei to the basal
forebrain and thalamic intralaminar and reticular nuclei and
the pathways connecting the thalamus and basal forebrain to
the cerebral cortex following traumatic brain injury. Recently,
Jang et al in 201412 demonstrated injury of the ARAS between
the pontine reticular formation and the thalamus in patients
with impaired arousal after hypoxic-ischemic brain injury. As
a result, to the best of our knowledge, this is the first study to
demonstrate injury of the ARAS in patients with SAH. However, limitations of DTI should be considered. DTI analysis is
operator-dependent, and regions of fiber complexity and
crossing can prevent full reflection of the underlying fiber architecture by DTI.42,43

CONCLUSIONS
We found injury of the lower portion of the ARAS between the
pontine reticular formation and the thalamus in patients with
SAH. In addition, we found a close association between injury of
the ARAS and impaired consciousness in these patients. We believe that analysis of the ARAS by using diffusion tensor tractography would be helpful in the evaluation of patients with impaired
consciousness after SAH. In particular, early detection of injury of
the ARAS would be helpful for prediction of prognosis and planning of rehabilitation strategies for patients with impaired consciousness following SAH. A limitation of this study is that we
were not able to fully elucidate the entire ARAS system. Another
limitation of this study was the relatively small number of patients. Therefore, further studies involving the entire ARAS and
larger numbers of patients should be encouraged.
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Arterial Spin-Labeling Perfusion MRI Stratiﬁes Progression-Free
Survival and Correlates with Epidermal Growth Factor
Receptor Status in Glioblastoma
X.J. Qiao, B.M. Ellingson, H.J. Kim, D.J.J. Wang, N. Salamon, M. Linetsky, A.R. Sepahdari, B. Jiang, J.J. Tian, S.R. Esswein, T.F. Cloughesy,
A. Lai, L. Nghiemphu, and W.B. Pope

ABSTRACT
BACKGROUND AND PURPOSE: Glioblastoma is a common primary brain tumor with a poor but variable prognosis. Our aim was to investigate
the feasibility of MR perfusion imaging by using arterial spin-labeling for determining the prognosis of patients with glioblastoma.
MATERIALS AND METHODS: Pseudocontinuous arterial spin-labeling with 3D background-suppressed gradient and spin-echo was acquired before surgery on 53 patients subsequently diagnosed with glioblastoma. The calculated CBF color maps were visually evaluated by
3 independent readers blinded to patient history. Pathologic and survival data were correlated with CBF map ﬁndings. Arterial spin-labeling
values in tumor tissue were also quantiﬁed by using manual ﬁxed-size ROIs.
RESULTS: Two perfusion patterns were characterized by visual evaluation of CBF maps on the basis of either the presence (pattern 1) or
absence (pattern 2) of substantial hyperperfused tumor tissue. Evaluation of the perfusion patterns was highly concordant among the 3
readers ( ⫽ 0.898, P ⬍ .001). Pattern 1 (versus pattern 2) was associated with signiﬁcantly shorter progression-free survival by Kaplan-Meier
analysis (median progression-free survival of 182 days versus 485 days, P ⬍ .01) and trended with shorter overall survival (P ⫽ .079). There
was a signiﬁcant association between pattern 1 and epidermal growth factor receptor variant III expression (P ⬍ .01).
CONCLUSIONS: Qualitative evaluation of arterial spin-labeling CBF maps can be used to stratify survival and predict epidermal growth
factor receptor variant III expression in patients with glioblastoma.
ABBREVIATIONS: ASL ⫽ arterial spin-labeling; EGFR ⫽ epidermal growth factor receptor; EGFRvIII ⫽ epidermal growth factor receptor variant III; GBM ⫽
glioblastoma; HR ⫽ hazard ratio; OS ⫽ overall survival; PFS ⫽ progression-free survival

G

lioblastomas (GBMs) are the most deadly primary tumors in
the CNS, with a median survival time of only 10 –15
months.1,2 Increased perfusion of gliomas is associated with
higher grade and shorter survival (even within a tumor grade).3-9
Information on tumor perfusion and hemodynamics can be acquired by using various MR imaging techniques. For instance,
numerous studies have used dynamic susceptibility-weighted
perfusion-weighted imaging, a contrast-enhanced bolus-tracking
method, to determine the relative cerebral blood volume within
tumors.9-12
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Arterial spin-labeling (ASL) is an MR imaging– based technique that measures blood flow and has the advantage, compared
with DSC-PWI, of not requiring intravenous contrast injection.
ASL scans of high quality can be acquired within 4.5 minutes,
making it a practical approach to acquire MR perfusion imaging
for clinical use.13,14 ASL has proved reliable and reproducible in
the assessment of CBF in various pathologic states. Correlation
has been established between DSC- and ASL-derived metrics, including relative CBV and CBF.15 It has also been reported that
ASL perfusion imaging correlates with tumor blood vessel attenuation15,16 and is predictive of glioma grade.15,17,18 Changes in
ASL-derived CBF correlate with treatment outcome for metastases following stereotactic radiosurgery. Having a completely noninvasive method, such as ASL, of determining tumor blood flow
would be highly desirable, particularly if there is a correlation with
survival or other outcome measures for GBM.
Tumor blood flow may also be associated with histologic
markers or genetic mutations, which may impact patient prognosis and susceptibility to treatment. One such histologic marker is
epidermal growth factor receptor variant III (EGFRvIII),19 the
most common type of epidermal growth factor receptor (EGFR)

variant carrying a primary oncogene effect,20 which is expressed
with an overall prevalence of 20%–30% in GBM.21 Although the
effect of EGFRvIII on patient survival has not been fully determined,22,23 detection of EGFRvIII expression is increasingly important as therapies that specifically target this receptor are being
developed. Earlier studies showed that GBMs expressing EGFRvIII
are resistant to chemotherapies.24 The coexpression of EGFRvIII
with phosphatase and tensin homolog increases GBM sensitivity
to EGFR tyrosine kinase inhibitors.25,26 The demonstrated association of DSC-PWI-derived parameters with EGFRvIII expression19 suggests the potential for MR perfusion imaging as a promising noninvasive marker of EGFRvIII expression.
Although ASL perfusion imaging has shown promise in the
evaluation of gliomas, its role as a prognostic measure for GBM
has not been fully explored, and the association between ASLderived measures and important molecular markers such as
EGFRvIII is incompletely characterized. In the current study, our
purpose was to determine the value of ASL perfusion imaging as a
predictor of prognosis in patients with newly diagnosed GBM and
as a potential marker for EGFRvIII expression.

MATERIALS AND METHODS
Patients
From an ongoing registry of patients diagnosed with GBM from
July 2010 to July 2013 at Ronald Reagan–UCLA Medical Center,
subjects were selected who had the following: 1) presurgical, prechemo-/radiation therapy MR imaging, including ASL and postcontrast T1-weighted images; 2) gross total or subtotal tumor
resection followed by standard external beam radiation therapy
(6000 ⫾ 200 cGy, started within 3– 6 weeks after surgical resection) and concomitant/adjuvant chemotherapy that included temozolomide; 3) a histologically confirmed diagnosis of GBM; 4)
regular follow-up (once per 4 – 6 weeks) by a neuro-oncologist to
monitor tumor recurrence either until the patient died or until
March 31, 2014, when the study was terminated. Seventeen of
the 53 total patients (32%) received bevacizumab at recurrence. All patients provided informed consent to participate in
our brain tumor data base containing clinical, imaging, and
pathologic patient data. This study was approved by the institutional review board and was Health Insurance Portability and
Accountability Act– compliant.

Clinical and Histology Data
For all selected patients, progression-free survival data were determined per the Response Assessment in Neuro-Oncology criteria.27 Progression-free survival (PFS) and overall survival (OS)
were calculated from the date of surgery.
EGFRvIII expression status in postsurgical GBM tissue was
collected from the patient’s medical record based on standard
testing procedures.28,29

MR Imaging Protocols
MR images were obtained on a 1.5T Avanto or 3T Tim Trio system (Siemens, Erlangen, Germany) by using a 12-channel head
coil. The brain tumor imaging protocol included ASL, T2weighted, FLAIR, DWI, and postcontrast T1-weighted sequences.
ASL scans were obtained by using a pseudocontinuous pulse se-

quence with background-suppressed 3D gradient and spin-echo
readout (labeling pulse duration, 1.5 seconds; postlabeling delay,
2 seconds; no flow-crushing gradient; FOV ⫽ 22 cm; matrix
size ⫽ 64 ⫻ 64; twenty-six 5-mm sections; generalized autocalibrating partially parallel acquisitions ⫽ 2; TE/TR ⫽ 22/4000 ms
with 30 pairs of tag and control volumes acquired within 4.5 minutes). An M0 image was acquired at the end of the ASL scan with
a long postlabeling delay of 4 seconds and a TR of 8 seconds.13,14

ASL Postprocessing and Evaluation
ASL images were corrected for motion, pair-wise subtracted between labeled and unlabeled images and averaged to generate
mean difference images and quantitative CBF maps that were calculated by using a published model.13 Motion correction was performed retrospectively by using a custom program based on principal component analysis.30 CBF maps of patients with GBM (n ⫽
53) were visually evaluated by 3 independent readers (board-certified neuroradiologists with 3, 7, and 10 years of experience)
blinded to patient history for focal perfusion characteristics of the
tumor tissue demonstrated by conventional MR imaging, specifically postcontrast T1-weighted and T2/FLAIR sequences. Two
perfusion patterns were characterized by the readers on the basis
of visual evaluation of CBF maps demonstrating either the presence (pattern 1) or absence (pattern 2) of substantial and clearly
recognizable areas of hyperperfused tumor tissue.
In a separate analysis, a quantitative method was applied to
calculate the lesion-to-normal ratio of CBF from areas of tumor
that were hyperperfused as identified by visual inspection. ROIs of
3 ⫻ 3 pixels in size (10.3 ⫻ 10.3 mm, n ⫽ 3) were manually set in
the tumor area showing the maximal perfusion (maxASLtumor) by
visual inspection of the CBF map, and the average value within
each ROI was recorded. A second set of ROIs was drawn in the
mirrored position on the contralateral hemisphere with normal
brain tissue. The lesion-to-normal ratio was calculated by dividing the mean values of maxASLtumor with the mean values of the
ROIs in the normal region. We also compared average “hot spot”
values from patterns 1 and 2 without normalization to contralateral normal brain.

Statistical Analysis
The interreader agreement in CBF map readings (pattern 1 versus
pattern 2) from the 3 readers (n ⫽ 53 subjects times 3 readers) was
assessed by using  statistics. The  value, also known as  coefficient of agreement, was calculated to evaluate the degree of
consensus.
A paired t test was used to compare the mean of maxASLtumor in
each subject’s tumor and the mean of ASL values from ROIs in
normal brain area within and between perfusion patterns (patterns 1 and 2).
ASL CBF map readings in relationship with PFS and OS were
analyzed by using univariate and multivariate Cox proportional
hazard models with covariates of age and sex. In cases with disagreement on CBF map readings (in which not all readers assigned the images to the same pattern), the cases were assigned to
the group (hyper- versus hypoperfused) agreed on by 2 (of 3)
readers. Ninety-five percent confidence intervals of the above covariates were calculated. The Kaplan-Meier graph was used to
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FIG 1. Qualitative and quantitative evaluation of ASL CBF maps. Conventional MR imaging (T1-weighted postcontrast imaging in A and E, T2 FLAIR
in B, and T2 spin-echo in F) and ASL perfusion imaging (C and G) were visually evaluated by 3 independent readers. Two perfusion patterns can
be characterized: Pattern 1 is characteristic of the presence of substantial hyperperfused tumor tissue in the CBF map, which can be identiﬁed
by the bright ring-of-ﬁre appearance (white arrows in C); in comparison, pattern 2 corresponds to the absence of easily recognizable hyperperfused tumor tissue compatible with a relatively less perfused tumor (G). Quantitative evaluation of ASL CBF maps is performed by applying
manual ROIs in the tumoral regions with a ring-of-ﬁre appearance and the mirrored regions in the contralateral hemisphere (D and H).

describe ASL CBF map readings at baseline to predict PFS and OS
followed by the log-rank test. The correlation between CBF map
readings and EGFRvIII expression was analyzed by using the
Fisher exact test.
A P value of .05 was accepted as statistically significant. Statistical analysis was performed with STATA software (Version 12,
2012; StataCorp, College Station, Texas).

RESULTS
Patient Characteristics
The mean age of the 53 enrolled patients (28 men, 25 women) at
the initial disease presentation was 60.4 ⫾ 13.4 years, ranging
from 29.3 to 82.4 years. By the time of the last assessment (March
31, 2014), 45 of the 53 patients (84.9%) had tumor progression
and 40 of 53 patients (75.5%) had died.

Evaluation of ASL Maps
ASL CBF maps of patients with GBM (n ⫽ 53) were visually evaluated by 3 board-certified neuroradiologists blinded to patient
history for focal perfusion abnormality (hyper- or hypoperfusion) in the tumor tissue. Two perfusion patterns were characterized on the basis of qualitative evaluation by the readers: Pattern 1
was characterized by the presence of substantial and easily identifiable hyperperfused tumor tissue in the CBF map, which often
had a “ring-of-fire” appearance (Fig 1A–C); in comparison, pattern 2 corresponded to the absence of such easily identifiable hyperperfused tumor tissue and thus appeared in the CBF map as
areas of lower perfusion in the region infiltrated by GBM (Fig
1D–F). The  agreement test showed that evaluation of the per674
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Table 1: Assessment of ASL valuesa in GBM by manual ROIs
P Value
RL/N
ASLtumorb Controlc (t test)d
Pattern 1 (n ⫽ 30)e 74.53 ⫾ 27.48 35.17 ⫾ 10.62 ⬍.001 2.27 ⫾ 0.99
Pattern 2 (n ⫽ 23)f 32.51 ⫾ 22.23 39.31 ⫾ 17.28
.25
0.81 ⫾ 0.37
P value (t test)d
⬍.001
.29
–
⬍.001
max

Note:—RL/N indicates lesion-to-normal brain ratio.
a
Measured in mL/100 g/min.
b
Maximal ASL values in the tumor tissue.
c
ASL values taken from the contralateral hemisphere.
d
P ⬍ .05 denotes statistical signiﬁcance.
e
CBF map with hyperperfused tumor tissue.
f
CBF map with no substantial hyperperfused tumor tissue.

fusion patterns in CBF maps was highly concordant among the 3
readers ( ⫽ 0.898, P ⬍ .001). On the basis of the most votes by
readers, 30 of 53 patients (56.6%) had CBF maps of pattern 1,
while 23 patients (43.4%) had CBF maps of pattern 2.
To confirm that the qualitative assessment of the readers corresponded to true differences in blood flow, a quantitative analysis was performed. The quantitative analysis showed that
maxASLtumor was significantly higher than ASL values of normal
brain tissue in the group with the pattern 1 CBF map, but not in
the group with the pattern 2 CBF map. When comparing groups
of pattern 1 with those with pattern 2, there was a significant
difference in the maxASLtumor and lesion-to-normal ratio, but not
in the mean values of normal brain tissue between the 2 groups
(Table 1). Additionally, pattern 1 had statistically elevated CBF
compared with pattern 2, without using normalized values. Thus
average CBF (in milliliters/100 grams tissue/minute) for tumor
was 74.8 ⫾ 26.8 for pattern 1 compared with 32.1 ⫾ 21.7 for
pattern 2 (t test, P ⬍ .001).

Progression-Free Survival and Overall Survival

EGFRvIII Expression

In a univariate Cox model, ASL CBF maps with pattern 1 (versus
pattern 2) were predictive of shorter PFS (hazard ratio [HR] for
progression ⫽ 2.23, P ⫽ .010) and trended with OS (HR ⫽ 1.82,
P ⫽ .084). This predictive value was also significant for CBF maps
with pattern 1 by using the log-rank test (P ⫽ .008) (Table 2).
The multivariate Cox model showed that patient age at the
time of initial presentation (older than 50 years or younger than
50 years) was a significant predictor of PFS and OS (HR ⫽ 2.34,
P ⫽ .034; and HR ⫽ 3.00, P ⫽ .024, respectively). ASL perfusion
pattern (1 versus 2) remained a significant predictor of PFS
(HR ⫽ 2.29, P ⫽ .009) and trended with OS (HR ⫽ 1.98, P ⫽
.054) in the multivariate analysis (Table 3).
The Kaplan-Meier method with a log-rank test showed that
the perfusion patterns of ASL CBF maps stratified PFS (pattern 2
versus pattern 1, a 1.66-fold increase in median PFS; P ⫽ .008)
and trended with OS (P ⫽ .079) (Fig 2).

Forty-one patients (in our patient cohort of 53, 77%) had EGFRvIII
expression examined on postsurgical GBM tissue. Among these
patients, 12 were positive for EGFRvIII expression. The Fisher
exact test showed a significant association between a pattern 1
CBF map and EGFRvIII expression (P ⬍ .01) (Table 4).

Table 2: Univariate analysis: ASL CBF map of pattern 1 (versus
pattern 2) is predictive of shorter progression-free survival and
trended with overall survival
Cox
Log-Rank
Univariate
HR (SE)
95% CI
P Valuea
P Valuea
PFS (n ⫽ 53)
2.23 (0.70)
1.21–4.11
.010
.008
OS (n ⫽ 50)
1.82 (0.63)
0.92–3.58
.084
.079
Note:—SE indicates standard error.
a
P ⬍ .05 denotes statistical signiﬁcance.

Table 3: Multivariate Cox model for PFS and OS
Variables
Multivariate Cox model for PFS (n ⫽ 53)
ASL CBF map readingb
Patient age (yr)c
Sexd
Multivariate Cox model for OS (n ⫽ 50)
b
ASL CBF map reading
c
Patient age (yr)
Sexd

HR

P
SE Valuea

95% CI

2.29 0.72
2.34 0.94
1.41 0.44

.009
.034
.266

1.23–4.24
1.06–5.13
0.77–2.59

1.98 0.70
3.00 1.46
1.06 0.36

.054
.024
.870

0.99–4.00
1.16–7.80
0.53–2.07

Note:—SE indicates standard error.
a
P ⬍ .05 denotes statistical signiﬁcance.
b
By majority vote, CBF map of pattern 1 (n ⫽ 30) versus pattern 2 (n ⫽ 23).
c
On initial presentation, older than 50 years (n ⫽ 42) versus younger than 50 years (n ⫽ 11).
d
Male (n ⫽ 28) versus female (n ⫽ 25).

DISCUSSION
To date, most studies of GBM perfusion have focused on the role
of quantitative parameters, such as relative CBV and CBF, as
markers of therapy response and clinical outcome. In the present
study, a qualitative examination of CBF maps was conducted in a
patient cohort with newly diagnosed GBM, and the potential for
predicting tumor and the correlation with EGFRvIII expression
were investigated.
We observed 2 perfusion patterns: Pattern 1 was characterized
by the presence of hyperperfused tumor tissue in the CBF map,
which could be identified by the bright ring-of-fire appearance; in
comparison, pattern 2 corresponded to the absence of hyperperfused tumor tissue and thus appeared in the CBF map as iso- or
hypoperfusion in the tumoral region. These observations were
supported by not only the consistency among independent readers but also quantitative analysis by using ROI-derived ASL values
from both tumor and normal brain areas. The quantitative analysis confirmed the qualitative assessment that there was increased
CBF in pattern 1 compared with pattern 2. Conceivably, the difTable 4: Association of CBF map of pattern 1 with EGFRvIII
expression in GBMa
Hyperperfusion
Hyperperfusion
b
Total
(+)
(−)c
EGFRvIII (⫹)
11
1
12 PPV: 91.67%
EGFRvIII (⫺)
13
16
29 NPV: 55.17%
Total
24
17
41
Sensitivity
45.83%
Speciﬁcity
94.12%
Note:—PPV indicates positive predictive value; NPV, negative predictive value; ⫹,
present; ⫺, absent.
a
Of 53 patients, 41 had EGFRvIII expression examined on postsurgical GBM tissue.
Fisher exact test P value ⫽ .006.
b
CBF map with pattern 1.
c
CBF map with pattern 2.

FIG 2. The Kaplan-Meier curve and log-rank test for progression-free survival and overall survival. GBM perfusion patterns are examined in their
relationship to PFS (A) and OS (B). The x-axis shows days after surgery (baseline) with the vertical lines noting 6- and 12-month PFS (A) and 6- and
12-month OS (B), respectively. The y-axis represents the percentage not progressed.
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ferentiation in the 2 perfusion patterns could be complicated in
case of small tumors that are relatively difficult to identify by
visual evaluation. However, this complication did not seem to
cause a major problem for reader agreement because reading disagreements existed in only 4 of 53 cases (7.5%).
The visualization of hyperperfused tumor tissue in CBF maps
could prove useful for tumor biopsy. One of the clinical challenges for brain tumor biopsy has been the underestimation of the
histologic grade due to the stereotactic biopsy samples being only
a small portion of the tumor. Identification and sampling from
the tumor section with the highest angiogenesis and the cell proliferative rate are essential for adequate evaluation of the tumor
grade. Given the correlation between ASL perfusion imaging and
the attenuation of blood vessels in the tumor tissue,15,16 it is reasonable to hypothesize that the macroscopic hyperperfused GBM
tissue may represent a higher grade tumor. This hypothesis is
supported by a study using DSC-PWI, which reported a significant association of tumor perfusion with the Ki67 index, a marker
of cell proliferation.6 Therefore, qualitative evaluation of the ASL
CBF map may be of added value to multiparametric MR imaging
(such as MR spectroscopy, apparent diffusion coefficient, and
DSC) and PET/CT as a means of identifying highly proliferative
tumor tissue for biopsy.
The perfusion patterns of ASL CBF maps in relation to clinical
outcomes were examined by the Kaplan-Meier curve and logrank test. ASL CBF pattern 1 (versus pattern 2) correlated with
shorter PFS and trended with worse OS. Our finding is consistent
with previous reports in which increased perfusion in high-grade
glioma, as quantified by relative CBV derived from DSC-PWI,
had significant correlation with poorer clinical outcomes.11,31,32
Quantitative analysis that correlates parameters such as volumes
and mean ASL values of the hyperperfused tumor tissue with clinical outcomes could further develop the potential value of ASL
CBF maps as a predictor of tumor prognosis.
EGFRvIII is a truncated extracellular mutant of EGFR protein
incapable of binding the epidermal growth factor family of ligands. However, it has been shown to be a constitutively tyrosinephosphorylated persistent stimulation of growth activity.20 Tykocinski et al19 reported that relative CBV was a strong quantitative
indicator of EGFRvIII expression in a study using DSC-PWI. Our
study demonstrates a correlation between ASL CBF pattern 1 and
EGFRvIII expression with a low sensitivity but high specificity.
One possible explanation for the observed low sensitivity is that
the hyperperfused tissue in GBM could be caused by effects from
multiple genes and/or cross-talk between multiple cell-signaling
pathways. For instance, alternative pathways are suggested by reports showing upregulation of the vascular endothelial growth
factor with increased relative CBV.19 The high specificity, however, might indicate that EGFRvIII expression alone has enough
impact to generate the phenotype of macroscopic hyperperfused
tissue in GBM.
The limitations of the present study include variability in therapies of the patient cohort, which may independently affect clinical outcome. However, all patients received standard therapy
with radiation treatment and temozolomide, and recent data suggest that bevacizumab (which some patients received), while potentially prolonging progression-free survival by several months,
676

Qiao

Apr 2015

www.ajnr.org

has little impact on survival time.33 Thus, the overall impact of
therapy variability may be limited. Our study was also limited by
a small sample size, reducing our ability to detect a potentially
significant difference in overall survival (not merely progressionfree survival) between patient cohorts. The potential value of ASL
classifiers as a predictor of tumor prognosis and a marker of
EGFRvIII expression requires verification in prospective studies.
Although 2 perfusion patterns were identified in the CBF maps, a
finding supported by data from quantitative analysis, potentially a
more comprehensive quantitative approach, such as histogram
analysis, could yield further classifiers of prognostic or predictive
significance. However, our qualitative methodology has the advantage of not being reliant on extensive postprocessing, suggesting it could find utility in the real-time work flow of a busy clinical
practice setting. One of the challenges for the widespread translation of ASL in clinical practice is that there is a wide range of ASL
techniques and imaging protocols available from different vendors and developers. To address this issue, the recent ASL white
paper34 recommended pseudocontinuous ASL with a 3D readout
and a relatively long postlabeling delay (eg, 2 seconds), which was
used in the current study.

CONCLUSIONS
The qualitative evaluation of ASL CBF maps provides an expeditious method with high interobserver reliability that stratifies survival and predicts EGFRvIII expression in patients with GBM.
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Segmentation for Analysis of The Cancer Imaging Archive
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ABSTRACT
BACKGROUND AND PURPOSE: Robust, automated segmentation algorithms are required for quantitative analysis of large imaging
datasets. We developed an automated method that identiﬁes and labels brain tumor–associated pathology by using an iterative probabilistic voxel labeling using k-nearest neighbor and Gaussian mixture model classiﬁcation. Our purpose was to develop a segmentation
method which could be applied to a variety of imaging from The Cancer Imaging Archive.
MATERIALS AND METHODS: Images from 2 sets of 15 randomly selected subjects with glioblastoma from The Cancer Imaging Archive
were processed by using the automated algorithm. The algorithm-deﬁned tumor volumes were compared with those segmented by
trained operators by using the Dice similarity coefﬁcient.
RESULTS: Compared with operator volumes, algorithm-generated segmentations yielded mean Dice similarities of 0.92 ⫾ 0.03 for
contrast-enhancing volumes and 0.84 ⫾ 0.09 for FLAIR hyperintensity volumes. These values compared favorably with the means of Dice
similarity coefﬁcients between the operator-deﬁned segmentations: 0.92 ⫾ 0.03 for contrast-enhancing volumes and 0.92 ⫾ 0.05 for
FLAIR hyperintensity volumes. Robust segmentations can be achieved when only postcontrast T1WI and FLAIR images are available.
CONCLUSIONS: Iterative probabilistic voxel labeling deﬁned tumor volumes that were highly consistent with operator-deﬁned volumes.
Application of this algorithm could facilitate quantitative assessment of neuroimaging from patients with glioblastoma for both research and
clinical indications.
ABBREVIATIONS: BV ⫽ blood vessel; CEV ⫽ contrast-enhancing volume; DICE ⫽ Dice similarity coefﬁcient; FHV ⫽ FLAIR hyperintensity volume; GMM ⫽ Gaussian

mixture modeling; IPVL ⫽ iterative probabilistic voxel labeling; KNN ⫽ k-nearest neighbor; T1wCE ⫽ T1WI with contrast enhancement; TCIA ⫽ The Cancer Imaging
Archive; TCGA ⫽ The Cancer Genome Atlas

G

lioblastoma is the most common primary brain tumor and
remains one of the deadliest human cancers.1 During the past
50 years, improvement with regard to patient outcomes has been
marginal.2 A major barrier in therapeutic development is attribut-
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able to the misconception that glioblastoma constitutes a single disease. Molecular profiling has revealed that glioblastoma comprises
multiple subtypes characterized by distinct molecular pathways.3 To
improve the clinical outcome of patients with glioblastoma, technologies must be developed to distinguish these subtypes.
There are compelling reasons that MR imaging may serve as a tool
for dissecting the variability of glioblastoma. First, radiographic data
are available for every patient because the clinical management of
glioblastoma tumors is largely driven by the interpretation of MR
images. Second, available data suggest that the radiographic appearance of glioblastoma is related to its physiologic state.4,5 To
better define this relationship, imaging archives with corresponding genomic profiling, such as The Cancer Imaging Archive
(TCIA), have been launched (http://cancerimagingarchive.net/).
Much of the early work correlating MR imaging appearances of
glioblastoma tumors with genomic profiling was performed by using manually delineated tumor volumes or qualitative assessments
provided by trained clinicians.4,5 These approaches are limited by
the inherent variability of subjective interpretation, and significant

interrater discrepancies have been reported.6,7 Additionally, manual
segmentation is time-consuming for large datasets. This limitation is
particularly apparent when multiple radiographic features require
segmentation. To address these deficiencies, effort has been devoted
to developing automated algorithms for segmenting tumor volumes.8-12 These algorithms include clustering,13,14 discriminative
strategies,15 and generative approaches.11,16,17 The success of these
methods has been limited by widely differing MR imaging protocols
for image acquisition and quality18 and the significant overlap between the radiographic appearance of glioblastoma tumors and normal cerebrum on MR imaging. Although many of these methods can
generate high-quality volumes from a training set, segmentation algorithms may fail when applied to images acquired by using different
protocols.
We hypothesized that a probabilistic approach by using subjectspecific classifiers would reliably discriminate glioblastoma from the
surrounding cerebrum. In this algorithm, termed iterative probabilistic voxel labeling (IPVL), sparse, high-specificity, preliminary volumes were created for each subject by using a combination of regiongrowing and K-means-based tissue segmentation. Sampling of these
preliminary volumes trained k-nearest neighbor (KNN) and Gaussian mixture model (GMM) classifiers by using voxel intensity and
spatial coordinates. Voxel labels are assigned probabilistically by iteratively trained classifiers. Finally, each voxel is labeled as contrastenhancing tumor volume (CEV), FLAIR hyperintensity volume
(FHV), gray matter, white matter, CSF, and blood vessel (BV). Most
important, our algorithm reliably segments images from the TCIA
that were acquired by a variety of scanners and protocols.

MATERIALS AND METHODS
The Cancer Imaging Archive
MR images of glioblastoma tumors from The Cancer Imaging Archive were downloaded in June 2013. We identified subjects who
underwent MR imaging before surgery and had a full complement of
imaging, including the following: T1-weighted imaging, T1weighted imaging with contrast enhancement (T1wCE), T2weighted imaging, and FLAIR. Subjects were excluded when images
contained a prohibitive amount of motion or distortion artifacts.
Our algorithm was developed in a “pilot” set of 10 subjects from the
TCIA. The algorithm was tested in 2 sets of 15 subjects selected from
the TCIA that were not used during development. TCIA MR images
were acquired from a number of institutions whose scanners differed
by manufacturer and model and whose images varied by sequence,
quality, and spatial resolution. (On-line Tables 1 and 2).

Preprocessing
Images were preprocessed by using a combination of in-house
and external software including the FMRIB Software Library19,20
(FSL, Version 5.0; http://fsl.fmrib.ox.ac.uk/fsl). Image distortions
caused by gradient nonlinearity warping were corrected by using
previous methods,21-23 followed by bias-field correction by using
the FMRIB Automated Segmentation Tool (FAST),24 and were
registered to the Montreal Neurological Institute-152 nonlinear
sixth-generation standard brain image.25 Affine registration was
performed by using the FMRIB Linear Image Registration Tool
(FLIRT).26,27 To ensure removal of nonbrain tissues (eg, skull,
optic nerve, and carotid arteries), we created a stringent brain

mask from the T1WI by using a modified combination of
the FSL Brain Extraction Tool24 and the Robust Brain Extraction tool (https://www.nitrc.org/projects/robex).28 Briefly, this
method automatically compared the resultant brain with the volume derived from applying the Montreal Neurological Institute
brain mask. Overestimation of ⬎10% would adjust the fractional
intensity, resulting in more restrictive brain outlines.

Preliminary Segmentation
It was crucial to generate highly specific volumes that accurately represented the range of intensity and spatial distribution for each tissue
label to appropriately train our segmentation algorithm to recognize
each subject’s features. After skull stripping, initial tissue segmentation into preliminary WM, GM, CSF, and CEVs was performed for
the available T1WI sequences by using FAST.24 The FAST-derived
initial CEV consisted of both tumor-associated CEV and BV volumes. The preliminary BV volume was distinguished from the
FAST-derived CEV by performing 2 morphology-based manipulations. First, CEV objects located near the cortical surface were selectively removed by using a uniform spheric 3-mm erosion of the brain
mask applied to the FAST-derived CEVs. Large vessels, such as the
dural veins and carotid arteries, were removed by this operation due
to their proximity to the brain surface. Second, a modified regiongrowing algorithm was used to identify vessels that were continuous
with the venous sinuses. Region-growing was seeded in the region of
the torcula (confluence of the sinuses), which was identified on the
template image, to which all images were registered. Voxels identified
as vessels by the combination of these methods were labeled as preliminary BV volume, while the remaining CEV was assigned to preliminary tumor-associated CEV.
The FHV preliminary volume was created by first determining
and applying an automatic threshold for the FLAIR image by
using the Otsu method.29 FLAIR hyperintense regions on MR
imaging may be tumor-associated or non-tumor-associated (eg,
periventricular or pericortical). The non-tumor-associated hyperintense elements were excluded by using a spheric 3-mm erosion performed on the brain mask, while spheric 3-mm dilation
was performed on the CSF volume. Together, these operations
removed pericortical hyperintensities and the periventricular hyperintensities from the remainder of the preliminary FHVs.
Approximately 25% of voxels were labeled at this time. The voxels
labeled were randomly sampled from regions that had the highest
specificity to a particular volume of interest. For contrast enhancement, these included regions of contrast enhancement not continuous with the sagittal and transverse sinus. For FLAIR hyperintensity,
these included regions above an intensity threshold ⬎1.5 SDs above
the mean intensity of the FLAIR image. The voxels assigned to each
preliminary tissue label were used as the basis for training probabilistic classifiers (KNN and GMM). Voxels that were not classified into
these categories during preliminary volume segmentation remained
unassigned to avoid adding noise to the classifiers.

K-Nearest Neighbor and Gaussian Mixture Model
Classiﬁers
The classifiers used to assign voxel membership were KNN and
GMM. The KNN algorithm is a nonparametric method that assigns membership of a single datum on the basis of a number of
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FIG 1. Work ﬂow for iterative probabilistic voxel labeling. A, Downloaded TCIA images were preprocessed. B, Preliminary segmentation was
performed to generate conservative yet highly speciﬁc preliminary volumes. C, In the classiﬁcation step, these volumes were used to train the
GMM and KNN probabilistic classiﬁers. The consensus of KNN and GMM classiﬁcation was resampled and used to train a new classiﬁer (KNN II),
which assigned voxel tissue labels. The classiﬁers integrated their respective outputs to generate tissue-speciﬁc probability volumes. D, The
voxels were assigned on the basis of their greatest probability of membership to a tissue label, and a voxel continuity ﬁlter was applied to
eliminate clusters of less than 150 continuous voxels.

neighboring training examples.30,31 GMM allows statistical clustering of data into a predefined number of Gaussian distributions,
which, in this case, represent distinct imaging features. Use of
these 2 probabilistic classifiers was complementary.
To expedite processing and improve accuracy, we used a
weighted random sampling of the preliminary volume voxels to
train both KNN and GMM classifiers. The weights for sampling
reflected the relative distribution of voxels assigned to tissue labels
from preliminary segmentation. Weighting was performed to
avoid biasing the classifiers toward any particular tissue label
caused by overrepresentation attributed to sampling error. Training was performed on a subject-by-subject basis, meaning that
each patient was segmented according to his or her own subjectspecific classifier by using both intensity and spatial data from
each voxel to define labels. After training, all voxels, including
those that were unassigned during preliminary volume creation,
were classified independently by both KNN and GMM probabilistically to the 6 tissue labels: CEV, FHV, CSF, GM, WM, and BV. The
probability of membership for each voxel was determined by a distance metric from classifier training. For each voxel, the greatest tissue label probability determined voxel labeling. Classifier consensus
was resampled and used to re-train another iteration of KNN classification at a higher voxel sampling rate. This step had the benefit of
reducing noise introduced during the creation of preliminary volumes, improving both the smoothness of the final volumes and the
accuracy of the tissue labels.

Final Segmentation
Voxel label probabilities from all classifiers were summed, including the iterative KNN classification, for each tissue label, and a
final segmentation volume was created by assigning voxels according to the highest probability membership to each tissue label. At this time, all voxels were probabilistically assigned. A voxel
continuity filter was applied that removed discontinuous clusters
of limited connectivity (fewer than 150 contiguous voxels). To
address voxels that had equal probabilities of belonging to ⱖ2
tissue labels, we set priority in the following manner from greatest
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to least: CEV ⬎ FHV ⬎ BV to ensure that individual voxel tissue
labels were mutually exclusive. This order was determined by the
confidence of labeling each feature.

Segmentation Evaluation
To assess segmentation quality, we drew CEVs and FHVs manually for 2 sets of 15 subjects selected randomly from the available
pool downloaded from the TCIA. These volumes were completed
by 2 independent trained operators under the supervision of a
neuroradiologist (N.F.) and a neurosurgeon (C.C.C.). Manual
delineation of tumor-associated volumes was performed by using
the software program AMIRA (http://www.vsg3d.com/amira/
overview), using threshold-assisted segmentation on whole-brain
T1wCE and FLAIR images that were registered to the Montreal
Neurological Institute template. Operator-derived volumes were
compared with IPVL-derived volumes by using the Dice similarity coefficient (DICE). This coefficient assesses the similarity between 2 volumes by dividing twice the sum of the intersection by
the sum of both volumes.32 Interoperator similarity was also compared by using this metric. A DICE equal to 1 would imply perfect
similarity and overlap of 2 volumes.

Minimum Image Requirement for Adequate
Segmentation
To assess the performance of our method when fewer imaging
sequences were available for input, we implemented IPVL on a
group of 15 subjects multiple times while removing ⱖ1 image,
recapitulating common image combinations seen within the
TCIA subjects. The segmentations that resulted from these image
combinations were compared with operator volumes to determine their DICE similarities. FHVs were not segmented in image
combinations that lacked FLAIR sequences.

RESULTS
Overview of the Automated Segmentation Algorithm
The steps of our segmentation protocol, applied to a representative case, are illustrated in Fig 1. Generally, our segmentation

shown in Fig 2. Corresponding FHV
segmentations for CEV and CEV segmentations for FHV are included to
show that segmentation success for 1
feature is not necessarily correlated with
segmentation success for corresponding
features. Analysis showed no statistical
difference among operator-derived volumes, so operator 1 was selected as the
basis for image comparison (P ⫽ .72 for
CEV interoperator, and P ⫽ .39 for FHV
interoperator). Figure 2 demonstrates
that the algorithm generates highly analogous CEVs and FHVs relative to those
derived manually.
IPVL CEVs were statistically indistinguishable from volumes generated by
expert operators across all subjects (P ⫽
.93). DICE scores, for automated CEVs,
relative to operators 1 and 2, averaged
0.923 and 0.921, respectively. These
DICE scores were highly comparable
with those obtained from interoperator
analysis (average of 0.923, Fig 3A). For
automated FHVs, the DICE scores relaFIG 2. IPVL segment volumes that are highly analogous to operator-deﬁned volumes. Results tive to operators 1 and 2 averaged 0.851
from 4 subjects representing the highest and lowest Dice similarity coefﬁcient scores for CEV and and 0.827, respectively. DICE scores
FHV segmentations are shown. A, The highest DICE (top) and lowest DICE (bottom) examples of obtained from interoperator analysis avIPVL-segmented CEVs relative to operator-deﬁned volumes are shown. The corresponding FHV
segmentation results are shown (right) to demonstrate that CEV segmentations are independent eraged 0.905 (Fig 3B). Analysis revealed
of FHV segmentations. B, The highest DICE (top) and lowest DICE (bottom) examples of IPVL- that FHVs were slightly lower than intersegmented FHV relative to operator-deﬁned volumes are shown. The corresponding CEV seg- operator comparison (P ⫽ .04). We obmentation results are shown as well (right) to demonstrate that FHV segmentations are indepenserved that FHV DICE scores were
dent of CEV segmentations. Yellow indicates regions of intersection between operator and
IPVL-deﬁned volumes; red, operator-deﬁned volume only; green, IPVL-deﬁned volume only. poorer than CEV DICE scores for both
Corresponding CEV segmentations are overlaid in blue on FLAIR images for clarity.
the interoperator and the operatoralgorithm comparisons. Overall, the
work flow was divided into 5 stages: preprocessing, preliminary
DICE scores for both CEV and FHV achieved through our algosegmentation, classification, probability labeling, and final segrithm were improved or similar relative to those previously
mentation. In preprocessing, images were loaded. Bias field correported.14-20
rection, skull stripping, and registration to the template were then
To ensure that these results were generalizable, we randomly
performed. The results of preprocessing created images in stanselected 15 additional subjects for analysis. The results from this
dard space to provide input for preliminary segmentation. Preanalysis are highly comparable with those reported above. DICE
liminary segmentation assigned voxel labels to CEV, FHV, BV,
scores for automated CEVs relative to operators 1 and 2 averaged
CSF, GM, WM, and unassigned (for voxels with ambiguous
0.921 and 0.901, respectively. These DICE scores were highly
membership) by using k-means-based tissue segmentation and a
comparable with those obtained from interoperator analysis
region-growing algorithm. During classification, voxels sampled
(DICE ⫽ 0.905). For automated FHVs, the DICE scores relative to
from these preliminary labels were used to train the GMM and
operators 1 and 2 averaged 0.846 and 0.823, respectively. DICE
KNN classifiers. All voxels were then classified to independent
scores obtained from interoperator analysis averaged 0.812.
labels to identify CEV, FHV, BV, CSF, GM, and WM volumes.
It was possible that difficult cases, including tumors with mulDuring probability labeling, each voxel was assigned a probability
tifocal patterns, or tumors with attachment to large vessels or the
of membership to each tissue label. In the last step, final segmenbrain surface, may cause errors in automatic segmentation. Of the
tation, voxels were labeled according to their greatest probability,
images analyzed, 2 glioblastomas (The Cancer Genome Atlas
and a voxel continuity filter was applied to eliminate clusters of
[TCGA]-06 – 0139, TCGA-06 – 0166) were multifocal. For these
⬍150 continuous voxels. The average time required to complete
subjects, IPVL-defined CEV and FHV showed mean DICE scores
segmentation was 11.12 ⫾ 5.63 minutes.
of 0.94 (range, 0.92– 0.95) and 0.92 (range, 0.91– 0.93) relative to
expert defined volumes, respectively. Seven tumors (TCGA-02–
Manual Segmentation Comparison
0048, TCGA-06 – 0164, TCGA-08 – 0358, TCGA-76 – 6280,
Examples from 4 subjects that represented the CEVs and FHVs
TCGA-76 – 6192, TCGA-76 –5386, and HF1139) were located on
with the highest and lowest DICE scores relative to operator 1 are
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FIG 3. Quantitative comparison between IPVL-deﬁned volumes and operator-derived volumes compared with interoperator comparisons. A
and B, DICE comparisons for 2 sets of IPVL-deﬁned and operator-deﬁned CEVs are shown. DICE scores were calculated comparing CEVs
generated by IPVL, operator 1, and operator 2. C and D, DICE score comparisons for IPVL-deﬁned and operator-deﬁned FHVs. DICE scores were
calculated comparing FHVs generated by IPVL, operator 1, and operator 2.

the surface of the cerebrum. For these tumors, IPVL-defined CEV
and FHV showed mean DICE scores of 0.92 (range, 0.84 – 0.96)
and 0.84 (range, 0.70 – 0.95). One tumor (TCGA-76 –5385) was
attached to a major vessel (the MCA). For this tumor, IPVL-defined CEV and FHV showed mean DICE scores of 0.90 (range,
0.89 – 0.91) and 0.72 (range, 0.70 – 0.75). These results suggest
that our algorithm performs adequately in anatomic locations
and in difficult cases that are historically challenging to previously
published algorithms.

Minimal Image Requirement for Adequate Segmentation
The TCIA and other image databases include many subjects who
do not have the full complement of T1WI, T1wCE, T2WI, and
FLAIR images. In the TCIA, this full set of imaging was available
in only 52% of subjects. Therefore, it was of interest to determine
how our algorithm would perform when limited imaging modalities were available. To this end, we examined how the sequential
removal of the various image sequences impacted segmentation
performance. DICE scores were determined for a subject’s segmentations by using each combination of images relative to operator-defined volumes. These DICE scores were plotted compared with the DICE scores derived from segmentations by using
all 4 imaging sequences.
For CEV segmentations, removal of T1WI and T2WI did not
significantly affect performance. The DICE scores obtained when
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comparing volumes delineated by using only T1wCE and FLAIR
were comparable with those obtained when all 4 imaging sequences were processed by our algorithm (Fig 4A). Similarly,
FHV segmentations were minimally impacted by image reduction, and DICE scores by using all 4 imaging sequences were comparable with those obtained when using only T1wCE and FLAIR
(Fig 4B).
To further characterize the impact of reducing the number of
image sequences on the performance of CEV and FHV segmentations, we also plotted the range of DICE scores that resulted
from removing ⱖ1 image series for each subject. For most subjects, removing images minimally impacted DICE scores—that
is, the segmentation quality was not significantly altered (Fig 4C
for CEV, Fig 4D for FHV). For FHV segmentations, removal of
T2WI and T1WI did not significantly alter segmentation performance (Fig 4D for FHV).
Only 2 subjects, TCGA-02– 0068 and TCGA-06 – 0164, had
increased vessel contamination of the CEVs when FLAIR images
were removed during image-reduction analysis. CEV segmentations for image combinations that contained at least a FLAIR and
T1wCE image were highly comparable across all subjects (Fig 4E).
While adequate CEV segmentation required only T1wCE for
most cases, FLAIR images improved CEV and BV discrimination
and may be required for segmentation in a subset of subjects.

FIG 4. Effects of removing image sequences on IPVL segmentation. A, Select image sequences (such as T1WI) were removed before IPVL CEV
segmentations for each subject. The image sequences that were available during IPVL segmentation are indicated by a plus sign. DICE scores
were calculated for the resultant CEVs relative to operator 1– deﬁned CEVs. The distribution of DICE scores across all subjects because of image
sequence removal is shown as a boxplot. B, Select image sequences were removed before IPVL FHV segmentations. DICE scores were calculated
for the resultant FHV segmentations relative to operator 1– deﬁned FHVs. The distribution of DICE scores across all subjects due to imagesequence removal is shown as a boxplot. C, A boxplot demonstrates the range of DICE scores for IPVL-segmented CEVs relative to operatordeﬁned CEVs per patient for all image combinations tested. D, A boxplot demonstrates the range of DICE scores for IPVL-segmented FHVs
relative to operator-deﬁned FHVs per patient for all image combinations tested. E, A boxplot demonstrates the range of DICE scores for
IPVL-segmented CEVs relative to operator-deﬁned CEVs per patient when only T1WI and FLAIR source images were used for IPVL segmentation.

Most surprising, CEV segmentation for T1wCE and FLAIR alone
was nearly identical to CEV segmentation results that used all
available imaging series. These results suggest that our algorithm
requires only T1wCE and FLAIR images for robust volume segmentation of both tumor-associated CEVs and FHVs.

DISCUSSION
The success of any automated segmentation process hinges on the
a priori definition of the features that constitute a volume of interest. Human vision can integrate visual data along with both
experience and assumption to distinguish and classify independent features. This task is often challenging for a computer because the cross-section of data available to the computer is often
simplified. We hypothesized that the complexity of image seg-

mentation could be largely recapitulated by using iterating probabilistic classifiers trained on sparse subject-specific preliminary
features. To test this hypothesis, we predefined the voxels that
were most likely associated with the features of interest to generate
preliminary volumes. We then used k-nearest neighbor and
GMM probabilistic classifiers to refine the segmentation process.
In our algorithm, these complementary probabilistic classifiers
were integrated in an iterative manner to converge on a segmentation result for the various features of an MR image. Our results
demonstrate that IPVL image segmentation is highly comparable
with segmentations that were drawn manually.
Most important, the time required for segmentation per subject averaged 11.2 minutes when all 4 image sequences were used.
In contrast, manual segmentation by experts required 1–3
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hours depending on the size and complexity of the volume to
be segmented. As such, our method presents an opportunity for
high-throughput quantitative analysis of TCIA images and other
imaging databases. The insensitivity of our algorithm to interinstitutional methodologic differences in MR imaging supports its
utility for this application. Further supporting the utility of our
algorithm, we demonstrated that only 2 image sequences (the
T1wCE and FLAIR images) are needed for reliable segmentation
of tumor CEVs and FHVs. Finally, using a common template
space will provide a platform for future analyses, intersubject
comparisons, and longitudinal studies.
While our study was focused on the development of an algorithm for research use in terms of radiographic biomarker discovery, reliable volume segmentation by using our algorithm may
also impact clinical practice. For example, it is often difficult to
detect subtle differences in the radiographic appearance of a tumor during disease progression. As a result, changes in serial MR
imaging may be underappreciated until a patient becomes symptomatic. Automated segmentation and longitudinal quantitative
comparison may help facilitate the detection of subtle radiographic changes, such as tumor progression, thereby allowing clinicians to perform procedures to prevent clinical deterioration in
select patients. Application of these methods may also aid the
evaluation of the therapeutic response in clinical trials.
Careful study of the discrepancies between the volumes generated by IPVL and expert-defined volumes revealed a few limitations. The algorithm can fail to detect tumor contrast enhancement or FLAIR hyperintensity in regions of these volumes that fall
below a single voxel (⬃1 mm). This limitation, a result of voxel
sampling and partial volume effect, could be mitigated with
higher resolution imaging. In a few subjects (eg, TCGA-02– 0068,
TCGA-06 – 0154), reliable delineation of BV volume from tumor
CEVs remained challenging when image combinations lacking
FLAIR images were used for segmentation, leading us to conclude
that FLAIR and T1wCE are required for our method. Segmentation of FLAIR volumes remains a challenge, but this challenge is
shared by the human eye as demonstrated by the interobserver
discrepancies reported previously. The use of higher order image
processing, such as textural analysis, may facilitate the improvement of our algorithm in the near future.

CONCLUSIONS
We demonstrate that iterative probabilistic voxel labeling is a reliable and robust tool for automatic segmentation of MR images
in the TCIA dataset. Application of this method could facilitate
quantitative radiographic assessment of glioblastoma for both researchers and clinicians alike.
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Dynamic Contrast-Enhanced Perfusion Processing for
Neuroradiologists: Model-Dependent Analysis May Not Be
Necessary for Determining Recurrent High-Grade Glioma
versus Treatment Effect
J.D. Hamilton, J. Lin, C. Ison, N.E. Leeds, E.F. Jackson, G.N. Fuller, L. Ketonen, and A.J. Kumar

ABSTRACT
BACKGROUND AND PURPOSE: Dynamic contrast-enhanced perfusion MR imaging has proved useful in determining whether a contrastenhancing lesion is secondary to recurrent glial tumor or is treatment-related. In this article, we explore the best method for dynamic
contrast-enhanced data analysis.
MATERIALS AND METHODS: We retrospectively reviewed 24 patients who met the following conditions: 1) had at least an initial
treatment of a glioma, 2) underwent a half-dose contrast agent (0.05-mmol/kg) diagnostic-quality dynamic contrast-enhanced perfusion
study for an enhancing lesion, and 3) had a diagnosis by pathology within 30 days of imaging. The dynamic contrast-enhanced data were
processed by using model-dependent analysis (nordicICE) using a 2-compartment model and model-independent signal intensity with
time. Multiple methods of determining the vascular input function and numerous perfusion parameters were tested in comparison with
a pathologic diagnosis.
RESULTS: The best accuracy (88%) with good correlation compared with pathology (P ⫽ .005) was obtained by using a novel, modelindependent signal-intensity measurement derived from a brief integration beginning after the initial washout and by using the vascular
input function from the superior sagittal sinus for normalization. Modeled parameters, such as mean endothelial transfer constant ⬎ 0.05
minutes⫺1, correlated (P ⫽ .002) but did not reach a diagnostic accuracy equivalent to the model-independent parameter.
CONCLUSIONS: A novel model-independent dynamic contrast-enhanced analysis method showed diagnostic equivalency to more
complex model-dependent methods. Having a brief integration after the ﬁrst pass of contrast may diminish the effects of partial volume
macroscopic vessels and slow progressive enhancement characteristic of necrosis. The simple modeling is technique- and observerdependent but is less time-consuming.
ABBREVIATIONS: AUC ⫽ area under the curve; DCE ⫽ dynamic contrast-enhanced perfusion MRI; Ktrans ⫽ endothelial transfer constant; SSS ⫽ superior sagittal
sinus; VIF ⫽ vascular input function; vp ⫽ vascular plasma volume fraction

T

here are over 23,000 newly diagnosed malignant brain tumors
in the United States every year.1 Glioblastoma is one of the
most common and devastating brain tumors. Most patients survive ⬍1 year from diagnosis if untreated. Despite the large num-
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ber of potential treatments that have been used, only modest gains
in mortality (9 –12 months of life gained) have been made due to
tumor recurrence.2 A variety of treatment-related changes occur
on normal brain tissues related to the effects of radiation and
chemotherapy, such as temozolomide.3 Delayed radiation-/treatment-induced brain necrosis is one of the effects that can cause an
enlarging, enhancing mass. This can mimic recurrent tumor on
conventional CT or MR imaging, with few clues as to the diagnosis.4
Delayed radiation necrosis may be a result of progressive, obliterative endarteritis resulting in hypoxia,5 with an immune inflammatory response. Treatments include steroids, hyperbaric
oxygen,5 bevacizumab (antivascular endothelial growth factor) in
resistant cases,6,7 or surgical resection for pending herniation.
With recurrent gliomas (astrocytomas and oligodendrogliomas,
most commonly glioblastoma), single agent or combination chemotherapy and/or additional surgery or radiation therapy may be
sought.8

MR perfusion techniques, such as dynamic contrast-enhanced
(DCE) and dynamic susceptibility contrast perfusion examinations, have been shown to be useful in differentiating delayed
radiation-induced necrosis from recurrent glial tumor.9-12 A
combined parameter approach further improves accuracy.13 DCE
data can be either model-independent or model-dependent.
Model-independent indices rely on the T1 signal intensity increase by using gadolinium contrast. In the initial first pass of
contrast (vascular phase), the signal change is related to the blood
volume in the tissue of interest.9 After the concentration of gadolinium in the blood begins to equilibrate with the second and
third passes of contrast, the leakage of contrast from the vessel to
the interstitial space (extravascular, extracellular space) becomes
an increasingly important factor in the signal-intensity enhancement. Various model-independent parameters by using the area
under the curve of signal intensity with time have been proposed
in the pharmacologic literature.14
Model-dependent indices are often derived from a 2-compartment model.15 In this model or its derivatives, the intravascular
and interstitial spaces are treated as having a certain volume fraction (eg, vp [vascular plasma volume fraction]) with both forward
(endothelial transfer constant [Ktrans]) and backward constants to
explain the kinetics across a membrane (ie, the blood-brain barrier). These values are derived from a deconvolution that compares the dynamic T1 signal changes with contrast in a region of
interest with a vascular input function (VIF).16 There is considerable variability as to the best method to choose the VIF, either by
using an artery or a vein or having an algorithm that chooses the
pixels by curve-fitting clusters of pixels.17 There has been recent
debate on whether simple model-independent analysis10 of signal
intensity with time may perform as well as more complex compartmental models.9,18 The following article seeks the best DCE
analysis for improving the accuracy of determining delayed radiation-induced necrosis versus recurrent glioma, by using various
model-dependent and -independent parameters and VIF
methodology.

MATERIALS AND METHODS
Patient Population
With institutional review board approval, the data from patients
were retrospectively gathered from January 2009 to January 2012.
Inclusion criteria required that the patient have the following: 1)
prior diagnosis of glioma that had been previously treated, including conventional standards of radiation therapy and usually temozolomide; 2) parenchymal brain enhancement that progressed
over successive imaging studies; 3) diagnostic quality protocol
including a half-dose contrast agent DCE protocol (0.05 mmol/kg
at rate 4 mL/s); 4) biopsy or resection within 30 days of the protocol; and 5) older than 18 years of age. Demographic and treatment data were recorded.

Imaging Acquisition
All imaging data were obtained on an HDxt 3T MR imaging scanners by using a multichannel phased array head coil (GE Healthcare, Milwaukee, Wisconsin). Following any required standardof-care precontrast agent imaging, DCE data were acquired by
using a T1-weighted 3D fast-spoiled gradient-echo technique.

Images were acquired with a temporal resolution of 5.1 seconds
before, during, and up to 4 minutes after administration of
0.05-mmol/kg gadopentetate dimeglumine (Magnevist; Bayer
HealthCare Pharmaceuticals, Wayne, New Jersey) followed by a
20-mL saline flush. These were injected by an MR imaging– compatible automated system at 4 mL/s. Half-dose DCE was performed before subsequent full-dose dynamic susceptibility contrast perfusion imaging as part of the imaging protocol. DCE
parameters included the following: TE, 1.8 ms; TR, 4 ms; 256 ⫻
160 matrix; 24 ⫻ 18 cm FOV; sixteen 5-mm thick contiguous
sections (8-cm coverage); and total scan time of approximately 5
minutes. This imaging yielded approximately 36 time points with
a reconstructed voxel resolution of approximately 1.0 ⫻ 1.0 ⫻ 5.0
mm. The MR imaging examination concluded with any necessary
standard-of-care postcontrast agent– enhanced imaging.

Image Processing
DCE Analysis Method 1. A 2-compartment generalized kinetic
model15 was used with the technique proposed by Murase et al,16
including motion correction as implemented in the software
package nordicICE (NordicNeuroLab, Bergen, Norway). A 3-parameter analysis was performed to yield values of endothelial
transfer constant related to contrast leaving the vessel, the reflux
rate constant related to contrast re-entering the vessel, and the
vascular plasma volume fraction related to the percentage volume
of blood vessels. The values of the extravascular, extracellular volume fraction (interstitial space) were then computed from the
ratio of Ktrans over the reflux rate constant. Recorded values included mean and maximum. In addition, model-independent parameters (ie, area under the curve [AUC], initial AUC, and maximum slope) were also computed with both scaled and unscaled
values to the VIF.
Several methods for detecting the VIF were tested. With a previously described algorithm,17 which picked 5 clusters of voxels
that are expected to be vessels on the basis of the dynamic signal
response, VIFs were generated from the following: 1) whole-brain
images; 2) a region of interest confined to the vertical portion of
the superior sagittal sinus (SSS), which avoided feeding veins
causing mixing artifacts in the same section (further described in
method 2 below); and 3) a region of interest surrounding the M1
to M2 bifurcation of the MCA ipsilateral to the lesion. Additionally, a fourth method was used with all pixels in a region of interest
placed in the SSS. A deconvolution algorithm was used to generate maps of the parameters of interest.16 Oval lesion ROIs were
placed over the area of enhancement by a radiologist (J.D.H.) and
trainee (J.L.), blinded to the pathology results. The lesion regionof-interest locations were maintained through the multiple processing options with different VIFs. The values were recorded for
the axial image with the maximum Ktrans value.
DCE Analysis Method 2. A simple, model-independent analysis
evaluated the relative change in signal intensity with time. The
AUC was an integration of the enhancing region of interest of the
lesion divided by the VIF (Advantage Workstation, Version 4.3 or
4.4; GE Healthcare). The VIF from a ⬃1-cm-diameter oval region
of interest was placed in the SSS. This region of interest was positioned in the vertical portion of the SSS, while avoiding feeding
AJNR Am J Neuroradiol 36:686 –93
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veins entering the sinus at the same level, to decrease inhomogeneity from mixing artifacts. The lesion ROIs were defined by the
contrast-enhancing area with the most signal change and contoured by 2 board-certified radiologists with neuroradiology fellowship training (J.D.H. and C.I.), blinded to the pathology
results.
Multiple limits of the average AUC integration were evaluated.
The starting time for VIF integration was the start of the first-pass
contrast agent wash-in or at the end of contrast agent washout.
The end time of integration was computed at 30, 60, 90, or 120
seconds after the arrival of the contrast bolus (wash-in). Additionally, an integration of just the time of the first pass of contrast
agent (wash-in to washout) was used (similar timing to that of
dynamic susceptibility plasma volume measurements). The region-of-interest positions were maintained across all time iterations for the AUC. Care was taken to avoid large central nonenhancing areas (due to cyst or necrosis) and medium-to-large
vessels (by using source images from contrast-enhanced, T2, and
gradient-echo images). The average values of the AUC for both
the VIF and the user-defined area of contrast enhancement were
recorded. The contrast-enhanced lesion AUC value was divided
by the VIF AUC value and expressed as a percentage for each
patient.

FIG 1. Overview diagram of the basic study design. This study tests
the accuracy of DCE parameters in determining delayed radiation
necrosis from recurrent glioma. Unmodeled parameters with varying
times for the integration of DCE area under the curves and modeled
parameters with varying locations/techniques for the vascular input
function are tested. These are compared with the criterion standard
of pathologic scoring and clinical follow-up.

centage difference in values and  statistics for the cutoff between
grades 3 and 4 pathology reports.

RESULTS
Patient Population

Pathologic Data
After imaging, the selected patients underwent either stereotactic
biopsy or resection within 30 days of imaging as part of their
clinical care. Medical records and follow-up imaging data were
also followed to minimize the possibility of false pathologic results
due to tissue undersampling. Pathology results were graded on a
5-point scale based on the pathology report rendered by a boardcertified pathologist specializing in brain tumors. This ranged
from nearly completely tumor (score ⫽ 1) to complete necrosis or
other treatment-related effects (score ⫽ 5). Scores of 3 (small
areas [⬃5 cells per high-power field] of viable tumor) and 4 (predominate necrosis with scattered atypical cells or rare mitosis,
which did not progress within 6 months) were important because
they delineated the categorization of recurrent tumor versus necrosis, respectively. Each pathology report was independently
scored by 2 evaluators (J.D.H. and G.N.F.). In case of disagreement or an equivocal report, the pathology sample was re-evaluated by a board-certified neuropathologist (G.N.F.).

Statistics
The results of these 2 methods of perfusion analysis from the same
datasets were compared with the pathology results. The Spearman
nonparametric 2-tailed correlation was used to compare the perfusion data with the categoric ranked pathology grading, by using
SPSS (IBM, Armonk, New York) and R, Version 3.0.1 (http://
www.r-project.org). Additionally, post hoc arbitrary values were
used to find optimal cutoff values for sensitivity, specificity, and
accuracy, by using the cutoff in pathology grading of 3 and 4, as
defined above. The Kaplan-Meier method was used to estimate
the distribution of overall survival times from the time of the MR
imaging examination, and groups were compared by using the
log-rank test. Interrater reliability was calculated as both a per688
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Twenty-four patients met the inclusion criteria for the protocol,
including biopsy within 30 days for suspicion of recurrent glioma
with a progressively enhancing lesion on MR imaging. Of 200
patients evaluated with DCE under the protocol, 61 had biopsies.
Twenty patients with biopsies were excluded because of a nonglioma primary tumor, no previous radiation therapy, or pathology sampling occurring ⬎30 days after imaging. In addition, 17
patients were excluded due to a full-dose DCE examination (after
an imaging protocol change). No patient was excluded due to the
quality of the imaging.
There were 4 women and 20 men with an average age of 51 ⫾
9 years. Patients had previous diagnoses of glioblastoma (n ⫽ 15),
anaplastic astrocytoma (n ⫽ 7), anaplastic oligodendroglioma
(n ⫽ 1), and oligodendroglioma (n ⫽ 1). At least 3 glioblastomas
were secondary by dedifferentiation, with older pathologic results
showing lower grade tumor. The average time from radiation
therapy completion to imaging was 2.6 ⫾ 2.1 years, though 2
patients had the protocol within 6 months of therapy completion.
Thus, in most patients, the clinical question was recurrent glioma
versus delayed radiation-induced necrosis (rather than pseudoprogression). All except 1 patient had previous treatment with
temozolomide. Seven patients had previous treatment with bevacizumab, with a variety of other chemotherapies and/or vaccines used in 9 patients. An overview of the study design is
given in Fig 1.

Pathology Results and Follow-Up
Median follow-up was 24 months, with 1 patient having ⬍3
months’ follow-up. Of the 15 tumor recurrences (pathology score
of 1–3), 13 patients (87%) had died at the time of data analysis.
Nine patients had delayed radiation-induced necrosis by pathology (pathology score of 4 or 5), of which only 2 patients (22%)
had died. There was a significant association between pathology

Comparison of DCE measurement with pathologic gradinga
Nonparametric
Signiﬁcance
Measurement
Method
Coefﬁcient
(P Value)
trans
1-Nordic
0.606
.002
Mean K
1-Nordic
0.542
.006
Max Ktrans
1-Nordic
0.446
.03
Mean kep
1-Nordic
0.555
.005
Mean vp
1-Nordic
0.513
.01
Max vp
1-Nordic
0.566
.004
Mean ve
Short AUC
2-Simple
0.410
.047
Intermediate AUC
2-Simple
0.478
.018
Delayed short AUC
2-Simple
0.556
.005

Post Hoc Cutoff
ⱖ0.05 min⫺1b
ⱖ0.2 min⫺1
ⱖ0.27 min⫺1
⬎2c
⬎9c
⬎12c
⬎12%c
⬎14%c
⬎20%c,d

Sensitivity
80%
80%
47%
71%
73%
80%
93%
93%
93%

Speciﬁcity
78%
78%
78%
89%
67%
78%
67%
67%
78%

Accuracy
79%
79%
58%
79%
71%
79%
84%
84%
88%

Note:—Delayed short AUC indicates ratio of AUC from the lesion over the superior sagittal sinus vascular input integrated between the end of the initial vascular washout and
early progressive leakage phases; max, maximum; kep, reﬂux rate constant; ve, extravascular, extracellular volume fraction.
a
The methods given are for model-independent “simple” calculations of the signal with time (method 2) versus the pharmacokinetic model calculations using nordicICE (method
1). The pixel selection algorithm around the superior sagittal sinus was used for the latter. The nonparametric correlation to categoric ranking of pathology is given by a Spearman
 correlation. Post hoc arbitrary cutoff values are given for the most accurate performance for determining tumor, with tumor (pathology grading of 1–3) regarded as a positive
case for sensitivity and speciﬁcity.
b
Best performing modeled variable for correlation with pathology.
c
A relative unit.
d
Best performing model independent variable.

score and overall survival (hazard ratio ⫽ 7.93 for tumor recurrence, P ⫽ .002). Both evaluators of the pathology report were
within a point for all cases. One specimen was changed from a
pathology score of 3 to 2 after review of the specimen. There was
no disagreement between scores of 3 and 4.

Image Acquisition and Analysis
Method 1. To determine the best method for the nordicICE analysis (method 1), we tested 4 types of VIFs. The Ktrans values from
region-of-interest pixel choosing from the MCA or SSS worked
better than whole-brain coverage when compared with pathology. The fourth method for defining the VIF by using the complete region of interest in the SSS was immediately excluded because some of the maximum Ktrans values were reported as zero,
which was not possible given the contrast enhancement of these
areas indicating contrast escape from the vessel.
The Table demonstrates the best performing measurements
for both methods 1 and 2. The best correlation to the pathologic
grade by modeled values (method 1) was the mean extravascular
extracellular volume fraction, the mean vp, and the mean Ktrans by
VIF from pixel choosing in the SSS. Maximum Ktrans, mean reflux
rate constant, mean and maximum vp, and mean AUC also had
significant correlations for values with VIF from the region of the
SSS but not from the region of the MCA. An example of the
variation based on the VIF is given in Fig 2. The mean Ktrans of
ⱖ0.05 minutes⫺1 for residual tumor from the VIF near the SSS
had 2 false-positives and 3 false-negatives (sensitivity 80%, specificity 78%, and accuracy 79%). Although the model-independent
values of scaled AUC and peak values did correlate to pathology,
because they did not perform better than the best performing
model-independent variable from method 2, they are not included in the Table.
Method 2. Of all the possible time iterations for the generation of
normalized lesion AUC/VIF ratios (eg, wash-in to 90 seconds,
washout to 60 seconds, and so forth), the integration from the end
of the first-pass washout to 60 seconds after bolus arrival was the
best model-independent measure correlated to the pathology
grading (Spearman coefficient ⫽ ⫺0.56, P ⫽ .005) and had the

best accuracy of all measurements. The accuracy was 88% (93%
sensitivity, 78% specificity) with 2 false-positives and 1 false-negative by using a cutoff value of ⬎20% for tumor. It was termed
“delayed short AUC” because it fell between the initial vascular
washout and progressive leakage phases. This value correlated
with mean/maximum Ktrans (Spearman coefficient ⫽ 0.615/
0.462, P ⫽ .001/.021) and mean/maximum vp (Spearman coefficient ⫽ 0.570/0.441, P ⫽ .004/.031) by method 1. The delayed
short AUC also correlated to the mean unscaled area under the
curve from method 1 (Spearman coefficient ⫽ 0.487, P ⫽ .016);
this outcome is expected because these are similar values without
the use of model-dependent compartmental modeling.
The delayed short AUC outperformed the standard pharmacologic measurements of wash-in to 60 or 90 seconds (short and
intermediate AUC, respectively). Graphic representations of delayed short AUC and intermediate AUC integrations used to derive these values are shown in Fig 3 in the case of tumor recurrence
and Fig 4 for treatment-related necrosis. Note that the vascular
input in the SSS on these figures happens to correspond to the
axial image of the lesion location for ease of illustration, but this
correspondence is often not the case. Also note, as explained in the
legends, that the delayed short AUC by excluding the first pass of
contrast is less sensitive to the large vessels, such as found in the
VIF.
No additional arbitrary cutoff values for any of the parameters in method 1, with either the VIF from the SSS or MCA,
performed as well as the delayed short AUC. The patients
whose DCE values did not reflect pathology grading tended to
have atypical treatment regimens such as prior vaccines or antivascular endothelial growth factor treatment (eg, bevacizumab). This finding is expected given the granulation tissue
response, which can be created by locally delivered antitumor
vaccines (false-positive) and the vascular normalizing effect of
bevacizumab (false-negative).19

Intra- and Interreader Variability
For method 1, the second reader (J.L.) had a wide average
variability of 49.8 ⫾ 286.1% from reader 1 (J.D.H.) for mean
Ktrans ( value of 0 for cutoff of mean Ktrans ⱖ 0.05 minAJNR Am J Neuroradiol 36:686 –93
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on the same workstation as the rest of the
protocol, there was a substantial decrease
in analysis time. It took ⬃10 minutes for
method 1 with additional time required to
transfer images to a separate workstation
compared with ⬃5 minutes for method 2.

Argument for Model-Independent
Modeling
There are several possible explanations
for the delayed short AUC having
worked well. First, not including the first
pass of contrast agent results in relative
resistance to the frequent issue of a
large- or medium-sized vessel being
within the same voxel or region of interest as the contrast-enhancing lesion
(Figs 3 and 4). In some ways, this is like
removing the signal usually gathered by
gradient-echo dynamic susceptibility
contrast perfusion on the first-pass of
contrast for assessment of vascularity.
Second, there is resistance to a greater
value being generated primarily from
the change in signal intensity occurring
later due to slow progressive leakage, by
having a relatively narrow range of integration (30 – 45 seconds). This is a characteristic of delayed radiation-induced
necrosis (Fig 4). Third, by having the integration occur after the first-pass bolus
and by using a venous rather than an arterial VIF, the tumor-related delay in
FIG 2. Example of a change in modeled values related to the location of the vascular input function. mean transit time is less of an issue20 (see
Note a left parietal ring-enhancing lesion on axial postcontrast T1 imaging (A) and DCE (B), which on
subsequent pathology was recurrent glioblastoma with some superimposed treatment effects (pa- “Vascular Input Function Importance”
thology score of 2). A region of interest was drawn to cover the enhancing regions with sparing of the section). Thus, the signal in the delayed
centrally necrotic portion. C, The pixels chosen by nordicICE for a region of interest in the superior short AUC primarily is derived from the
sagittal sinus. D, The pixels chosen for the M1 and proximal M2 branches of the ipsilateral middle
cerebral artery. By changing from SSS to MCA, the mean/maximum Ktrans changed from 0.0165/0.169 contrast escape or permeability from the
to 0.283/3.003 in relative units, a 20⫻ difference. The mean/maximum plasma volume changed from vessel derived during the first pass of
0.652/4.94 to 5.49/34.87, a nearly 10⫻ difference.
contrast after the contrast in the vessel
has washed out. To a lesser degree, deutes⫺11). For method 2, the second reader (C.I.) had 14.7 ⫾
layed short AUC corresponds to the second pass of contrast
28.2% average variability for the short delayed AUC measurewithin the vessels, which relates to the microvascular attenuation/
ment compared with reader 1 (J.D.H). When the cutoff value
plasma volume. Thus, the observed signal change is a combinaof 20% was used, this yielded a  value of 0.6, due to addition of
tion of pharmacokinetic model parameters Ktrans, vp, and reflux
1 false-positive and 4 false-negatives. When the second reader
rate constant, as demonstrated by the correlation with the modrepeated the measurement, there was 2.8 ⫾ 28.8% average ineled parameters.
trareader variability.
Our technique tried to limit variations in contrast agent bolus,
with most wash-in and washout periods averaging 3– 4 time
DISCUSSION
points or 15–20 seconds. The average delayed short AUC meaWe compared a simple model-independent signal-intensity
sures incorporated ⬃9 time points (45 seconds) of data. If the
change analysis versus a 2-compartment pharmacokinetic model
bolus was slow to washout on VIF, a minimum of 30 seconds of
analysis, choice of vascular input function, and choice of analysis
integration time was used. Delayed short AUC differs from the
output parameters to determine the optimal method for deterinitial AUC by 60 –90 seconds because it does not include the first
mining delayed radiation-induced necrosis from recurrent glipass of the contrast agent bolus. The latter have been reported in
oma. A novel measurement based on model-independent analysis
the pharmacologic literature as robust parameters without modperformed in a manner equivalent to the corrected 2-compartment
modeling analysis for our dataset. Because method 2 was processed
eling error,14 but did not correlate as well in this study.
690
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FIG 3. Example of recurrent glioblastoma by using 2 different AUC measurements. A, An enhancing lesion on T1WI involving the left parahippocampal region, which proved to be recurrent glioblastoma. B, A signal change over the time curve from the Advantage Workstation (GE
Healthcare). The pink curve (voxel 2) is derived from the superior sagittal sinus (more inferior than normal positioning for illustration purposes)
and demonstrates an initial vascular phase with the ﬁrst pass of contrast washing in and then out. The green curve (voxel 1) demonstrates the
signal change of a recurrent glioblastoma showing the initial rise of signal during the vascular phase followed by a slow rise during accumulated
contrast escape or leakage of the contrast agent from the vessel. The red box demonstrates the time of integration for the “intermediate AUC”
whose corresponding image is C, labeled “0.90.” The blue box demonstrates the time of integration showing the values for the “delayed short
AUC” over approximately 45 seconds, labeled “3.60.” Notice in the corresponding image (D) that the cortical vessels are less well-seen than in
C but the tumor remains (scaling is the same). Numerically, the vascular input decreases 49% (from an area under the curve of 500 to 257 relative
units), while the tumor only decreases signal by 18% (97 to 80). Intermediate and delayed short AUC values from these data are 19% (97/500) and
31% (80/257), respectively.

Arguments against Simple Modeling
One weakness of the delayed short AUC measurement is that it
is heavily dependent on user input. The values for the SSS can
be widely variable if care is not taken to do the following: 1) use
a large enough region of interest to reduce undersampling, 2)
keep the region of interest completely within the venous sinus,
and 3) pick an area that minimizes inhomogeneity due to inflow from unopacified veins or sections toward the edges of the
imaging volume. For this latter point, we used the vertical portion of the superior sagittal sinus in a region that did not have
a feeding vein within the axial image. The delayed short AUC
measurement also helped by using the vascular information in
a more steady-state compared with the volatility and regional
variability in signal change of the first pass of contrast. Additionally, the user must also define the lesion region of interest
on the basis of the contrast enhancement, and this region of
interest will invariably differ from observer to observer.21
These limitations are revealed in the interrater analysis, which
shows wide variability and poorer performance by the second
reader. Most surprising, the modeled data actually had greater
variability, which may be partially attributed to the relative
inexperience of the trainee. More sophisticated methods of
volume rendering, segmentation, and histogram analysis have

been reported,21 which may further improve the reproducibility of mean values from the ROIs.
Of the 5 recommendations for measurement of Ktrans or the
initial area under the gadolinium concentration versus time
curve made by a prior consensus group,14 this study did not use
T1 mapping and estimates of contrast agent relaxivity in tumor
vasculature and tissue for converting signal-intensity change
to contrast agent concentration. Our group thought these steps
would add further error/inefficiency and work against the goal
of obtaining a simple, time-efficient data analysis methodology. However, a VIF and power injector were used to improve
reproducibility in a group of patients with heterogeneous cardiac output. Also, scanning sufficiently began before contrast
arrival to establish a baseline, at least 5 time points before
contrast wash-in. These steps are necessary for model-independent measurements, which are more dependent on changes
in the acquisition technique compared with complex modelbased analysis,14,21 which has been our experience. The magnet
strength, injection parameters, cardiac output, and so forth
can all have nonlinear changes in the dynamic T1 response that
make it challenging to compare results from various institutions.14,21 Whatever the method chosen, consistency and
pathologic validation are important for establishing it.
AJNR Am J Neuroradiol 36:686 –93
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measured values if it is late rather than
early. The method of picking the VIF
for the delayed short AUC was the
least useful method when applied to
method 1, because it forced the Ktrans
values to zero. This is likely because the
SSS had such a large signal change that
the contrast accumulation in the lesion
was relatively insignificant in the model.

Further Study Limitations

FIG 4. Example of treatment-related necrosis by using 2 different AUC measurements. A, An
enhancing lesion on T1WI of the left frontal lobe, which was proved to be treatment-related
necrosis (pathology grade ⫽ 5). B, A slow progressive increase in signal of the lesion compared
with the vascular input and the lesion in B. C and D, the “intermediate AUC” and “delayed short
AUC” integrations, respectively. Notice the signiﬁcant drop in the superior sagittal sinus between
these integrations (312 to 219 relative units) with little change in the lesion (it remains at 28).
Intermediate and delayed short AUC values from these data are 9% (28/312) and 12% (28/219),
respectively.

Vascular Input Function Importance
The method of VIF determination is important for determining clinically useful values. For this particular clinical question,
the automated selection of pixels in a region near the superior
sagittal sinus outperformed other locations for method 1. We
compared the timing of wash-in and washout of the first bolus
pass from the MCA and SSS regions with the image mean
value. In 11 of the 24 cases, there was a delay in the start of the
wash-in and/or a delay in the peak of the VIF for the SSS
compared with the image mean timing. Similarly, 5 of the cases
had early wash-in or peak compared with the image mean timing with VIF around the MCA. On average, the peaks were also
lower for the MCA compared with the SSS (596 ⫾ 461 versus
1457 ⫾ 1272 in relative signal-intensity units, respectively).
One possible reason that the VIF near the SSS worked better is
that if there was to be a delay between the transit time of the
lesion and the vein, there was still signal from contrast leakage
and vascular recirculation in the enhancing lesion after the first
pass. However, if the timing derived from the VIF was early, as
with that derived from the MCA, this arrival may result in
spuriously low-average results because the integration began
before the first bolus pass reached the lesion and would have
values near baseline T1. In other words, for the same increment
of error in timing the VIF, there is probably less error in the
692

Hamilton

Apr 2015

www.ajnr.org

A further limitation to any retrospective
study is that the biopsy specimen location was not predetermined; therefore,
the location could not be correlated directly back to a particular pixel or region-of-interest value. In addition, the
pathology grading criteria were done
retrospectively on the basis of reports
and were confirmed in equivocal cases
by pathology, rather than strict grading
criteria, with actual percentage tumor
estimations or automatic counts done
prospectively. The total number of patients in this study was small. There was
heterogeneity in the timing of imaging
and the variety of treatments used.

CONCLUSIONS

Several methods of using DCE data were
compared with the pathology for treatment-related effects versus recurrent
high-grade gliomas; this comparison is
relevant to clinical decision-making and
survival. The results indicate that a measurement based on model-independent data analysis (delayed short AUC) performed at
least as well as more complex model-based methods, with an accuracy of up to 88%. Because this measurement is technique- and
observer-dependent, care must be taken to ensure reliability. Additionally, it is shown that vascular input function derived from
the superior sagittal sinus is superior to that from the middle
cerebral artery.
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Imaging the Intracranial Atherosclerotic Vessel Wall Using 7T
MRI: Initial Comparison with Histopathology
A.G. van der Kolk, J.J.M. Zwanenburg, N.P. Denswil, A. Vink, W.G.M. Spliet, M.J.A.P. Daemen, F. Visser, D.W.J. Klomp,
P.R. Luijten, and J. Hendrikse

ABSTRACT
BACKGROUND AND PURPOSE: Several studies have attempted to characterize intracranial atherosclerotic plaques by using MR imaging
sequences. However, dedicated validation of these sequences with histology has not yet been performed. The current study assessed the
ability of ultra-high-resolution 7T MR imaging sequences with different image contrast weightings to image plaque components, by using
histology as criterion standard.
MATERIALS AND METHODS: Five specimens of the circle of Wills were imaged at 7T with 0.11 ⫻ 0.11 mm in-plane-resolution proton
attenuation–, T1-, T2-, and T2*-weighted sequences (through-plane resolution, 0.11–1 mm). Tissue samples from 13 ﬁducial-marked locations
(per specimen) on MR imaging underwent histologic processing and atherosclerotic plaque classiﬁcation. Reconstructed MR images were
matched with histologic sections at corresponding locations.
RESULTS: Forty-four samples were available for subsequent evaluation of agreement or disagreement between plaque components and
image contrast differences. Of samples, 52.3% (n ⫽ 23) showed no image contrast heterogeneity; this group comprised solely no lesions or
early lesions. Of samples, 25.0% (n ⫽ 11, mostly advanced lesions) showed good correlation between the spatial organization of MR imaging
heterogeneities and plaque components. Areas of foamy macrophages were generally seen as proton attenuation–, T2-, and T2*- hypointense areas, while areas of increased collagen content showed more ambiguous signal intensities. Five samples showed image-contrast
heterogeneity without corresponding plaque components on histology; 5 other samples showed contrast heterogeneity based on
intima-media artifacts.
CONCLUSIONS: MR imaging at 7T has the image contrast capable of identifying both focal intracranial vessel wall thickening and
distinguishing areas of different signal intensities spatially corresponding to plaque components within more advanced atherosclerotic
plaques.
ABBREVIATIONS: CoW ⫽ circle of Willis; PD ⫽ proton-attenuation

I

ntracranial atherosclerosis is emerging as one of the main causes
of cerebral ischemic stroke and transient ischemic attack, with a
high risk of recurrent ischemic events.1 In recent years, several
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MR imaging sequences have been developed on 3T and 7T field
strengths that specifically visualize the intracranial arterial vessel
wall, enabling direct assessment of intracranial atherosclerotic
plaques.2-8 Similar to studies of carotid artery atherosclerosis almost a decade ago, several studies have recently attempted to
characterize intracranial plaque components, such as intraplaque
hemorrhage,9,10 fibrous cap,11 and lipid components, by using
MR imaging.12,13
For the carotid arteries, much research has already been done
validating image signal heterogeneity within the vessel wall with
histology, the criterion standard.14-20 Imaging carotid artery atherosclerosis has the advantage of easy access to ex vivo atherosclerotic plaque material for validation, using carotid endarterectomy
specimens. It is now possible to image calcification, fibrous cap,
intraplaque hemorrhage, and lipid-rich necrotic core in the carotid artery with moderate-to-good sensitivity and specificity by

using multicontrast MR imaging.20 Although 1 recent study
showed promising preliminary results of plaque characterization
by using a combined T1- and T2-weighted sequence21 compared
with histology, dedicated validation with histology of intracranial
vessel wall sequences with multiple image contrast weightings has
not yet been performed. Therefore, whether MR imaging with
multiple image contrast weightings has enough image contrast to
also visualize various intracranial atherosclerotic plaque components remains a question.
Validation of MR images with histology for intracranial atherosclerosis in vivo is much more cumbersome compared with
carotid plaques, because no therapies (comparable with carotid
endarterectomy) exist in which intracranial atherosclerotic
plaques are removed. Furthermore, intracranial arteries are
smaller than carotid (or other major peripheral) arteries,22 necessitating a high spatial resolution, and therefore high SNR, for
plaque visualization. Because the SNR increases approximately
linearly with field strength, 7T MR imaging might provide the
spatial resolution necessary to image small atherosclerotic
plaques.22 Furthermore, several dedicated intracranial vessel wall
sequences at 7T have already shown promising results in the visualization of vessel wall lesions in vivo.
In this feasibility study, ultra-high-resolution 7T MR imaging
sequences with different image contrast weightings were developed and used in an ex vivo setting, to assess the ability (image
contrast) of 7T MR imaging to image different intracranial atherosclerotic plaque components. For validation of our findings,
results were compared with histology.

MATERIALS AND METHODS
Specimen Preparation
Five specimens of the circle of Willis (CoW) were selected from
⬎100 postmortem cases that were performed in our institution.
Material was handled in a coded manner that met the criteria of
the code of conduct used in the Netherlands for the responsible
use of human tissue in medical research (www.federa.org/codesconduct), and institutional review board approval for this retrospective study was obtained. The primary selection criterion was
the macroscopic presence of atherosclerosis as judged by an experienced pathologist (A.V.). Furthermore, care was taken that the
specimens included the major arteries of the CoW; if specimens
were damaged and therefore not complete (ie, histologic samples
could not be taken from all 13 locations described below), they
were excluded from our study, even when macroscopic atherosclerosis was present. All specimens had been stored in formaldehyde. After selection, the specimens were cleaned thoroughly with
a lukewarm solution of polysorbate 20 (0.5% Tween-20; Sigma
Aldrich, St. Louis, Missouri) dissolved in distilled water to remove
blood clots within the arterial vessel lumen, reducing the chance
of artifacts on MR imaging. The specimens were then individually
placed within a 9.5-cm round Petri dish and embedded in a 2%
agarose solution (Seakem LE Agarosel; Lonza, Rockland, Maine).
During immersion in the agarose solution, care was taken to remove all air from the specimens. The embedded specimens were
stored in a refrigerator at a temperature of 5°C for solidification
until imaging could be performed.
To enable spatial correlation of the MR images with histologic

sections, we used cactus spines as fiducials and placed them in the
agarose gel, adjacent to 13 locations of histologic sampling. The 13
locations (Fig 1) included, when possible (no air within artery), all
the major arteries of the CoW: vertebral arteries, basilar artery
(different levels), posterior cerebral arteries, distal ICAs, MCAs,
and anterior cerebral arteries.

MR Imaging Protocol
Imaging was performed on a 7T whole-body system (Achieva;
Philips Healthcare, Best, the Netherlands) with two 16-channel
dedicated surface coils (High density surface array; MR Coils BV,
Drunen, the Netherlands) above and below the specimens for
signal reception,23 and a volume transmit/receive coil for transmission (Quad TR; Nova Medical, Wilmington, Massachusetts).
Two specimens could be imaged at one time. The specimens,
within their Petri dish, were placed on top of each other in the
middle of a thin plastic container, by using plastic filling above
and below. The container was then filled with fluorinated lubricants (Fomblin PFPE; Solvay Solexis, Bollate, Italy) until the specimens were completely submerged, to provide susceptibility
matching. The two 16-channel surface coils were placed above
and below the filled box, after which the whole package was placed
inside the volume transmit/receive coil.
Imaging was performed at room temperature. For imaging,
sequences with 4 different contrast weightings were used, resembling previous MR imaging– histologic correlation studies in the
proximal ICA. Parameters of the 4 sequences can be found in
On-line Table 1. After a 3D T1-weighted turbo field echo sequence with full-specimen coverage was applied, single-section
proton-attenuation (PD)–weighted spin-echo-, single-section
T2-weighted TSE, and single-section T2*-weighted turbo field
echo sequences with identical geometric parameters were performed for each of the 13 marked locations (resulting in 1 section
per image contrast per sample location), by using the T1weighted images for planning. The PD-weighted spin-echo and
T2-TSE sequences included an inversion pulse to null the signal
from the agarose gel, similar to CSF suppression in a FLAIR sequence. The inversion delay of 1100 ms was regarded as long
enough to limit the amount of T1-weighting in the vessel wall,
which has a shorter T1 ex vivo (approximately 300 ms; data not
shown). The total scan duration for each CoW specimen was approximately 40.5 hours. To compensate for potential frequency
drifts due to the long sequence durations, we used frequency navigators. For the PD-weighted spin-echo and T2-TSE, the nonselective frequency navigators were applied just before excitation
and used to adjust the system frequency accordingly. For the T2*weighted turbo field echo sequence, a navigator echo was used, as
described previously.24

Histologic Processing
Histologic processing was performed by using an in-house-developed protocol. After imaging was performed, approximately 0.5cm-thick tissue samples were taken from the 13 marked locations
of each CoW specimen. Ink markings were then used to enable
correlation of histologic sections and MR images: Black ink was
used to mark the sample side next to the fiducial, while blue ink
was used to mark the cranial side of the sample with respect to the
AJNR Am J Neuroradiol 36:694 –701
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FIG 1. Photograph (A) and maximum intensity projection (B) of the 7T T1-weighted turbo ﬁeld echo MR imaging sequence of the CoW specimen
of an 87-year-old man embedded in a 2% agarose solution within a Petri dish. The sample locations are illustrated by white lines. For each sample
location, care was taken to avoid sampling near a visible air bubble or sampling of a collapsed arterial segment. The N below each arterial
segment denotes the number of samples for that location within the 44 assessed samples obtained from the 5 CoW specimens. MR images were
correlated with histologic sections by using ﬁducials placed within the agarose solution (arrows in A and B). A1 indicates A1 segment of the
anterior cerebral artery; Dist-BA, distal segment of the basilar artery; Mid-BA, middle segment of the basilar artery; Prox-BA, proximal segment
of the basilar artery; ACA, anterior cerebral artery; VA, vertebral artery.

Petri dish. The tissue samples, placed within small plastic containers with 6 spaces, were then placed in the chelating reagent ethylenediaminetetraacetic acid 12.5% for 3– 4 days to dissolve wall
calcifications, to reduce the risk of damaging the samples during
slicing. Ethylenediaminetetraacetic acid captures calcium ions
within calcified areas but retains associated phosphate groups,
which can afterward be visualized with an H&E stain. After being
processed and embedded in paraffin, the samples were cut into
4-m sections, stained with H&E and Van Gieson elastic, and
assessed by using a slide scanner (Slide scanner with Dotlide software, Version 2.5; Olympus, Tokyo, Japan).
The modified American Heart Association classification by
Virmani et al25 was used to classify each sample on atherosclerotic
characteristics, as follows: no anomaly; early lesions, including
intimal thickening (⬍50% smooth-muscle cells, no lipids, inflammatory cells), fatty streak, and pathologic intimal thickening
(⬎50% smooth-muscle cells, rich in proteoglycans, foamy macrophages); and advanced lesions, including fibrolipid plaque
(⬎40% lipid), thin cap atheroma (⬍65-m thickness), fibrous
plaque (⬍40% lipid), fibrocalcified plaque (⬎40% calcified), and
calcified nodule (calcified element protruding into the intima).
When applicable, plaque complications, like rupture, hemorrhage, or erosion, were also assessed.

Correlation of MR Images with Histology
First, T1-weighted images were reconstructed (0.11-mm thickness) for each sample, corresponding to the orientation and location of the PD-, T2-, and T2*-weighted images at each of the 13
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locations marked by the fiducials. Then, the MR images were
compared with the histologic sections at the corresponding location. If the MR images did not match the corresponding histologic
section due to errors in MR imaging planning or gross deformation of the sample during histologic processing, the sample was
excluded from analysis. Some deformation of the samples is inevitable; however, when no correlation in shape could be identified
even when the ink locations were used as additional spatial markers, the sample was excluded. Samples were also excluded from
analysis in case of histologic processing errors (mixed-up/damaged/parallel, instead of perpendicular, cut samples). The resulting MR imaging histology sets were then evaluated for agreement
or disagreement between plaque components and image contrast
differences. First, MR images were assessed by A.G.v.d.K. for the
presence of image contrast heterogeneity within the arterial vessel
wall for each sample; then, the corresponding areas on the histologic sections were assessed by N.P.D. for possible atherosclerotic
changes that could explain the image contrast heterogeneity seen
on the MR images.
When no vessel wall atherosclerosis was present, heterogeneities on MR imaging were scored as having “no correlation.”
When atherosclerosis was present in the same area, the spatial
organization of plaque components (eg, collagen-rich rim, areas
of foamy macrophages) was compared with the spatial organization of the vessel wall MR imaging heterogeneities, scoring either
“no correlation” or a correlation that was then described more
specifically. Finally, samples in which no MR imaging heteroge-

FIG 2. Overview of histologic classiﬁcation and the presence of vessel wall heterogeneity on MR imaging of the 44 samples of the CoW,
including correlation scoring. “Artifact” indicates intima-media artifacts; F, ﬁbrous plaque; FL, ﬁbrolipid plaque; FS, fatty streak; Hom., vessel wall
with homogeneous signal intensity; Hetero., vessel wall with heterogeneous signal intensity; IT, intimal thickening; NA, no anomaly (no atherosclerosis); Path.IT, pathologic intimal thickening.

neity was found but where atherosclerotic changes were present
were also described. Because this was a feasibility study assessing
the ability of 7T MR imaging to provide sufficient image contrast
for visualizing intracranial atherosclerotic plaques and characterizing its components, blinding was not performed.

RESULTS
Sample Population
Five CoW specimens from 3 men, 54 (subject 1 in figures), 71
(subject 2), and 87 years of age (subject 3), and 2 women, 65
(subject 4) and 74 years of age (subject 5), were used; although
clinical information regarding disease status of these patients was
not available due to the coded handling of the material, our histopathologic studies did not show characteristics of other specific
diseases (vasculopathy, vasculitis) that may have adversely affected the arteries. A total of 65 samples of CoW arteries was
obtained; 21 of these 65 samples (32.3%) were excluded due to
either lack of correlation in shape or fiducial location (n ⫽ 11), air
within the sample that was not seen during MR imaging planning
(n ⫽ 1), or histologic processing errors (n ⫽ 9), resulting in 44
samples for assessment. Processing samples for histologic analysis
was a very delicate process, due to the fragile nature of the arterial
tissue in combination with the small size of the taken samples;
these features sometimes led to parallel cut samples or deformation of the sample. Figure 1 illustrates the sample location and the
number of samples obtained at each location.

Histologic Classiﬁcation
Five samples (11.4%) had no atherosclerosis; 31 samples (70.4%)
contained early atherosclerotic lesions: Twenty-four samples
showed intimal thickening, 4 showed a fatty streak, and 3
showed pathologic intimal thickening. The remaining 8 samples (18.2%) showed either fibrous plaques (n ⫽ 7) or a fibrolipid plaque (n ⫽ 1). No fibrocalcific plaques, calcified nodules, or thin cap atheromas were seen; also, no plaque
complications such as rupture, (intraplaque) hemorrhage, or
erosion were found.

MR Image Contrast Heterogeneity
Twenty-three of 44 samples (52.3%) showed no image-contrast
heterogeneity on any of the 4 MR image contrast weightings (T1-,
PD-, T2-, or T2*-weightings; Fig 2 and On-line Figure). Samples

within this group comprised solely no or early lesions: Five samples had no atherosclerosis; the other 18 showed intimal thickening (On-line Figure). In 21 of 44 samples (47.7%), various patterns of image contrast heterogeneity were found (Fig 2 and
On-line Table 2). Eleven samples (25.0%; Fig 3) showed good
correlation between the spatial organization of vessel wall MR
imaging heterogeneities (areas of decreased or increased signal
intensity) and the spatial organization of plaque components (eg,
collagen-rich rim, areas of foamy macrophages). These 11 samples comprised 8 advanced lesions (7 fibrous plaques, 1 fibrolipid
plaque) and 3 samples with pathologic intimal thickening (last
stage of early lesions). Within these samples, areas of foamy macrophages and proteoglycans or areas with high levels of lipids were
most often (8 of 9 plaques with these characteristics) seen as hypointense areas within the vessel wall on the PD-, T2-, and T2*weighted sequences (Fig 3); 1 sample with foamy macrophages
showed a hyperintense signal on all sequences used (distal basilar
artery in a 71-year-old man, On-line Table 2). Areas of increased
collagen content (present in all 11 plaques) showed more ambiguous signal intensities: Five samples showed corresponding hyperintense areas on at least T2- and T2*-weighted images (Fig 3,
cases 1–3), with isointense-to-hyperintense signal on the T1- and
PD-weighted images, while 5 samples showed a hypointense signal for these areas on the T2- and T2*-weighted images (Fig 3, case
4), with various signal intensities on the T1- and PD-weighted
images. In 1 sample, the collagen-rich area could only be distinguished from healthy vessel wall because of the adjacent hypointense area of foamy macrophages.
Five other samples (3 with intimal thickening and 2 with fatty
streaks, 11.4%) showed image-contrast heterogeneity on MR images, without corresponding plaque components on histologic
sections (Fig 4). Eleven samples (25.0%, 5 with no other signal
heterogeneity; Fig 4) showed a hypointense line within the vessel
wall on the PD-, T2-, and T2*-weighted images, which was isointense on the T1-weighted images. Although this hypointensity
corresponded with a space between the intima and media of the
arterial wall on the histologic sections, it was regarded as artifacts
of the specimen because of either detachment of the intima (eg,
due to prolonged storage) or because of cleaning the specimens
(flushing arteries with water/careful removal of blood clots). Due
to these intima-media artifacts, making a distinction between arAJNR Am J Neuroradiol 36:694 –701
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FIG 3. Four examples of atherosclerotic plaques with corresponding signal heterogeneity on 7T MR images. Histologic sections (magniﬁcation
⫻10) with Van Gieson elastic (a) and H&E (b) staining, with corresponding 7T MR images of T1-weighted (c), PD-weighted (d), T2-weighted (e), and
T2*-weighted (f) sequences. a1–f1, Cross-section of the left ICA of subject 3. Histologic examination shows ﬁbrous plaque with proteoglycans
(white arrow, a1– b1) and increased collagen (black arrow, a1– b1); a patch of foamy macrophages can also be appreciated (dashed white arrow,
a1– b1). On the corresponding MR images, the rim of increased collagen can be seen as hyperintense on all sequences (black arrow, c1–f1), while
the small patch of foamy macrophages corresponds with a hypointense area (dashed arrow, c1–f1). Due to the intima-media artifacts, a
distinction between artifacts (arrowheads, a1– b1) and proteoglycans lining the artifacts within the hypointense area on MR imaging (white
arrow, c1–f1) cannot be made. a2.1–f2.3, Cross-sections of the right vertebral artery (2.1), right ICA (2.2), and left ICA (2.3) of subject 2. a2.1–f2.1,
Histologic examination shows ﬁbrous plaque with increasing collagen from outside (white arrows, a2.1– b2.1) to inside (black arrows, a2.1– b2.1);
on the corresponding MR images, the area with more strongly increased collagen appears as a mostly hyperintense inner area (dashed arrows,
c2.1–f2.1), compared with the area with less collagen (white arrows, c2.1–f2.1). a2.2–f2.2, Histologic examination shows pathologic intimal
thickening with proteoglycans and foamy macrophages (white arrow, a2.2– b2.2) and increased collagen (black arrow, a2.2– b2.2); again, the
collagen-rich inner area appears isointense on the MR images (dashed white arrow, c2.2–f2.2), while the area with proteoglycans and foamy
macrophages appears mostly hypointense (white arrow, c2.2–f2.2). a2.3–f2.3, Histologic examination shows ﬁbrous plaque with a thick inner rim
of increased collagen (black arrow, a2.3– b2.3) and a thick outer rim with foamy macrophages (white arrow, a2.3– b2.3); in this case, vessel wall
thickening on MR imaging has a hypointense signal, corresponding with both foamy macrophages and increased collagen (white arrow,
c2.3–f2.3).

tifacts and proteoglycans/foamy macrophages lining the artifacts
within the hypointense area on MR imaging was sometimes difficult (Fig 3, case 1).

DISCUSSION
In the present study, we assessed the feasibility of 7T MR imaging
to characterize ex vivo intracranial atherosclerotic plaques with
sufficient image contrast, by using ultra-high-resolution sequences with 4 different contrast weightings. Areas of focal arte698
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rial vessel wall thickening on ultra-high-resolution MR images
corresponded with histologically determined advanced atherosclerotic lesions. In all of these more advanced lesions, signal heterogeneities on 7T MR imaging enabled the spatial differentiation
of different plaque components, like foamy macrophages and collagen. In early lesions, no signal-intensity heterogeneity could be
observed.
Using 7T MR imaging with dedicated surface coils made it
possible to image the intracranial arterial vessel wall ex vivo with

FIG 4. Two examples of discrepancies between 7T MR imaging and histology. Histologic sections (magniﬁcation ⫻10) with Van Gieson elastic (a)
and H&E (b) staining, with corresponding 7T MR images of the T1- (c), PD- (d), T2- (e), and T2*-weighted (f) sequences. Cross-section of the right
posterior cerebral artery (a1–f1) and left ICA (a2–f2) of subject 5. a1–f1, Histologic examination shows a fatty streak (black arrow, a1– b1), which
is not seen as signal heterogeneity of the vessel wall on the MR images. A hypointense area away from the fatty streak can be appreciated on
the MR images (dashed white arrow, d1–f1), but this does not correspond with any vessel wall pathology on histology, apart from intima-media
artifacts. a2–f2, Histologic examination shows minor intimal thickening on the PD-, T2-, and T2*-weighted MR images. A hypointense line can be
seen within a large part of the vessel wall (dashed white arrow, d2–f2), which corresponds to intima-media artifacts on the histologic sections
(black arrow, a2– b2).

an acquired in-plane resolution of 0.11 ⫻ 0.11 mm. For the T1weighted turbo field echo sequence, the images could be reconstructed in all directions by using 3D image acquisitions of 0.11 ⫻
0.11 ⫻ 0.11 mm. With this high spatial resolution, conspicuity of
the intracranial arterial vessel wall and its pathology could be obtained, though some problems of ex vivo imaging remained, such
as removal of all air from the arterial lumen, that may otherwise
give rise to image artifacts. An initial comparison was performed
with histologic classification at specific arterial locations, similar to carotid plaque characterization studies.26 Of the 44 arterial samples that were assessed in this study, correlation between MR imaging and histology was shown to be best in the
samples with more advanced lesions. None of the 5 samples
with healthy arterial vessel walls showed areas of signal hypoor hyperintensity on MR images. This finding was also true for
18 of 24 samples (75%) with intimal thickening, suggesting
that these early atherosclerotic changes are beyond the contrast-to-noise ratio obtained with the ultra-high-resolution sequences used.
Of the more advanced lesions, all 8 samples (7 with fibrous
plaque, 1 with fibrolipid plaque) showed at least partial correlation between the spatial organization of the MR signal heterogeneities and the spatial organization of plaque components of the
corresponding histologic sections. In this small subset, a hypointense signal on all sequences generally corresponded to the presence of foamy macrophages, increased proteoglycans, or a lipidrich core (with or without additional intima-media artifacts).
Areas of increased collagen content showed more ambiguous signal intensities ranging from hypo- to hyperintense on the same
image contrast weightings. In comparison, previous studies27-29
on plaque characterization in the carotid artery showed a lipidrich core to be hyperintense on T1-weighted imaging and iso- to
hypointense on PD- and T2-weighted imaging; a fibrous (collagen-rich) area was shown to be isointense on T1-weighted imag-

ing, iso- to hyperintense on T2-weighted imaging, and hyperintense on PD-weighted imaging. The discrepancies in signal
characteristics between these studies and our results may be due
to the prolonged formalin fixation of our specimen, due to the
changed contrast at ultra-high-field (where, for example, compact collagen has a shorter T2*30), or they may be related to the
less advanced atherosclerotic status of most of our samples. For
instance, we only had 1 sample with a lipid-rich core, and no
samples with intraplaque hemorrhage or plaque rupture, advanced atherosclerotic characteristics on which the MR signal
characteristics of these previous studies were mostly based.27-29
Overall, the clearest histology-corresponding image contrast heterogeneity was seen on the T2- and T2*-weighted MR images (see,
for instance, Fig 3e1-f1), followed by the T1-weighted images. The
PD-weighted images showed less clear image contrast differences
among different plaques components.
In 14% of the samples (n ⫽ 6), heterogeneity of the arterial
vessel wall was found on MR imaging without histologic correlates. This could be due to the larger through-plane spatial resolution of the sequences used in this study. Although a throughplane spatial resolution of only 1 mm was used, the resolution
obtained with histologic sections was still several factors above the
MR imaging resolution. Partial volume effects within the obtained 1-mm-thick images resulted in a summation of signal intensities within this 1-mm-thick area, while a single histologic
section of 4-m thickness only showed pathology within that
4-m-thick area.
This study has limitations. Although CoW specimens were
selected that macroscopically contained atherosclerotic plaques,
only 18% of samples contained advanced plaques with corresponding plaque components. A higher percentage of advanced
plaques would have given more clear insight into the specific MR
signal characteristics of different plaque components (general signal intensity on different image contrast weightings), which are
AJNR Am J Neuroradiol 36:694 –701
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not as clearly present in early lesions. Especially, increased collagen content within atherosclerotic plaques, which showed ambiguous signal-intensity results in the current study, might benefit
from inclusion of more advanced plaques. Even so, our results still
show that 7T MR imaging has the image contrast to show focal
thickening of the intracranial arterial vessel wall and to distinguish areas with different plaque components by using ultrahigh-resolution sequences. Furthermore, in this study, 2D sections of selective areas were used for most MR imaging; a 3D
approach (like the T1-weighted sequence used) with isotropic
voxels would decrease exclusion of samples due to location
inconsistencies between MR imaging and histology, thereby
decreasing possible selection bias. Regarding technical improvements, development of quantitative MR images, like T1-,
T2-, and T2* mapping, would enable quantitative plaque characterization, making qualitative scoring performed in the current study unnecessary. These improvements would not only
enable more firm statements regarding the accuracy of either
T1-, T2-, or T2*-weighted sequences in characterizing atherosclerotic plaque, they could also enable the development of in
vivo sequences specifically designed to visualize ⱖ1 plaque
component with high image contrast, even making very high
spatial resolutions unnecessary.
A hypointense line within the vessel wall was seen in 25% of
samples, corresponding to a defect between the intima and media
of the vessel wall. These artifacts could be related to a prolonged
storage period of the CoW specimens. Although easily identifiable, it did influence our results (On-line Table 2); because the
same hypointense signal is seen in foamy macrophages/lipid-rich
core, we therefore could not clearly distinguish vacant space from
foamy macrophages/lipid-rich core when the artifacts were present in the histologic sections. This limitation, however, will not be
present with in vivo characterization of intracranial atherosclerotic plaques. Furthermore, the current ex vivo studies will be of
limited use in the validation of contrast enhancement that can be
visible with in vivo MR imaging. Obviously, contrast agent injection and subsequent enhancement can only be imaged in vivo,31
and postmortem examination in these patients is the only validation method. Finally, the very long scan duration (approximately
40 hours) of the ultra-high-resolution sequences used in this
study prohibits their use in vivo in clinical practice. However, we
think that our results may serve as a starting point for further
histologic validation of in vivo intracranial vessel wall sequences,
albeit with lower spatial resolutions.

CONCLUSIONS
Our results show that 7T MR imaging, by using ultra-high-resolution sequences with different image contrast weightings, has
image contrast capable of identifying focal thickening of the intracranial arterial vessel walls and distinguishing areas of different
signal intensities that spatially correspond to plaque components
within more advanced intracranial atherosclerotic plaques. Additional studies that further validate signal characteristics of the
specific plaque components in a quantitative manner, also for
lower resolution sequences, will enable future in vivo characterization of intracranial atherosclerotic plaques.
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Modeling the Relationship among Gray Matter Atrophy,
Abnormalities in Connecting White Matter, and Cognitive
Performance in Early Multiple Sclerosis
X A.F. Kuceyeski, W. Vargas, M. Dayan, E. Monohan, C. Blackwell, A. Raj, K. Fujimoto, and S.A. Gauthier

ABSTRACT
BACKGROUND AND PURPOSE: Quantitative assessment of clinical and pathologic consequences of white matter abnormalities in
multiple sclerosis is critical in understanding the pathways of disease. This study aimed to test whether gray matter atrophy was related to
abnormalities in connecting white matter and to identify patterns of imaging biomarker abnormalities that were related to patient
processing speed.
MATERIALS AND METHODS: Image data and Symbol Digit Modalities Test scores were collected from a cohort of patients with early
multiple sclerosis. The Network Modiﬁcation Tool was used to estimate connectivity irregularities by projecting white matter abnormalities onto connecting gray matter regions. Partial least-squares regression quantiﬁed the relationship between imaging biomarkers and
processing speed as measured by the Symbol Digit Modalities Test.
RESULTS: Atrophy in deep gray matter structures of the thalami and putamen had moderate and signiﬁcant correlations with abnormalities in connecting white matter (r ⫽ 0.39 – 0.41, P ⬍ .05 corrected). The 2 models of processing speed, 1 for each of the WM imaging
biomarkers, had goodness-of-ﬁt (R2) values of 0.42 and 0.30. A measure of the impact of white matter lesions on the connectivity of
occipital and parietal areas had signiﬁcant nonzero regression coefﬁcients.
CONCLUSIONS: We concluded that deep gray matter regions may be susceptible to inﬂammation and/or demyelination in white matter,
possibly having a higher sensitivity to remote degeneration, and that lesions affecting visual processing pathways were related to
processing speed. The Network Modiﬁcation Tool may be used to quantify the impact of early white matter abnormalities on both
connecting gray matter structures and processing speed.
ABBREVIATIONS: ChaCo ⫽ Change in Connectivity; NeMo ⫽ Network Modiﬁcation Tool; PLSR ⫽ partial least-squares regression; RD ⫽ radial diffusivity; SDMT ⫽
Symbol Digit Modalities Test

O

ne of the most pressing questions in multiple sclerosis is
understanding the relationship between white matter lesions and subsequent atrophy, physical disability, and cognitive
impairment. MS is a neurologic disorder that has pathologic manifestations in both WM and gray matter, some of which can be
detected via in vivo MR imaging. WM changes have been exten-
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sively studied in MS, by using diffusion imaging and tractography1,2 and structural imaging.3 Classically, MS has been seen as
primarily a disease of the WM, but recent developments have
identified clinically relevant GM pathologies.4,5 The underlying
cause of GM abnormalities is unclear,6 but some have hypothesized that it may be a result of retrograde or anterograde Wallerian
degeneration.7
There are many studies of WM pathology and networks in
MS8,9 and studies of WM/GM pathologies in tandem.10,11 However, one must incorporate topologic information2 to test
whether connectivity plays a role in MS. Recent studies12,13 provide evidence that networks may provide a basis for the spread of
pathology in a variety of neurologic disorders; the understanding
Indicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line appendix.
Indicates article with supplemental on-line photos.
http://dx.doi.org/10.3174/ajnr.A4165

Demographics (mean ⴞ standard deviation) for the early MS
cohort and the healthy control group
Subgroup of
All Subjects
Subjects with
Healthy
with MS
MS with SDMT
Controls
Total No.
121
66
15
Female
77
44
9
Age (yr)
37.5 ⫾ 9.8
36.5 ⫾ 9.3
36.3 ⫾ 13.2
Disease duration
2.1 ⫾ 1.5
1.6 ⫾ 1.5
NA
SDMT
N/A
49.8 ⫾ 10.5
NA
EDSS
1.2 ⫾ 1.4
1.04 ⫾ 1.06
NA
Note:—EDSS indicates Expanded Disability Status Scale; NA, not applicable.

of this process may result in prediction of disease progression and
patient disability. Tractography methods used to infer structural
connectivity networks have been applied in MS14,15; however,
practical implementation of tractography is laborious and timeconsuming and requires expertise. Applying it in disease is especially challenging16 due to increased pathology-related noise in
the diffusion signal.1,17,18 To circumvent these issues, we used the
recently developed Network Modification Tool (NeMo; https://
github.com/jimmyshen007/NeMo),19 which can infer structural
connectivity losses from WM abnormalities without having to
perform tractography in subjects with tissue pathology.
We hypothesize that the patterns of tissue abnormalities in
individuals with MS impact neurologic outcomes, due to their
specific neuroanatomic locations and subsequent disruption of
the relevant functional pathways within the structural network.
To test this hypothesis, we used the NeMo Tool to estimate, for
each patient, the impact of his or her specific WM abnormality
map on the fiber connectivity network and relate this to one of the
most commonly used measures of end-stage CNS injury: regional
brain atrophy. Furthermore, we used partial least-squares regression (PLSR), a commonly used approach in neuroimaging,20 to
relate imaging biomarkers to processing speed. Our goal was to
identify which WM imaging technique best captures physiologically relevant changes and to identify which regional imaging biomarkers are significant contributors to processing speed. To our
knowledge, this study is the first to apply PLSR to structural connectivity and GM atrophy biomarkers to predict subtle cognitive
changes in early MS.

MATERIALS AND METHODS
Data
Data were collected from 121 patients with early relapsing-remitting MS (Table); consent was obtained from all subjects in this
institutional review board–approved retrospective study. All except 6 patients were on disease-modifying therapies for MS at the
time of MR imaging, with an average treatment duration of
1.76 ⫾ 1.78 years. All patient MRIs were acquired within 5 years of
their first neurologic symptom, which is our definition of “early”
MS. The following four sets of images were acquired on a 3T
scanner (HDxt 16.0; GE Healthcare, Milwaukee, Wisconsin) using an 8-channel phased array coil: T1-weighted sagittal 3D-brain
volume imaging (1.2 ⫻ 1.2 ⫻ 1.2 mm), T2 (0.5 ⫻ 0.5 ⫻ 3 mm), T2
FLAIR (1.2 ⫻ 0.6 ⫻ 0.6 mm), and 34-direction diffusion imaging
(b⫽1000, 0.8 ⫻ 0.8 ⫻ 2.5 mm). All subjects that had the required
imaging within 5 years of their first symptom were included; no
other exclusion criterion was imposed. The same images were

collected on an age- and sex-matched group of 15 healthy controls. The written version of the Symbol Digit Modalities Test
(SDMT) was performed on a subgroup of 66 patients. The SDMT
measures processing speed, which is known to be one of the earliest affected cognitive domains in MS, and is particularly sensitive
to MS-associated impairment.21

GM Atrophy and T2 FLAIR Hyperintensity Lesion Masks
FreeSurfer (http://surfer.nmr.mgh.harvard.edu)22 was used on
the T1 images to produce subcortical segmentation, cortical parcellation, and tissue-type masks (WM, GM, and other tissue),
which were checked and manually edited for misclassification due
to WM hyperintensities and common temporal region errors. T2
images were linearly coregistered to the T1 and FreeSurfer parcellations. The T2 FLAIR images were masked with the WM segmentation and subcortical mask and thresholded to create the WM
abnormality masks. The resulting WM hyperintensity masks were
then overlaid on T2 and T2 FLAIR images and manually edited
(W.V., S.A.G., and E.M.), after which a trained neurologist
(W.V.) gave a final approval. T1 images were also acquired on 15
age-matched healthy volunteers and processed with the same
pipeline for calculating atrophy (Table).

Diffusion Image Processing
Each subject’s T1 was normalized via a nonlinear transformation
into Montreal Neurological Institute space and segmented (GM,
WM, CSF, and bone) by using the new segment toolbox (SPM8
software; http://www.fil.ion.ucl.ac.uk/spm/software/spm8).23 A
binary brain mask in T1 space was created by combining GM and
WM maps and dilating and binarizing the resulting volume and
subtracting the bone map (thresholded at 5%). For the diffusion
data, a similar brain mask was obtained by applying the Brain
Extraction Tool utility24 to the b0 image. Diffusion tensor coefficients were computed via weighted linear least-squares regression
with the fMRI of the Brain Software Library DTIFit (http://fsl.
fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html) utility. Maps of
diffusion summary statistics, namely fractional anisotropy, axial
diffusivity, mean diffusivity, and radial diffusivity (RD), were
then calculated and mapped to Montreal Neurological Institute
space via linear and nonlinear transforms in FSL (http://www.
fmrib.ox.ac.uk/fsl). The Crawford modified t test,25 designed for
individual subject voxelwise significance testing, was implemented for each individual’s diffusion measures in SPM8. A mask
was applied to restrict the testing to WM voxels only (as defined
by the SPM8 WM mask), and family-wise error correction was
imposed, with no minimum threshold for cluster size.

The NeMo Tool
The NeMo Tool (Fig 1) infers changes to the structural connectivity
network that may result from a given mask of WM alterations by
referencing a data base of 73 healthy control tractograms in a
common space (Montreal Neurological Institute space). The WM
abnormality masks of subjects with MS were normalized to common space by using first a linear coregistration followed by nonlinear normalization in SPM8. The Change in Connectivity
(ChaCo) score, defined for each GM region, is the percentage of
tracts connecting to that region that pass through the WM abnorAJNR Am J Neuroradiol 36:702– 09
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FIG 1. The workﬂow for the NeMo Tool and some examples. T2 FLAIR lesion (blue) and RD abnormality masks (red) were created and normalized
to Montreal Neurological Institute space (left). The NeMo Tool was used to calculate the Change in Connectivity score that quantiﬁes the effect
of those areas of abnormality on regional structural connectivity (middle). ChaCo scores are shown for the T2 FLAIR lesions and RD abnormality
masks for 3 particular individuals via the glass brain display (right). Each region in the atlas is represented by a sphere at its center whose color
denotes functional membership (blue indicates visual; magenta, somatomotor; green, dorsal attention; red, ventral attention; cyan, limbic;
yellow, frontoparietal; black, default mode; orange, cerebellar/subcortical) and whose size indicates the amount of connectivity abnormalities
(larger indicates more connectivity abnormalities). Note that the T2 FLAIR WM lesion-based ChaCo spheres are at a scale that is 10 times that of
the RD-based ChaCo spheres for visibility.

mality mask. For example, if a GM region had 1000 connecting
WM tracts and 50 passed through any voxel in the WM abnormality mask, the ChaCo score for that region would be 50/1000 ⫽
5%, or ⫺0.05 (the negative indicating a loss of connections). The
identification of tracts that go through a lesion was a binary process: Tracts that went through 1 lesion were not considered different from those that went through ⬎1.

Statistical Analysis
Atrophy for each of 121 subjects with MS was measured by calculating standard z scores of thickness for 68 cortical regions and
volume for 18 subcortical regions from the FreeSurfer atlas, compared against the group of 15 healthy controls who had the same
scans and processing. Partial Spearman correlations (controlling
for age) were calculated on a region-by-region basis (after averaging left and right hemispheres to increase signal-to-noise) to identify regions with stronger associations between the burden of WM
abnormality (measured ChaCo scores) and GM loss (measured
with atrophy). P values were false discovery rate– corrected for
multiple comparisons.26

Partial Least-Squares Regression
PLSR27 was used in the subgroup of 66 subjects with MS to predict
SDMT on the basis of their age, ChaCo scores, and GM atrophy
profiles for each of the 86 GM regions. One PLSR model for each
WM imaging technique (T2 FLAIR lesions and diffusion abnormality masks) was constructed to compare their respective performances. PLSR reduces the dimensionality of the input data by
finding new combinations of the input variables that have maximal correlation with the outcome variables. PLSR is advantageous
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in situations where you have many more input variables than you
do data points because the data get reduced to a parsimonious set
of statistically relevant components. PLSR is also useful when input variables may be collinear because each of the constructed
components on which the subsequent regression is based is mutually independent. The final number of components was chosen
via jackknife cross-validation to minimize data overfitting, and
the stability of the model was assessed by using bootstrapping.20
Confidence intervals for the regression coefficients were calculated by using the bias-corrected and accelerated percentile
method.28 If the confidence interval did not include zero, that
region’s ChaCo score was considered a significant predictor after
correcting for multiple comparisons by using the Šidák method.29
Further details are given in On-line Appendix A.

RESULTS
RD and mean diffusivity had a vastly higher signal than the other
statistics of fractional anisotropy and axial diffusivity, which
largely had little or no voxels with significant differences. The
Crawford modified t test is rather conservative, and we did not
have a large healthy control group, which could explain the lack of
significant differences in the other summary statistics. What is not
surprising, the mean diffusivity and RD masks identified similar
WM voxels; in fact, their ChaCo scores had a Pearson correlation
of 0.98 (P ⬍ .05). Due to the lack of signal in fractional anisotropy
and axial diffusivity masks and the similarity of the mean diffusivity and RD masks, we continued the analysis with RD only. The
total volume of the RD and T2 FLAIR abnormality masks were
significantly and moderately correlated (Spearman r ⫽ 0.52, P ⬍

FIG 2. Median ChaCo for the 2 abnormality masks (T2 FLAIR lesions and RD abnormalities), mean atrophy, and corresponding correlation over
121 patients with MS. Each sphere indicates the center of a given gray matter region, while the color denotes functional network membership
(blue indicates visual; magenta, somatomotor; green, dorsal attention; red, ventral attention; cyan, limbic; yellow, frontoparietal; black, default
mode; orange, cerebellar/subcortical). Larger spheres indicate more connectivity abnormalities, more atrophy, or higher correlation, respectively. Note that the T2 FLAIR WM lesion-based ChaCo spheres are at a scale that is 10 times that of the RD-based ChaCo spheres for visibility.

.05), as were their ChaCo scores (Spearman r ⫽ 0.51, P ⬍ .05). T2
FLAIR lesion masks generally encompassed at least an order of
magnitude larger volume; therefore, ChaCo was generally an order of magnitude larger. RD abnormalities were at times contained within T2 FLAIR lesions; however, 48 of 121 subjects had
no overlapping voxels. Figure 1 displays the masks of T2 FLAIR
hyperintensities (blue) and RD increases (red) for 3 different individuals along with the corresponding ChaCo scores via a “glass
brain” display. The glass brain display has a sphere located at the
center of each of the 86 GM regions, whose size is proportional to
the ChaCo score of that region (larger indicates more connectivity
abnormalities) and whose color indicates its functional network
membership. The intersubject variability across these patients
with early MS can be appreciated, as can the correspondence of
the abnormality masks from the 2 imaging modalities. We did
observe that the RD abnormalities in these subjects are often circumscribed by or in close proximity to the T2 FLAIR lesion
masks. These locations gave us confidence that the image processing steps, including normalization of both image modalities, were
adequate (On-line Fig 3 has more examples).

ChaCo Scores and Atrophy
Glass brain displays in Fig 2 show the median of the ChaCo scores
across the population for the 2 abnormality masks (larger sphere
indicates more connectivity abnormalities), with the mean of the
atrophy in the middle row (larger sphere indicates more atrophy)
and correlations between the two measures in the bottom row
(larger sphere indicates higher correlation). Areas with the highest median ChaCo scores (⬎1.5% disconnected) for the T2
FLAIR– based masks were the bilateral caudate, caudal anterior
cingulate, posterior cingulate, putamen, left superior and inferior
parietal gyri, and right pericalcarine. Areas with highest median
ChaCo scores for the RD-based masks were the bilateral caudate
nucleus and parietal regions. Areas of highest atrophy were

mainly subcortical areas, including the thalamus, and temporal
pole regions. For visualization of ChaCo and atrophy values over
the entire population, see On-line Fig 1.

Correlations of ChaCo with Atrophy
Over all 86 regions in each of the 121 subjects with MS, regional
ChaCo from both abnormality masks had weak partial Spearman
correlations (controlling for age) with atrophy (T2 FLAIR ChaCo:
r ⫽ 0.01, P ⬎ .05; and RD ChaCo: r ⫽ 0.042, P ⬍ .05). Bilateral
regions with significant partial Spearman correlations (controlling for age and multiple comparisons corrected) were observed
between both sets of ChaCo scores and atrophy. Deep GM structures of the thalami (r ⫽ 0.30 and r ⫽ 0.41) and putamen (r ⫽ 0.38
and r ⫽ 0.39) had significant correlations of atrophy with both T2
FLAIR– based and RD-based ChaCo scores, respectively. In addition to those regions, the caudate nucleus (r ⫽ 0.26), globus pallidus (r ⫽ 0.26), and nucleus accumbens (r ⫽ 0.28) were correlated for T2 FLAIR on the basis of ChaCo, and the hypothalamus
(r ⫽ 0.26) was significantly correlated for RD-based ChaCo. Finally, the temporal poles had particularly high atrophy (second
highest after the thalami) and had nonsignificant correlation with
both ChaCo scores. However, these results could merely reflect
the difficulty of FreeSurfer in handling temporal regions.

Partial Least-Squares Regression
One subject who had a very large amount of WM damage over the
whole brain relative to the rest of the population (ie, the z score of
the mean T2 FLAIR lesion-based ChaCo was ⬎5) was removed
from this analysis. SDMT scores in our MS cohort were significantly lower (P ⬍ .05) when compared via t test with 2 different
sets of healthy populations with similar age ranges.30,31 Both
models included 2 final components based on the selection criteria outlined in On-line Appendix A. The T2 FLAIR lesion-based
model was more accurate (R2 ⫽ 0.42) than the RD-based model
AJNR Am J Neuroradiol 36:702– 09
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FIG 3. Partial least-squares regression results. A, The predicted versus actual normalized SDMT scores for the 2 models (T2 FLAIR lesion-based
ChaCo and RD abnormality– based ChaCo), along with the R2 value in the legend. The red line represents perfect prediction (x ⫽ y). B, Glass brain
displays show regression coefﬁcients for the ChaCo scores (top row) and atrophy (bottom row) of each gray matter region for the T2
FLAIR– based PLSR model. Sphere color denotes that the regression coefﬁcient was the following: 1) nonzero and positive (blue), 2) nonzero and
negative (red), or 3) not signiﬁcantly different from zero (black). Sphere size is proportional to the mean of the bootstrapped sample of the
regression coefﬁcient. C, Same plot as in B, but for the RD abnormality– based PLSR model.

(R2 ⫽ 0.30) (Fig 3A). Figure 3B, -C visualizes the regression coefficients for both models. Sphere size is proportional to the mean
of the bootstrapped sample, and color corresponds to the significance and direction of the coefficient (blue indicates positive and
significant; red, negative and significant; and black, not signifi706
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cant). In the T2 FLAIR lesion-based model, the ChaCo scores of
several brain regions in the occipital and parietal lobes were significant predictors of SDMT, along with subject age and GM atrophy in the right putamen (Fig 3B). Higher ChaCo and atrophy
scores correspond to tissues that are closer to normal, so positive

regression coefficients indicate that more normal tissues corresponded to higher SDMT scores, as expected. Other subcortical
areas such as the thalamus, nucleus accumbens, globus pallidus,
hypothalamus, hippocampus, caudate nucleus, and the cerebellum had large positive mean regression coefficients, but none
were significant. There were 2 regions whose atrophy coefficient
had a significant negative relationship with SDMT; however, their
values were quite small. No coefficients in the RD-based model
remained significant after multiple-comparison corrections (Fig
3C).
On-line Fig 2 shows the component coefficients for ChaCo
and atrophy scores for each of the 2 models. These are the directions on which the data are projected before performing model
fitting and can be thought of as the weights in a weighted average
of the input variables. These coefficients give additional information about the relative importance of each predictor to each component. The color corresponds to the sign of the coefficient (blue
indicates negative; red, positive). However, sign information is
not important except for relative comparison because the PLSR
components are invariant to reflection. The first component represents the direction on which the data were projected to have
maximal correlation with the outcome variable; the second component was the direction to achieve the next highest correlation
(while maintaining independence of the first direction). The first
components of both models (On-line Fig 2A, -C) emphasized the
contribution of ChaCo scores over the contribution of atrophy.
Their second components varied slightly: In the T2 FLAIR– based
model (On-line Fig 2B), the second component seemed to emphasize both overall atrophy and ChaCo in the occipital and parietal areas, while the second component in the RD-based model
(On-line Fig 2D) seemed to emphasize only overall atrophy.

DISCUSSION
Relatively weak correlations were observed between ChaCo scores
and global regional atrophy, probably a result of a few factors.
First, this patient population is early in the course of the disease,
and there is not much appreciable atrophy in the structural MR
imaging, which is only sensitive to detection of macroscopic tissue
loss. Second, primary neuronal loss may also be occurring due to
a mechanism independent from the one associated with WM lesions. Future studies will follow these same subjects longitudinally
to better understand these mechanisms.
Most interesting, areas with significant correlation between
both types of WM abnormality masks and atrophy appeared in
the subcortical areas of the thalamus and putamen. Additional
regions with significant correlation between ChaCo and atrophy
included the caudate nucleus, globus pallidus, nucleus accumbens, and hypothalamus. These results largely suggest that deep
GM areas are more sensitive to Wallerian degeneration, either
retrograde or anterograde. Our results agree with other findings
showing the following: 1) Striatal regions are susceptible to damage from inflammation arising in other areas32,33; 2) atrophy in
the putamen, caudate, and thalamus is related to whole-brain T1
and T2 lesions in MS34; 3) thalamic atrophy can be explained in
part by lesion volume and mean diffusivity in WM tracts connecting to the thalamus35; and 4) atrophy in deep GM regions of the
caudate and pulvinar are related to ipsilateral WM lesion proba-

bility maps in highly connected regions.36 In this cohort, overall
observed atrophy was small (no regions showed significant
group-wise atrophy after multiple-comparison corrections);
however, regions with the most atrophy were the thalamus and
other subcortical areas. Taken together, these findings indicate
deep GM structures as areas of early injury in MS with a possible
disease-duration-related WM injury gradient. Our current approach cannot determine the direction of a causal relationship
between atrophy and WM connectivity abnormalities; however, it
does support the hypothesis that deep GM regions are more related to WM abnormalities than other structures.
The PLSR results suggest that T2 FLAIR lesions in regions of
the occipital and parietal lobes dealing with visual processing and
integration may play an important role in subtle processing-speed
dysfunction measured by the SDMT. Most interesting, our study
by using similar methods in subjects with stroke, also revealed
that ChaCo scores in occipital regions were significant predictors
of SDMT performance (A.F.K., unpublished data, 2014). This
finding, consistent across varying pathologies, populations, data
acquisition techniques, and imaging parameters, provides validation of the current approach and strengthens our confidence in
the visual pathways/SDMT connection. The SDMT requires close
visual tracking, which may be adversely affected by abnormalities
in WM connecting to the primary visual cortex and associated
areas. We also observed that WM abnormalities seem to be more
predictive of SDMT performance than atrophy because the
ChaCo scores were emphasized by the primary component of
each model. However, that this effect may be due to the relatively
low amount of atrophy seen in this population with early MS
cannot be ruled out. Our work adds to the growing body of literature suggesting that connectivity abnormalities of cognitively
important cortical regions by injury to the interconnecting WM
may provide a potential mechanism for cognitive dysfunction
in MS.37,38

Limitations and Future Work
Tractography is a complex and error-prone process even in
healthy subjects; there is currently no method that can fully capture true in vivo anatomy. The NeMo Tool uses tractography in
healthy controls to determine the effects of WM abnormalities in
the MS cohort. WM connections vary from individual to individual; therefore, the NeMo Tool may not be accurately representing
a particular person’s connectivity. Calculating average ChaCo
scores over a large number of healthy subjects minimizes this
drawback. See On-line Appendix B for a quantitative analysis of
the influence of the variability in healthy controls on the reliability
of ChaCo scores. Another limitation lies in the binary nature of
tract counting: A streamline was not counted differently if it went
through ⬎1 lesion. In the future, this process will be modified to
account for such situations.
Because the lesion masks are coregistered to common space by
using the patient’s MRI, which may contain pathologies, some
errors may exist in the normalization process. Normalization was
checked visually for accuracy (On-line Fig 3); furthermore, the
effect of any small existing errors is again minimized by averaging
over the large number of normal tractograms used in the NeMo
tool.
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There may be other elements of cognition affected in this cohort besides processing speed. Future studies will create a detailed
picture of cognitive dysfunction in early MS. As the study expands
to subjects with longer-term disease, we will also investigate functional areas other than cognition, for instance, motor impairment
as measured by the Expanded Disability Status Scale. Another
limitation is the relatively small number of healthy controls on
which we based the z scores of cortical thickness, volume, and
diffusion summary statistics. The size of the group is somewhat
mitigated by the fact that they are age- and sex-matched to the
patient population. Even so, this fact, coupled with the conservative nature of the Crawford t test, most likely contributed to the
relatively low volume of abnormalities seen in the diffusion images, including RD maps.
Finally, future studies will focus on more sophisticated and
specific imaging of both cortical lesions and WM abnormalities.
Cortical lesions, which have been shown to be prevalent even in
early MS,39 are most likely occurring in this population. The fact
that we are unable to detect cortical lesions with our current imaging protocol could be a source of the weak association of GM
atrophy and ChaCo scores. Future studies will address the role of
cortical lesions on connecting WM by using appropriate imaging,
for instance, double inversion recovery or phase-sensitive inversion recovery MR imaging. In addition, T2 FLAIR and diffusion
imaging are not specific to the nature of WM abnormalities in MS,
being demyelination, axonal loss, and so forth. Future studies will
focus on more specific measures of WM, for instance, myelin
water fraction imaging.

CONCLUSIONS
This work demonstrates, in a regionally unbiased manner, that
abnormalities in WM arising from demyelination and/or inflammation in MS are intimately related to atrophy in connecting deep
GM regions. In addition, it was shown that T2 FLAIR abnormalities in WM connecting to areas of the brain dealing with visual
integration and possibly GM atrophy in subcortical areas are related to subtle processing-speed changes in early MS, as captured
by the SDMT. Successful application of the NeMo Tool indicates
it has potential as an imaging-based biomarker to measure the
impact of early inflammatory activity on behavioral changes and
subsequent neuronal loss.
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Bayesian Estimation of Cerebral Perfusion Using ReducedContrast-Dose Dynamic Susceptibility Contrast Perfusion at 3T
K. Nael, B. Mossadeghi, T. Boutelier, W. Kubal, E.A. Krupinski, J. Dagher, and J.P. Villablanca

ABSTRACT
BACKGROUND AND PURPOSE: DSC perfusion has been increasingly used in conjunction with other contrast-enhanced MR applications
and therefore there is need for contrast-dose reduction when feasible. The purpose of this study was to establish the feasibility of
reduced-contrast-dose brain DSC perfusion by using a probabilistic Bayesian method and to compare the results with the commonly used
singular value decomposition technique.
MATERIALS AND METHODS: Half-dose (0.05-mmol/kg) and full-dose (0.1-mmol/kg) DSC perfusion studies were prospectively performed in
20 patients (12 men; 34 –70 years of age) by using a 3T MR imaging scanner and a gradient-EPI sequence (TR/TE, 1450/22 ms; ﬂip angle, 90°). All DSC
scans were processed with block circulant singular value decomposition and Bayesian probabilistic methods. SNR analysis was performed in both
half-dose and full-dose groups. The CBF, CBV, and MTT maps from both full-dose and half-dose scans were evaluated qualitatively and quantitatively in both WM and GM on coregistered perfusion maps. Statistical analysis was performed by using a t test, regression, and Bland-Altman analysis.
RESULTS: The SNR was signiﬁcantly (P ⬍ .0001) lower in the half-dose group with 32% and 40% reduction in GM and WM, respectively. In
the half-dose group, the image-quality scores were signiﬁcantly higher in Bayesian-derived CBV (P ⫽ .02) and MTT (P ⫽ .004) maps in
comparison with block circulant singular value decomposition. Quantitative values of CBF, CBV, and MTT in Bayesian-processed data were
comparable and without a statistically signiﬁcant difference between the half-dose and full-dose groups. The block circulant singular value
decomposition– derived half-dose perfusion values were signiﬁcantly different from those of the full-dose group both in GM (CBF, P ⬍
.001; CBV, P ⫽ .02; MTT, P ⫽ .02) and WM (CBF, P ⬍ .001; CBV, P ⫽ .003; MTT, P ⫽ .01).
CONCLUSIONS: Reduced-contrast-dose (0.05-mmol/kg) DSC perfusion of the brain is feasible at 3T by using the Bayesian probabilistic
method with quantitative results comparable with those of the full-dose protocol.
ABBREVIATIONS: cSVD ⫽ block circulant singular value decomposition; FD ⫽ full-dose; HD ⫽ half-dose; SVD ⫽ singular value decomposition

D

SC MR perfusion has been increasingly used to evaluate cerebral perfusion parameters in a variety of clinical applications, including acute ischemic infarction1-3 and brain tumors.4,5
Most brain DSC perfusion studies are currently performed by
using a gadolinium contrast dose of 0.1 mmol/kg.6 To accomplish
multi-injection protocols, one can use a double dose (0.2 mmol/
kg) of gadolinium or split the current standard dose (0.1 mmol/
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kg) in half. Yet there are several incentives to reduce the contrast
dose for brain DSC perfusion: First, the necessity to perform multiple contrast-enhanced sequences in routine neurodiagnostic
MR imaging applications. For example, in patients presenting
with acute ischemic stroke, a combination of contrast-enhanced
MR angiography and DSC perfusion can improve the imagingprotocol acquisition speed.7,8 In patients with brain tumors, the
addition of a dynamic contrast-enhanced DSC perfusion scan
may provide complementary diagnostic information.9,10 The second incentive is the direct relationship between the risk of nephrogenic systemic fibrosis and contrast dose.11 The third is the
potential to reduce overall health care costs.
Contrast-dose reduction for DSC perfusion is challenging.6,12,13 Some investigators have explored the possibility of dose
reduction to 0.05 mmol/kg at 3T with mixed results.14,15 The
lower SNR associated with a reduced contrast dose remains a
major limiting factor.16 Deconvolution, routinely used for DSC

analysis, may not be an ideal methodology because small changes in
the concentration time curve may dramatically influence the response residue function.16,17 Reducing the contrast dose, with a resultant higher noise and lower SNR, can further accentuate this limitation. In contrast, the Bayesian probabilistic method is inherently
less sensitive to low SNR18 conditions and has the potential to more
accurately calculate cerebral perfusion in low-dose protocols.
The purpose of this study was to establish the feasibility of
reduced-contrast-dose (0.05-mmol/kg) brain DSC perfusion at
3T by using the Bayesian method and to compare the results with
a block circulant singular value decomposition (cSVD)19 analysis
method, which is used routinely in clinical practice. If its potential
is realized, the described protocol can add flexibility to multiinjection MR imaging protocols, such as those used for the evaluation of brain tumors and patients with stroke, without the need
for additional contrast.

MATERIALS AND METHODS
Patients
Twenty consecutive patients (12 men, 8 women; mean age, 39.4
years; range, 19 –74 years) who were referred for contrast-enhanced MR imaging of the brain were prospectively enrolled. All
examinations were performed in accordance with institutional
review board guidelines with an approved study protocol. The clinical indication for MR imaging included the following: persistent
headache (n ⫽ 7), dizziness (n ⫽ 4), signs and symptoms of multiple
sclerosis (n ⫽ 4), and staging for the evaluation of intracranial metastasis in patients with a history of underlying cancer (n ⫽ 5).

Image Acquisition
Imaging was performed on a clinical 3T scanner (Magnetom
Skyra; Siemens, Erlangen Germany). A 16-element array coil
(head, n ⫽ 12; neck, n ⫽ 4) was used for signal reception. Our
routine contrast-enhanced brain MR imaging protocol includes
axial and sagittal T1, axial T2, FLAIR, gradient recalled-echo,
DWI, DSC perfusion, and 3D T1 postcontrast sequences. Two
sets of DSC perfusion data in each patient were obtained by using
a gradient recalled-echo–EPI sequence with identical sequence
parameters (TR/TE, 1450/22 ms; flip angle, 90°; FOV, 22 cm; matrix size, 128 mm; 4-mm sections ⫻ 30; generalized autocalibrating partially parallel acquisition with an acceleration factor of 3,
60 dynamic frames).
A total of 0.15 mmol/kg of gadolinium contrast was used for
each patient. The first DSC perfusion scan was obtained after
acquisition of conventional noncontrast images and following the
intravenous injection of 0.05-mmol/kg gadolinium (labeled as
half-dose [HD]). After an 8-minute interval, during which axial
T2WI and 3D postcontrast T1WI were acquired, the second DSC
perfusion image was obtained following intravenous injection of
0.1 mmol/kg of gadolinium (labeled full-dose [FD]). Each contrast injection was flushed with 15 mL of saline. A constant injection rate of 5 mL/s was used for contrast and saline flush injections
in all studies by using an electronic power injector.

automatically by using a cluster analysis algorithm20 and the deconvoluted perfusion parameters were calculated by using both
the cSVD technique19 and Bayesian probabilistic methods.18
Parametric maps of CBF, CBV, and MTT from both FD and
HD were generated and available for qualitative and quantitative
analysis. In addition, the Bayesian framework allows estimation of
the noise SD. Hence, a univocal estimation of the SNR, defined as
the ratio between the postcontrast signal over the SD, was used for
quantitative analysis of SNR.

Qualitative Analysis
The CBF, CBV, and MTT maps in both HD and FD were introduced in a random order and in separate sessions to a neuroradiologist who was blinded to the type of contrast injection scheme
and method of postprocessing. A 4-scale image-quality score was
used to evaluate the delineation of major structures such as ventricles, thalami, basal ganglia, and brain stem with respect to susceptibility-mediated distortion at tissue interfaces, noise, and motion: 1, poor image quality, not interpretable; 2, impaired image
quality with substantial distortion and noise, limiting the delineation of major structures; 3, good image quality with minimal
distortion, diagnostic image quality; and 4, excellent image quality with delineation of all structures.

Quantitative Analysis
The FLAIR images, CBF, CBV, MTT, and the SNR maps from FD
and HD DSC studies for each patient were coregistered by the
Olea Sphere software by using a 12-df transformation and a mutual information cost function. This step was followed by visual
inspection to ensure adequate alignment.
Quantitative analysis was performed by 1 observer by using a
region-of-interest-based analysis. Using FLAIR images for accurate identification of anatomic landmarks, we placed ROIs on the
precentral gyrus and centrum semiovale to represent GM and
WM, respectively. The ROIs were expanded automatically to the
coregistered FD and HD studies in each individual. We automatically calculated the means ⫾ SDs of CBF, CBV, MTT, and SNR
and recorded them in each region of interest in cSVD- and Bayesian-calculated maps separately.

Statistical Analysis
Statistical analysis was performed by using MedCalc for Windows, Version 12.2.1 (MedCalc Software, Mariakerke, Belgium).
The image-quality grading differences between cSVD- and Bayesian-calculated maps in both HD and FD were tested by the Wilcoxon rank sum test and the Spearman rank correlation. The
quantitative analysis of CBF, CBV, and MTT in the HD and FD
groups was tested by regression analysis and t test between cSVDand Bayesian-calculated parameters. The significance level was
defined as P ⬍ .05 (2-sided). Bivariate scatterplots ⫾ 95% CIs and
Bland-Altman plots were also generated.

RESULTS
Qualitative Analysis

Image Analysis
With FDA-approved software (Olea Sphere; Olea Medical Solutions, La Ciotat, France), the arterial input function was selected

Of 20 patients, 15 had normal study findings, 2 had MR imaging
findings of multiple sclerosis, 1 had an incidental meningioma,
and 2 had chronic white matter ischemic changes. Table 1 sumAJNR Am J Neuroradiol 36:710 –18
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Table 1: Qualitative evaluation of perfusion parametric maps in
full-dose (0.1-mmol/kg) and half-dose (0.05-mmol/kg) contrast
groups processed with Bayesian and cSVD methodsa
Wilcoxon Test Spearman Rank
Bayesian cSVD
(P Value)
(r), 95% CI
Full-dose
CBF
4, 3–4
4, 3–4
.76
0.84, 0.63–0.93
CBV
4, 3–4
4, 3–4
.6
0.69, 0.35–0.87
MTT
4, 3–4
3, 3–4
.12
0.53, 0.32–0.76
Half-dose
CBF
4, 3–4
3, 3–4
.27
0.66, 0.31–0.85
0.4, 0.17–0.74
CBV
3, 3–4
3, 2–4
.02b
0.12, 0.04–0.54
MTT
3, 3–4
3, 2–3
.004b
a
b

Data are presented as median, range.
Signiﬁcant.

marizes the results of image-quality scores (median, range) in
both the HD and FD groups by using cSVD and Bayesian
methods.
In FD DSC studies, all (100%) CBF, CBV, and MTT maps
derived from Bayesian and cSVD methods were of diagnostic image quality (score, ⱖ3). There was no significant difference for
image quality scores between Bayesian- versus cSVD-derived CBF
(P ⫽ .76), CBV (P ⫽ .6), and MTT (P ⫽ .12) maps. Spearman
rank correlation coefficients (r) were 0.84, 0.69, and 0.53 for CBF,
CBV, and MTT, respectively (Table 1).
In HD DSC studies, all (100%) Bayesian-processed perfusion
maps were of diagnostic image quality (score, ⱖ3). While 100% of
cSVD-calculated CBF maps had diagnostic image quality, CBV
maps in 4 patients (20%) and MTT maps in 8 patients (40%) were
rated nondiagnostic (score, 2) due to significant inhomogeneity
across the FOV, obscuring delineation of major structures (Fig 1).
There was a significant difference in image-quality scores for
Bayesian- versus cSVD-derived CBV (P ⫽ .02) and MTT (P ⫽
.004) maps. Spearman rank correlation coefficients (r) were 0.66,
0.40, and 0.12 for CBF, CBV, and MTT, respectively (Table 1).
When we compared FD and HD, there was higher correlation
in image-quality scores in Bayesian-processed data compared
with cSVD. The Spearman rank correlation coefficients ⫾ the
95% CIs for image-quality scores were r ⫽ 0.66, 0.30 – 0.85 for
CBF; r ⫽ 0.61, 0.24 – 0.83 for CBV; and r ⫽ 0.59, 0.20 – 0.80 for
MTT in Bayesian-processed data.
The Spearman rank correlation coefficients ⫾ 95% CIs for
image-quality scores were r ⫽ 0.45, 0.20 – 0.74 for CBF; r ⫽ 0.40,
0.10 – 0.71 for CBV; and r ⫽ 0.08, 0.001– 0.45 for MTT in cSVDprocessed data.

Quantitative Analysis
The means of SNR values in gray matter were 27.1 ⫾ 7.8 for the
FD and 18.4 ⫾ 7.0 for the HD group (32% lower SNR in the HD
group, P ⬍ .001). The means of SNR values in white matter were
13.5 ⫾ 5.9 for the FD group and 8.0 ⫾ 4.9 for the HD group (40%
lower SNR in HD, P ⬍ .001).
Quantitative analysis of perfusion parameters obtained from
Bayesian and cSVD methods in gray matter and white matter is
summarized in Tables 2 and 3. cSVD-derived perfusion values
were statistically significantly different between the HD and FD
groups both in gray matter and white matter (Table 2). Bayesianderived perfusion values for the FD and HD groups were statisti712
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FIG 1. Coregistered and aligned MTT, CBF, and CBV maps from FD
(0.1-mmol/kg) and HD (0.05-mmol/kg) DSC perfusion imaging are
shown in this 40-year-old man who presented with headache. While
the image quality of perfusion maps in FD scans is comparable between Bayesian and cSVD, note the heterogeneity and regional errors
seen in cSVD-derived MTT and CBV maps in HD scans.

cally significantly different for CBF but not for CBV or MTT (Table 3).
Regression analysis for quantitative perfusion values between
the HD and FD groups showed significantly higher correlation in
data processed with the Bayesian compared with the cSVD
method. Bivariate scattergrams with 95% CI lines for comparison
of HD and FD quantitative analysis between Bayesian and cSVD
methods for both gray matter and white matter are summarized
in Fig 2.
Correlation coefficient values (R2) between the HD and FD
groups for Bayesian-derived CBF, CBV, and MTT were 0.96, 0.71,
and 0.64 in gray matter and 0.96, 0.81, and 0.85 in white matter,
respectively. Correlation coefficient values (R2) between the HD
and FD groups for cSVD-derived CBF, CBV, and MTT were 0.72,
0.28, and 0.24 in gray matter and 0.60, 0.52, and 0.01 in white
matter, respectively.
Bland-Altman plots for comparison of HD and FD quantitative analysis between Bayesian and cSVD methods for both gray

perfusion do exhibit a relatively high
noise level. Deconvolution of noisy concentration time curves is an ill-posed
GM
WM
problem when small changes in magnit Test
t Test
Contrast Dose
(P Value)
FD
HD
FD
HD
(P Value)
tude can dramatically influence the res19.4 ⫾ 6.4 10.8 ⫾ 3.9 ⬍.001b
CBF (mL/100 g/min) 68.7 ⫾ 23.1 38.4 ⫾ 19.6 ⬍.001b
idue function.16 Reducing the contrast
CBV (mL/100 g)
2.4 ⫾ 1
1.7 ⫾ 0.8
.002b
1.3 ⫾ 0.6 0.8 ⫾ 0.4 ⬍.001b
dose can result in a decrease in tissue reMTT (sec)
4.4 ⫾ 0.9
5.5 ⫾ 1.8
.005b
4.1 ⫾ 1.7
5.9 ⫾ 2.3
.008b
laxivity (⌬R2*) and thus a drop in the
a
Data are presented as mean ⫾ SD.
peak of arterial input function and a sigb
Signiﬁcant.
nificant increase in noise level,6 which,
Table 3: Bayesian-derived quantitative analysis of CBF, CBV, and MTT for gray matter and
in turn, can further accentuate the inacwhite matter in half-dose (0.05-mmol/kg) and full-dose (0.1-mmol/kg) contrast groupsa
curacies of deconvolution-based techBayesian-Processed DSC
niques in low-SNR systems.
GM
WM
t Test
t Test
The use of higher magnetic fields
Contrast Dose
(P Value)
FD
HD
FD
HD
(P Value)
(ⱖ3T), with inherently higher SNR and
21.6 ⫾ 7.1 17.9 ⫾ 6.2
.037b
CBF (mL/100 g/min) 75.7 ⫾ 27.0 62.1 ⫾ 23.2
.001b
shorter T2/T2* relaxation times, should
CBV (mL/100 g)
2.2 ⫾ 0.8
1.8 ⫾ 0.7
.090
1.3 ⫾ 0.4
1.1 ⫾ 0.4
.11
translate into a more effective T2* reMTT (sec)
2.9 ⫾ 0.9
2.7 ⫾ 1.1
.450
4.3 ⫾ 1.1
4.8 ⫾ 1.2
.051
duction for a given contrast dose during
a
Data are presented as mean ⫾ SD.
capillary passage21,22 and offset some of
b
Signiﬁcant.
the low SNR limitations. However, the
effect of a high magnetic field alone on
matter and white matter are summarized in Fig 3. There was a
reduced-contrast-dose DCS perfusion has been modest, with
significantly smaller mean difference and narrower range (varimixed results using 0.05 mmol/kg of gadolinium at 3T.14,15 Anability) between HD and FD perfusion values when processed
other approach is to use an improved postprocessing technique
with Bayesian in comparison with cSVD methods (Fig 3).
that is less sensitive to low SNR. SVD-based deconvolution,16,19
one of the most broadly used DSC processing techniques, has 2
DISCUSSION
major shortcomings: First, in SVD, the regularization is
Our results suggest that by using the Bayesian probabilistic
achieved by truncating the smallest singular value (threshold)
method, reduced-contrast-dose brain DSC perfusion is feasible at
that is responsible for the fast oscillation in the nonregularized
3T, with qualitative and quantitative results comparable with a
residue function. This threshold parameter is fixed at a given
full-dose control group. The Bayesian method outperformed the
ad hoc value, in which, ideally, it should be adapted to each
singular value decomposition (SVD)-deconvolution technique for
reduced-contrast-dose DSC perfusion, in which the SNR was lower.
voxel and determined from the perfusion data. Second, the trunOur data support the hypothesis that the inherent insensitivity of the
cated SVD method is equivalent to using a low-pass filter, which is
Bayesian method to low SNR can provide acceptable measurement
suboptimal for estimating the residue function, known to be
of cerebral perfusion in comparison with FD scans. This is reflected
discontinuous.
in a higher qualitative and quantitative correlation between HD and
Although improved deconvolution techniques can be obFD data in Bayesian-processed data in comparison with cSVD.
tained by using a semiadaptive threshold, as used in oscillation
A fundamental issue in DSC processing is the conversion of
index SVD19 or Gaussian process deconvolution,23 some investithe observed concentration time curve into reliable estimates of
gators have promoted the more robust nonparametric Bayesian
CBF, CBV, and MTT. Most processing techniques by using the
technique to deal with the challenge of low SNR.18,24 In the Bayesindicator-dilution theory assume that the observed concentration
ian method, a generative model of signal is used, applying the
time curve is the convolution of the arterial input function with a
Bayes rule to combine experimental perfusion data and a priori
residue function, scaled by CBF. The residue function represents
information about the parameters, to compute a posteriori probthe fraction of observed tracer remaining in the observed vascuability distribution functions for every parameter of interest.
lature at a certain time after its arrival.
From those distributions, parameter estimates and errors in those
The influence of contrast-dose reduction on deconvoluted
estimates can be derived (eg, the mean and SD of the a posteriori
perfusion parameters, including CBF, CBV, and MTT, has been
distributions). The only reasonable assumption made to build the
evaluated by several investigators.6,12,14 Hypothetically and in the
prior distribution of the residue function is that this function
absence of noise, DSC-CBF determinations should be insensitive
must be smooth. One of the advantages of this method is that it
to contrast dose. In a noise-free environment, the deconvolution
treats the regularization parameter as any other parameter.
process of the arterial input function is expected to eliminate the
Hence, the regularization parameter is automatically estimated
influence that a longer arterial bolus characteristic of a higher
from the perfusion data so that the regularization is optimal for
contrast dose has on the CBF calculation. Similarly, the CBV calevery experimental condition and set of hemodynamic parameculation should be independent of dose, because the tissue meaters, without any human intervention. Furthermore, the method
sures of contrast agent concentration are scaled against those
uses much more precise numeric approximations of the convolumeasured in the artery and then are integrated with time. However, in reality, concentration time curves obtained by DSC
tion product, which helps to reduce bias in the estimates. From
Table 2: cSVD-derived quantitative analysis of CBF, CBV, and MTT for gray matter and
white matter in half-dose (0.05-mmol/kg) and full-dose (0.1-mmol/kg) contrast groupsa
cSVD-Processed DSC
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FIG 2. Bivariate regression scatterplots with 95% CI lines of quantitative analysis of CBF, CBV, and MTT derived from full-dose (0.1-mmol/kg) and
half-dose (0.05-mmol/kg) DSC perfusion imaging in both gray matter and white matter. There is signiﬁcantly higher correlation between HD and
FD perfusion values in Bayesian- versus cSVD-processed data.

simulation studies, the method has been shown to be more precise, robust, and less sensitive to noise level.18,24
Our results confirm the theoretic advantages of the Bayesian
method over SVD-based deconvolution to achieve a more accu714
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rate estimation of DSC perfusion parameters in low-SNR environments.18,25 We demonstrate that by reducing the contrast
dose, all Bayesian-derived perfusion maps retained diagnostic image quality, while 20% and 40% of SVD-derived CBV and MTT

FIG 2. Continued.

maps, respectively, were nondiagnostic due to significant inhomogeneity caused by increased noise. In addition, in the reducedcontrast-dose scans, the Bayesian-processed data demonstrated
quantitative perfusion values comparable with those of the FD
group. Most important, the cSVD-derived quantitative values revealed an approximately 44% underestimation of CBF, 30% underestimation of CBV, and 20% overestimation of MTT in gray

matter compared with the FD. This finding highlights the known
limitation16 of deconvolution techniques when dealing with noisy
concentration time curves that have resulted from contrast-dose reduction. Due to an inherently lower perfusion, white matter usually
receives a relatively smaller volume of contrast in comparison with
gray matter.26 This can result in a noisier environment in the cerebral
white matter, as highlighted by our results, which revealed an even
AJNR Am J Neuroradiol 36:710 –18
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FIG 3. Bland-Altman plots of quantitative analysis of CBF, CBV, and MTT derived from full-dose (0.1-mmol/kg) and half-dose (0.05-mmol/kg)
DSC perfusion in both gray matter and white matter. There is a signiﬁcantly smaller mean difference and narrower range in Bayesian- versus
cSVD-processed data between HD and FD perfusion values.

higher underestimation of CBV (38%) and overestimation of MTT
(30%) in white matter compared with gray matter.
Our study has several limitations. First, our sample size was
relatively small, which limits the power of the study. Second, we
chose a rather empiric approach to assess the effect of contrast716
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dose reduction on DSC perfusion parameters. Besides noise,
changes in contrast dose can affect many other factors, including
tissue relaxivity and arterial statistical field shifts, which, in turn,
can affect the DSC perfusion parameters. The possible interaction
among these variables may ultimately require a more complex

FIG 3. Continued.

model and a more systematic approach with mathematic modeling to corroborate our findings. The FD DSC perfusion was
always performed after HD, and the pre-existing contrast may
introduce an unknown bias. Finally, despite using an intraindividual comparison of perfusion values in the HD and FD groups,

the semiquantitative nature of DSC analysis remains an inherent
limitation of this technique and the results should be interpreted
in this context. Identical perfusion parameters should not be expected between FD and HD groups regardless of the applied deconvolution technique. In this study, despite better correlation
AJNR Am J Neuroradiol 36:710 –18
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and less variability in Bayesian-derived perfusion values, the perfusion values remained different between FD and HD.
10.

CONCLUSIONS
In summary, by using a Bayesian probabilistic method, reducedcontrast-dose brain DSC perfusion is feasible at 3T with qualitative and quantitative results comparable with those of a full-dose
control group. This approach can add flexibility to multi-injection-enhanced MR imaging protocols, such as concurrent implementation of DSC and dynamic contrast-enhanced MR perfusion
for brain tumor and contrast-enhanced MR angiography and
DSC for patients with stroke, without the need for additional
contrast.
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Altered Microstructure in Temporal Lobe Epilepsy:
A Diffusional Kurtosis Imaging Study
L. Bonilha, C.-Y. Lee, J.H. Jensen, A. Tabesh, M.V. Spampinato, J.C. Edwards, J. Breedlove, and J.A. Helpern

ABSTRACT
BACKGROUND AND PURPOSE: Temporal lobe epilepsy is associated with regional abnormalities in tissue microstructure, as demonstrated by DTI. However, the full extent of these abnormalities has not yet been deﬁned because DTI conveys only a fraction of the
information potentially accessible with diffusion MR imaging. In this study, we assessed the added value of diffusional kurtosis imaging, an
extension of DTI, to evaluate microstructural abnormalities in patients with temporal lobe epilepsy.
MATERIALS AND METHODS: Thirty-two patients with left temporal lobe epilepsy and 36 matched healthy subjects underwent diffusion
MR imaging. To evaluate abnormalities in patients, we performed voxelwise analyses, assessing DTI-derived mean diffusivity, fractional
anisotropy, and diffusional kurtosis imaging– derived mean diffusional kurtosis, as well as diffusional kurtosis imaging and DTI-derived axial
and radial components, comparing patients with controls.
RESULTS: We replicated ﬁndings from previous studies demonstrating a reduction in fractional anisotropy and an increase in mean
diffusivity preferentially affecting, but not restricted to, the temporal lobe ipsilateral to seizure onset. We also noted a pronounced
pattern of diffusional kurtosis imaging abnormalities in gray and white matter tissues, often extending into regions that were not detected
as abnormal by DTI measures.
CONCLUSIONS: Diffusional kurtosis is a sensitive and complementary measure of microstructural compromise in patients with
temporal lobe epilepsy. It provides additional information regarding the anatomic distribution and degree of damage in this
condition. Diffusional kurtosis imaging may be used as a biomarker for disease severity, clinical phenotypes, and treatment monitoring in epilepsy.
ABBREVIATIONS: DKI ⫽ diffusional kurtosis imaging; FA ⫽ fractional anisotropy; MD ⫽ mean diffusivity; TLE ⫽ temporal lobe epilepsy

T

he most common histologic finding in patients with medial
temporal lobe epilepsy (TLE) is hippocampal sclerosis, which
is defined as neuronal loss and gliosis involving the hippocampus.1-3 Routine clinical MR imaging of patients with TLE can
demonstrate signs associated with hippocampal sclerosis.4,5
Recent observations suggest that hippocampal abnormalities
are not the only structural injury in TLE.6-9 Imaging studies
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using whole-brain quantitative morphometry have repeatedly
demonstrated that TLE is associated with extrahippocampal
abnormalities6,8-13 involving perihippocampal and perilimbic
structures.
However, the full extent of structural abnormalities in TLE is
still unclear. Therefore, the lack of a sensitive and specific marker
of extrahippocampal damage may prevent the assessment of its
clinical relevance. Diffusion MR imaging techniques aimed at
quantifying tissue microstructure may offer more sensitive tools
for determining the extent of brain pathology in TLE. A promising new method called diffusional kurtosis imaging (DKI) can
provide information about cerebral microstructural abnormalities beyond that provided by conventional diffusion tensor imaging.14,15 In fact, by providing a more comprehensive characterization of water diffusion properties, DKI may be more suitable for
detecting subtle brain damage in TLE.
In this study, we investigated the anatomical pattern of microstructural abnormalities associated with TLE by contrasting the
AJNR Am J Neuroradiol 36:719 –24
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voxel-based analyses of microstructure maps derived from DKI
and from well-established DTI.

MATERIALS AND METHODS
Subjects
Thirty-two consecutive patients with left TLE were recruited from
the Comprehensive Epilepsy Center at the Medical University of
South Carolina, where they were diagnosed on the basis of a comprehensive history and neurologic evaluation. The TLE diagnosis
was defined in accordance with the criteria proposed by the International League Against Epilepsy,16 based on a history compatible
with partial seizures with temporal onset, interictal epileptiform
discharges on interictal electroencephalography, and hippocampal atrophy on visual inspection of MR imaging. Not all patients
included in this study were surgical candidates; thus, ictal recording was not obtained in all patients. All patients exhibited a classic
presentation for TLE, based on history, seizure semiology, epileptiform discharges on interictal electroencephalography, as well as
routine MRI. Most patients, but not all, exhibited signs of hippocampal sclerosis on MR imaging, and a detailed description of
the demographic and clinical information for patients included in
this study is provided in the On-line Table.
The mean age of patients was 44.8 ⫾ 16.7 years; 22 patients
were women. We also studied a control group of healthy individuals recruited from the local community who had no history of
neurologic problems and no risk factors for epilepsy (mean age,
40.4 ⫾ 11.6 years; 24 women). Patients and controls were similar
in sex (P ⫽ .21) and age (P ⫽ .92) distributions.

Image Acquisition
All patients and controls underwent the same imaging protocol
performed on a 3T Magnetom Verio MR imaging scanner (Siemens, Erlangen, Germany) equipped with a 12-channel head coil.
Diffusion-weighted images were obtained by using a twice-refocused echo-planar sequence with 3 diffusion weightings (b⫽0,
1000, and 2000 s/mm2) along 30 diffusion-encoding directions
with NEX ⫽ 1 (NEX ⫽ 10 for b⫽0). Other imaging parameters
were TR ⫽ 8500 ms, TE ⫽ 98 ms, FOV ⫽ 222 ⫻ 222 mm2, matrix
size ⫽ 74 ⫻ 74, parallel imaging factor ⫽ 2, no partial Fourier
encoding, section thickness ⫽ 3 mm, and 40 axial sections. Acquisition time was 9 minutes and 12 seconds. Structural images
were obtained by using a magnetization-prepared rapid acquisition of gradient echo sequence with TR ⫽ 2250 ms, TE ⫽ 4.18 ms,
TI ⫽ 900 ms, FOV ⫽ 256 ⫻ 256 mm2, matrix size ⫽ 256 ⫻ 256,
section thickness ⫽ 1 mm, and 176 sagittal sections.

Image Processing
Tissue Volume Maps. T1-weighted images were submitted to
gray and white matter tissue segmentation using the VBM toolbox
(http://dbm.neuro.uni-jena.de/vbm/) for SPM8 software (http://
www.fil.ion.ucl.ac.uk/spm/software/spm8). Image normalization
and segmentation were performed iteratively by using the symmetric tissue probability map of VBM, very light regularization,
and affine regularization to the ICBM space template (European
Brains; http://bmap.ucla.edu/portfolio/atlases/ICBM_Template/). Spatial normalization was performed with affine and nonlinear
transformations yielding modulated normalized gray and white
720
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matter probability maps. All maps were transformed into standard space, and their averages (gray and white matter maps separately) were used to provide tissue inclusion masks for statistical
analyses.
Microstructure Maps. DKI postprocessing was performed by using the in-house software Diffusional Kurtosis Estimator (http://
www.nitrc.org/projects/dke),17 which performed the following
processing steps to generate diffusivity and kurtosis maps: first,
motion correction through a 6-parameter rigid-body transformation to spatially align all DWIs. Second, at each voxel, the diffusion and diffusional kurtosis tensors were jointly fitted to the
DWIs for b⫽0, 1000, and 2000 s/mm2 for that voxel, and the
mean kurtosis was calculated from the tensors. The diffusion tensor was fitted to the DWIs for b⫽0 and 1000 s/mm2, and mean
diffusivity and (MD) fractional anisotropy (FA) were calculated
from the diffusion tensor. Axial and radial diffusion and kurtosis
maps were also generated.
FA maps were nonlinearly normalized to a common space by
using the fMRI of the Brain Software Library, Version 4.1.7
(http://www.fmrib.ox.ac.uk/fsl) using a symmetric FA template,
and the resulting transformation was applied to normalize the
other maps. The spatially normalized images were then submitted
to spatial smoothing with an 8-mm Gaussian filter.
Statistical Analyses. We performed whole-brain voxelwise analyses, comparing patients with TLE and controls regarding MD,
FA, mean kurtosis, axial diffusion, radial diffusion, axial kurtosis,
and radial kurtosis maps. We performed comparisons using voxelwise t tests. All results were corrected for multiple comparisons
using a false discovery rate threshold of q ⬍ 0.01.18

RESULTS
Gray Matter
Patients with TLE exhibited multiple cortical areas with significant increase in diffusion parameters, along with a concurrent
decrease in kurtosis parameters.
Specifically, an increase in MD was observed within the orbitofrontal cortices, frontal poles, medial left temporal lobe region, and midposterior cingulate. No significant changes were
observed with axial diffusion, but radial diffusion was increased in
patients in the orbitofrontal regions, frontal poles, medial left
temporal regions, left lateral temporal regions, and midposterior
cingulate cortex.
In contrast, at the same statistical threshold level, a more diffuse pattern of significant reductions in mean kurtosis was observed, encompassing the temporopolar cortices, temporal and
frontal opercula, medial temporal lobe regions (more pronounced on the left side), left lateral temporal region, prefrontal
cortices and temporal poles, and cingulate and parietal regions.
Overall, a higher statistical difference was noted on the left side.
Reductions in axial kurtosis were noted particularly over the
frontal polar regions, left temporal pole, left lateral temporal cortex,
and left precentral areas. Reductions in radial kurtosis were diffusely
distributed across the entire brain but were particularly intense over
the left medial temporal cortex, left temporal polar cortex, left insula,
left fusiform gyrus, cingulate cortex, and left precentral regions.
These results are shown in Fig 1.

FIG 1. Voxelwise maps of cortical abnormalities in patients with TLE compared with controls. Statistical maps are overlaid on an average of
probabilistic gray matter maps from all subjects. The scale bars represent absolute values of t scores. The ﬁrst row demonstrates areas with an
increase in MD in patients. The second row demonstrates areas of increased radial diffusion in patients. The third, fourth, and ﬁfth rows
demonstrate areas of reduced mean kurtosis and axial and radial kurtosis, respectively, in patients. All results were corrected for multiple
comparisons by using a false discovery rate threshold of q ⬍ 0.01.

There were no cortical areas of reduced diffusion or increased
kurtosis measures in patients.

White Matter
Patients with TLE demonstrated a significant increase in MD
within the white matter in the frontal, left medial temporal, perithalamic, left occipitotemporal, and medial frontoparietal regions. There was also an increase in MD within the splenium of
the corpus callosum. These abnormalities were also noted in areas

of radial diffusion decrement, while axial diffusion did not demonstrate significant abnormalities between groups.
FA decrement was noted in a widespread pattern involving the
medial temporal, perithalamic, orbitofrontal, left temporopolar,
left occipitotemporal, and medial frontoparietal white matter regions. There was also a notable decrement in FA within the splenium of the corpus callosum, left side of the genu of the corpus
callosum, and left uncinate fasciculus.
At the same statistical threshold, there was a remarkable anaAJNR Am J Neuroradiol 36:719 –24
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FIG 2. Voxelwise maps of white matter abnormalities in patients with TLE compared with controls. Statistical maps are overlaid on an average
of probabilistic white matter maps from all subjects. The scale bars represent absolute values of t scores. The ﬁrst and second rows demonstrate
areas with an increase in MD and radial diffusion, respectively, in patients. The third row demonstrates areas with reduced FA in patients, while
the fourth, ﬁfth, and sixth rows demonstrate areas of reduced mean kurtosis, axial kurtosis, and radial kurtosis in patients, respectively. All results
were corrected for multiple comparisons by using a false discovery rate threshold of q ⬍ 0.01.
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tomical pattern of mean kurtosis reduction, which involved
most of the brain white matter and was most pronounced over
the left temporal, bilateral orbitofrontal, and left frontoparietal
regions. These abnormalities were similar to the pattern noted
with radial kurtosis decrement in patients.
These results are shown in Fig 2.
There were no areas of MD decrement, FA increase, or kurtosis increase in patients.

DISCUSSION
In this study, we investigated microstructural gray and white matter abnormalities in patients with TLE using a novel diffusion MR
imaging technique called DKI. DKI is aimed at detecting changes
in tissue microstructure, including those arising from non-Gaussian properties of water diffusion, thus providing a potentially
more sensitive and specific tool for the evaluation of pathologic
changes in TLE.14,15 We contrasted the DKI-derived microstructural measures with the better established DTI-derived measures.
We replicated findings from several previous studies using
DTI to assess microstructural abnormalities in TLE. Specifically,
we demonstrated areas of increased MD and reduced FA in patients with TLE, which were preferentially located within, but not
restricted to, the temporal lobe ipsilateral to the side of seizure
onset.19-29
We observed that DKI is capable of detecting a broader anatomic pattern of microstructural abnormalities in patients with
TLE, compared with conventional measures. Moreover, these results demonstrate a distribution of network abnormalities that is
in direct concordance with the hypothesized network pathology
related to TLE.13,30 The presence of abnormalities demonstrated
by DKI is more contiguous and anatomically plausible compared
with conventional methodologies, and it is consistent with the
theory of limbic and perilimbic dysfunction in TLE.31,32
In this study, we also corroborated the findings from Gao et
al,33 suggesting that DKI is more sensitive, compared with DTI, to
detect microstructural abnormalities in the patients with TLE.
Gao et al studied a population of children with TLE; nonetheless,
their results are fairly equivalent to our observations from a population of adult subjects with TLE.

DKI and the Pathophysiology of TLE
The hypothesis that TLE is a disease that affects more than just the
hippocampus has been corroborated by several imaging studies
demonstrating abnormalities in TLE involving limbic structures.6,8-13 However, there is considerable variability across studies regarding the extent and degree of extrahippocampal damage
in TLE. These variations may be directly related to the sensitivity
of the methods, as further highlighted by the observation that
conventional methods are not sensitive to most extrahippocampal histologic changes.34,35 This variability in findings precludes a
better understanding of the pathophysiology of TLE.
Our results suggest that TLE is associated with extensive microstructural abnormalities, encompassing a contiguous and extensive network of extrahippocampal and extratemporal regions.
Our results were obtained from a population of consecutive
patients with TLE, most of whom demonstrated signs of hippocampal sclerosis on MR imaging (On-line Table). Therefore, it

is possible that the temporal and extratemporal microstructural
abnormalities demonstrated by DKI are correlated with hippocampal cell loss. Future studies evaluating phenotypical differences in the distribution of DKI abnormalities may provide further insight into this subject.
Moreover, the patient population evaluated in this study was
not composed exclusively of surgical candidates (ie, it included
patients with relatively well-controlled epilepsy). Most interesting, our strong statistical results suggest that microstructural abnormalities were widespread across all subjects. While these findings support DKI as exquisitely sensitive to abnormalities
associated with TLE, it is still unclear whether DKI can provide
further information regarding classification into subgroups, particularly as it relates to pharmacologic or surgical treatment outcomes. This study provides initial evidence of DKI as a biomarker
of TLE, and we believe that future studies could address the impact of DKI as a clinical biomarker.

DKI as a Biomarker
The results of this study suggest that DKI may provide a sensitive
and specific biomarker of TLE. Specifically, it may be a powerful
tool for determining the degree of abnormality in cortical regions,
which may be related to the clinical or neuropsychological profiles, and for quantifying the burden of overall network abnormalities on clinical progression. Specifically, extrahippocampal microstructural tissue abnormalities may be related to
epileptogenesis in some individuals with TLE.31,36,37 These microstructural changes may represent a complex interaction
among multiple pathologic mechanisms such as cell loss, inflammation, and axonal and dendritic reorganization, which are
known to occur in epilepsy.38

Clinical Feasibility of DKI
DKI provides a convenient platform for the evaluation of microstructural abnormalities related to TLE and is one form of advanced diffusion MR imaging.39 However, DKI may be advantageous to other methods due to its feasibility in routine clinical
practice. Other modalities require significantly longer scan times
and/or custom hardware. Conversely, DKI can be acquired with a
high signal-to-noise ratio in approximately 6 –10 minutes, depending on the scanner.

Future Applications
This study provides preliminary evidence in support of the utility
of DKI for characterization of microstructural abnormalities in
TLE. Our results suggest that DKI– defined microstructural abnormalities are pervasive in the hippocampal, temporal, and extratemporal regions. Future studies should further investigate the
histologic correlates of these abnormalities and their relationship
with the clinical and neuropsychological profiles in patients with
medial temporal lobe epilepsy.

CONCLUSIONS
This study demonstrates the added value of kurtosis measures in
the assessment of microstructural alterations in adult patients
with TLE. The results of this study confirm our hypothesis that
AJNR Am J Neuroradiol 36:719 –24
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DKI may provide complementary information regarding the location and magnitude of structural abnormalities in TLE.
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INTERVENTIONAL

Extra-Aneurysmal Flow Modiﬁcation Following Pipeline
Embolization Device Implantation: Focus on Regional
Branches, Perforators, and the Parent Vessel
G. Gascou, K. Lobotesis, H. Brunel, P. Machi, C. Riquelme, O. Eker, A. Bonafé, and V. Costalat

ABSTRACT
BACKGROUND AND PURPOSE: Flow-diverter technology has proved to be a safe and effective treatment for intracranial aneurysm
based on the concept of ﬂow diversion allowing parent artery and collateral preservation and aneurysm healing. We investigated the
patency of covered side branches and ﬂow modiﬁcation within the parent artery following placement of the Pipeline Embolization Device
in the treatment of intracranial aneurysms.
MATERIALS AND METHODS: Sixty-six aneurysms in 59 patients were treated with 96 Pipeline Embolization Devices. We retrospectively
reviewed imaging and clinical results during the postoperative period at 6 and 12 months to assess ﬂow modiﬁcation through the parent
artery and side branches. Reperfusion syndrome was assessed by MR imaging and clinical evaluation.
RESULTS: Slow ﬂow was observed in 13 of 68 (19.1%) side branches covered by the Pipeline Embolization Device. It was reported in all cases
of anterior cerebral artery coverage, in 3/5 cases of M2-MCA coverage, and in 5/34 (14.7%) cases of ophthalmic artery coverage. One
territorial infarction was observed in a case of M2-MCA coverage, without arterial occlusion. One case of deep Sylvian infarct was reported
in a case of coverage of MCA perforators. Two ophthalmic arteries (5.9%) were occluded, and 11 side branches (16.2%) were narrowed at 12
months’ follow-up; patients remained asymptomatic. Parent vessel ﬂow modiﬁcation was responsible for 2 cases (3.4%) of reperfusion
syndrome. Overall permanent morbidity and mortality rates were 5.2% and 6.9%, respectively. We did not report any permanent deﬁcit or
death in case of slow ﬂow observed within side branches.
CONCLUSIONS: After Pipeline Embolization Device placement, reperfusion syndrome was observed in 3.4%, and territorial infarction, in
3.4%. Delayed occlusion of ophthalmic arteries and delayed narrowing of arteries covered by the Pipeline Embolization Device were
observed in 5.9% and 16.2%, respectively. No permanent morbidity or death was related to side branch coverage at midterm follow-up.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; PED ⫽ Pipeline Embolization Device

F

low-diversion systems appear to be promising tools for the
treatment of giant, wide-neck, or fusiform intracranial aneurysms.1-8 It allows not only the exclusion of the aneurysm sac but
the treatment of the diseased arterial segment located on either side
of the device by changing the hemodynamic conditions.9,10 Blood
flow is supposed to be disrupted in the aneurysm sac, while parent
artery and collateral branches remain permeable. Modification of
intra-aneurysmal flow after the implantation of flow diverters has
been described as well in experimental and computational mod-

els,11-13 but extra-aneurysmal flow modifications have rarely been
explored. Clinical complications such as delayed aneurysm rupture,14-16 delayed intraparenchymal hematoma,17 and slow flow or
occlusion of collateral branches covered by the device18 have been
reported, with sparse knowledge, considering the frequency.
The purpose of this study was to focus on hemodynamic
changes induced by the Pipeline Embolization Device (PED; Covidien, Irvine, California) in collateral branches, perforators, and
the parent artery.

MATERIALS AND METHODS
Received June 20, 2014; accepted after revision September 19.

Patient Selection

From the Department of Neuroradiology (G.G., P.M., C.R., O.E., A.B., V.C.), CHU Gui
de Chauliac, Montpellier, France; Department of Imaging (K.L.), Imperial College
Healthcare NHS Trust, Charing Cross Hospital, United Kingdom; and Department
of Neuroradiology (H.B.), CHU La Timone, Marseille, France.

We retrospectively analyzed the clinical and radiologic data of all
consecutive patients treated with the PED from July 2009 to June
2012 in 2 large French neuroscience centers.
Therapeutic options were discussed by a multidisciplinary
team. Patients were treated with endovascular reconstruction if
they had wide-neck aneurysms (neck size, ⱖ4 mm, or dome-to-
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neck ratio, ⬍2) and/or if therapy was not feasible by conventional
techniques (coils with or without remodeling or surgical clipping). The aneurysms treated were blister-like, fusiform, large,
and giant aneurysms. The study was conducted following approval by an ethics committee, and written informed consent was
obtained from every patient.

Endovascular Procedure
Medication. All patients were treated under general anesthesia
and premedicated with clopidogrel (300 mg the day before).
Platelet function was evaluated by using a VerifyNow P2Y12 assay
(Accumetrics, San Diego, California) in the angiography suite just
before the procedure.19 Procedures were performed with the patient under systemic heparinization with an activated clotting
time between 250 and 300 seconds. At the end of the procedure,
each patient was given an intravenous bolus of 250 –500 mg of
aspirin, and heparin anticoagulation was maintained for 24
hours. Dual antiplatelet medication was then introduced (clopidogrel, 75 mg, and aspirin, 75 or 160 mg) and was maintained for
at least 6 months following the procedure. At 6 months, clopidogrel was stopped and aspirin was maintained life-long.
Technique. All procedures were performed by a senior interventional neuroradiologist with experience in stent-placement techniques. The PED was implanted via a femoral artery approach
across the aneurysmal segment; then, the delivery was via a 0.027inch internal diameter microcatheter (Marksman; Covidien) that
requires a 6F guide catheter support.
Morphologic characteristics of the aneurysm (morphology, volume, and neck size) and parent artery (diameter of the proximal and
distal segment and collateral branches) were analyzed by using 2D
and 3D reconstructed images to select the optimal device size and
length.
Postoperative Management and Follow-Up. A neurologic examination was performed after the procedure. In the absence of a
significant abnormality, patients were discharged after 72 hours.
In cases with complications, a brain CT or MR imaging was performed. In the absence of clinical adverse events, patients were
clinically followed by a stroke practitioner postdischarge at 6 and
at 12 months after the procedure. All clinical adverse events
(stroke, SAH, headache, nerve palsy, mass effect, or visual deficit)
were documented in our prospectively populated data base before
the procedure and then were re-evaluated during follow-up.
Follow-up included an MR imaging or conventional angiography at 6 and 12 months. We retrospectively analyzed flow modifications within side branches covered by the device. This assessment was made on the angiogram obtained immediately after the
stent deployment, by using the same acquisition parameters (volume injected, speed, x-ray delay) as those obtained immediately
before the implantation of the device. Flow modification was subjectively assessed by using a 3-point scale: 1) no modification (if
the flow was the same as that before device deployment), 2) slow
flow (if the contrast material became slower within the covered
vessel), and 3) occlusion (if no contrast material entered the vessel). During the follow-up imaging, patency of side branches covered by the device was determined and the vessel size was reported
as unchanged, narrowed, or occluded.
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Table 1: Baseline characteristics
Characteristics
Patients
Age (mean, yr)
Female sex
Aneurysms
Morphology
Saccular
Dissecting
Blister
Fusiform
Size (mean, mm)
Size (maximum diameter)
⬍10 mm (small)
⬎10–25 mm (large)
⬎25 mm (giant)
Neck ⱖ4 mm
Dome-to-neck ratio ⬍2
Location
Anterior circulation
CCA
COA
MCA
ACA
PcomA
Posterior circulation
BA
VA
PCA
PICA

Value
59
53.7
46
66

%

78

44
16
2
4
10.7

66.7
24.2
3
6.1

38
23
5
50
36

57.6
34.8
7.6
75.8
54.5

54
25
16
7
2
4
12
2
7
2
1

81.8
37.9
24.2
10.6
3
6.1
18.2
3
10.7
3
1.5

Note:—CCA indicates cavernous carotid artery; COA, carotico-ophthalmic artery;
BA, basilar artery; VA, vertebral artery; PcomA, posterior communicating artery; PCA,
posterior cerebral artery; PICA, posterior inferior cerebellar artery.

All conventional angiograms and MRIs were reviewed by 2
neuroradiologists and adjudicated in cases of disagreement.
In addition to patency of collateral branches, baseline characteristics including patient age, aneurysms morphology, size, and
location were also reported.

RESULTS
Patient Population and Aneurysm Characteristics
Between July 2009 and June 2012, 66 aneurysms in 59 patients
were treated with the PED in 2 French neuroscience centers
(Table 1). Fifty patients were treated by 3 operators in Montpellier, and 9 patients were treated by 1 operator in Marseille without
any significant imbalance between these 2 centers.

PED Procedures
A total of 96 devices were used to treat 66 intracranial aneurysms (1.5
device per aneurysm). PED deployment was achieved in 92 cases
(95.8%). Four devices (4.2%) could not be deployed. No parent artery occlusion was reported during the perioperative period.
Coils were deployed in 7 aneurysms (10.6%), including 2 ruptured aneurysms. Coils were not used in cases of potential risk of
side branch occlusion. PED implantation alone was performed in
59 aneurysms (89.4%). Patients were treated with 1–5 PEDs (the
number of PEDs implanted was 1 in 48 cases, 2 in 10 cases, 3 in 2
cases, 4 in 3 cases, and 5 in 2 cases). Multiple PEDs were used with
telescopic reconstruction in cases of large-neck aneurysms or to
treat different aneurysms in the same arterial segment.

Table 2: Hemodynamic modiﬁcations within visible side branches covered by the PED and consequences
Slow Flow
Transient or
Territorial
Stenosis at Occlusion at
No. of PEDs No. of Side
within
Permanent
Ischemic
12-Mo
12-Mo
a
Side Branches
Implanted
Branches Side Branches Neurologic Deﬁcits Lesions on MRI Follow-Up Follow-Up
Ophthalmic artery
1
25
3
0
NA
2
1
2
5
1
0
NA
1
0
3
1
0
0
NA
0
1
4
3
1
0
NA
0
0
Anterior choroidal artery
1
11
0
3
0
0
0
2
1
0
0
0
0
0
ACA
1
5
5
3
0
5
0
Callosomarginal artery
1
1
0
0
0
0
0
MCA
1
5
3
2
1
1
0
PcomA
1
2
0
0
0
0
0
PICA
1
5
0
0
0
2
0
2
1
0
0
0
0
0
SCA
3
1
0
0
0
0
0
PCA
3
1
0
0
0
0
0
Anterior spinal artery
1
1
0
0
0
0
0
Total
68
13 (19.1%)
8
1
11
2
Perforators
Sylvian perforators
1
4
NA
3
1
NA
NA
2
1
NA
0
0
NA
NA
BA perforators
3
1
NA
0
0
NA
NA
5
1
NA
0
0
NA
NA
Total
7
NA
3
1
NA
NA
Note:—SCA indicates superior cerebellar artery; NA, not available; BA, basilar artery; PcomA, posterior communicating artery; PCA, posterior cerebral artery; PICA, posterior
inferior cerebellar artery.
a
Related to the side branch covered.

identified within 13 branches (19.1%),
including 5 of 34 (14.7%) ophthalmic
arteries (Table 2), 5 of 5 (100%) anterior
cerebral arteries (ACAs), and 3 of 5
(60%) M2-MCAs. In all cases of ACA
coverage, the anterior communicating
artery was functional. No side branch
occlusion was demonstrated on the immediate angiography. Five patients presented with transient neurologic deficits. Four had multiple side branch
coverage. Territorial ischemic lesions on
MR imaging were reported in 2 cases:
The first case was a 30-year-old man
(patient 3) treated for a left dissecting
ruptured MCA aneurysm. The covered
branches were the ACA and MCA perforators, and an MR imaging performed
the following day demonstrated a deep
MCA infarct (Fig 1). The second case
was a 60-year-old woman (patient 22)
treated for an incidental MCA bifurcation aneurysm with a branch originatFIG 1. Perforator infarction following PED placement and arterial narrowing of the covered artery on ing from the sac. On the final angioa 12-month follow-up angiogram. A, Anteroposterior view shows the dissecting aneurysm of the left graphic runs, slow flow was observed
proximal M1 segment. B, Anteroposterior view after PED placement shows absence of ﬁlling of the
aneurysm and slow ﬂow within the A1 segment. The acquisition was performed with the same param- within the anterior MCA bifurcation
eters but in a later phase to see the A1 segment. C, Single PED placement within the left M1 segment branch (Fig 2). After extubation, the
results in contrast stagnation within the aneurysm sac. D and E, DWI and FLAIR sequences performed 2 patient presented with mild aphasia,
days later because of transient right brachiofacial hemiparesis demonstrate basal ganglial infarction. F,
Twelve-month follow-up angiogram shows the ostial narrowing of the covered collateral branches (arrow). and MR imaging identified an MCA
infarct. The patient was discharged
without a significant deficit. Two paSide Branches and Perforators Covered by the PED
tients
with
basilar
artery
PED placement died, one patient, in
Sixty-eight visible side branches were covered by the device. Imunclear circumstances, probably secondary to a delayed rupmediately after PED placement, slow flow was angiographically
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respectively, 82 and 78 years of age)
treated for a large carotid cavernous aneurysm presented with transient hemiplegia within 5 hour after the procedure.
In both patients, flow decrease was not
observed during the procedure, and
blood pressure was stable around 90 mm
Hg without evidence of tensional disturbance during the procedure. On the MR
imaging performed (Fig 3), there was no
evidence of new ischemic or hemorrhagic lesions and the intracranial arteries remained patent. FLAIR images
showed leptomeningeal hyperintensity
without enhancement on the postgadolinium images. On the PWI sequence,
there was no hyperperfusion seen. The
neurologic deficit improved during several days, and the follow-up MR imaging
performed 5–7 days after the procedure
showed complete resolution of the leptomeningeal signal change.
At 12 months’ follow-up, the overall
morbidity rate was 5.2%, and the mortality rate was 6.9% (overall morbimortality rate of 12.1%). The rate of mortality was 27.3% in the posterior
circulation and 2.1% in the anterior circulation. Three patients died during folFIG 2. Slow ﬂow within MCA side branch. A, Left MCA aneurysm treated with a PED covering the
low-up, at days 10, 15, and 25. Deaths
prefrontal branch. B and C, Slow ﬂow within the covered side branch (arrows). D and E, MR
were related to in-stent thrombosis in 1
imaging performed on day 1 after the procedure shows acute left anterior MCA infarct.
case and delayed aneurysm rupture in 2
ture (patient 11), and the second following in-stent thrombocases. Delayed aneurysm rupture occurred in an 86-year-old
sis (patient 24) related to premature discontinuation of antiwoman treated for a large basilar artery aneurysm in 1 case and a
platelet therapy.
56-year-old woman treated for a large carotico-ophthalmic aneuDuring follow-up angiography, 66 of 68 (97%) visible side
rysm in the other case. One other patient died during further
branches covered by the PED remained patent with normal blood
treatment performed 13 months after the initial therapeutic phase
flow. We reported 2 cases (5.9%) of ophthalmic artery occlusion
because of persistent aneurysm filling. No permanent morbidity
on the 12-month follow-up angiogram. Eleven cases (16.2%) of color death was related to side branch coverage.
lateral branches remained patent but had an arterial narrowing,
DISCUSSION
which was observed in all cases of ACA coverage. In all these cases of
Side Branches and Perforators Covered by the PED
occlusion or narrowing, patients did not have transient or permaIn our overall cohort, delayed occlusion of the ophthalmic artery,
nent deficits. The 2 patients with delayed ophthalmic artery occlucovered by the PED, occurred in 2 cases (5.9%) but was clinically
sion had no flow modification on the angiogram immediately after
silent. In the literature, patency of collateral branches is rarely
PED placement. The 13 side branches with slow flow noted just after
reported. Concerning the ophthalmic artery, Szikora et al6 rethe procedure remained patent at 1-year follow-up.
ported
immediate occlusion in 1 case, resulting in a retinal branch
The mean number of PEDs implanted in cases of occluded side
occlusion
and a small visual field deficit, and delayed occlusion at
branches was 2 (range, 1–3) versus 1.35 (range, 1– 4) in cases of
6
months
in 2 other cases, which were clinically silent. This findnormal blood flow within side branches.
ing is consistent with a rate of delayed ophthalmic artery occlusion of 11.7%. More recently, Puffer et al18 observed that 21% of
Clinical Follow-Up
the ophthalmic artery covered by a PED appeared occluded in
Among 59 patients initially included in the study, 1 patient was
subsequent angiographic follow-up. All reported cases of ophlost to follow-up. Fifty-eight patients with 65 intracranial aneuthalmic artery occlusion were clinically silent, perhaps due to the
rysms underwent PED placement and discharge evaluation. Durgood collateral circulation.18 In another study, Yu et al20 did not
ing the hospitalization, we reported 19 (32.3%) minor reversible
clinical adverse events: Six (10.3%) patients had headache, 5
report any occlusions among 107 ophthalmic arteries covered by
(8.6%) had femoral puncture hematomas, and 8 (13.8%) had
the PED. Overall, the placement of 1 or multiple PEDs across the
transient neurologic deficits. Two patients (1 man and 1 woman;
ophthalmic artery appears safe.
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on the initial imaging. Late narrowing or
occlusion was observed in 38% (5/13)
after initial slow flow and was observed
in only 14.5% (8/55) when slow flow was
not reported just after stent placement
(P ⬍ .05), suggesting that peroperative
slow flow is a strong predictor of late
branch occlusion. In the literature, narrowing of collateral branches is rarely
reported. Preclinical studies9,22-26 reported that flow within collateral arteries was maintained after the placement
of a flow diverter. However, these arteries were considered end vessels without
distal collaterals. In a clinical study,
Brinjikji et al21 observed a decreased
flow in 18% of posterior communicating arteries covered by a flow diverter
with a patent P1. These findings suggest
that the placement of a flow diverter is
probably responsible for a vascular and
hemodynamic remodeling of regional
branches covered by the device, which
can lead to arterial narrowing at midterm follow-up. This vascular remodeling is probably favored by flow competition from communicating arteries.
The narrowing or occlusion of such arteries remains clinically silent due to
good collaterality. In our practice, we
now check the patency of the anterior
communicating artery before placing a
flow diverter in this segment.
Among the 5 cases of lenticulostriate
coverage, we reported 1 case of infarction. This patient was treated for a disFIG 3. Imaging ﬁndings in a patient presenting with cerebral reperfusion syndrome. The patient secting MCA aneurysm with the placewas treated for a large left carotid cavernous aneurysm with the implantation of 2 overlapped ment of 1 PED, and it is not possible to
PEDs (A). Seven hours after the procedure, the patient had severe headache and mild aphasia. B
conclude whether the infarct was due to
and C, FLAIR images show leptomeningeal hyperintensities in the left hemisphere (arrows) without evidence of hemorrhage on T2 gradient-echo (C). D, FLAIR performed 24 hours after the extension of the dissection to the lenticprocedure shows complete reversibility of leptomeningeal hyperintensities.
ulostriate arteries or due to the device.
Overall, PED placement across perforatIn our study, as well as in the article by Szikora et al,6 we did not
ing lenticulostriate arteries remains safe, probably due to the disreport other side branch occlusions (anterior choroidal artery, poscrepancy between the wire size of the PED (30 m) and the diamterior inferior cerebellar artery, superior cerebellar artery, posterior
eter of lenticulostriate arteries (mean, 480 m; range, 100-1280
communicating artery, anterior spinal artery, ACA, or MCA). Brinm).27 Furthermore, in a computational model, Appanaboyina
jikji et al21 reported an occlusion rate of 27% in cases of posterior
et al25 observed that the coverage of 90% of the perforating vessel
communicating artery coverage without neurologic deficit. In all
ostium reduced ⬍10% of the flow through the inlet. These data
these cases, the P1 segment was patent on the initial angiogram.
suggest that even if 3 wires cross a perforator ostium with a diamIn our series, slow flow was observed immediately after PED imeter of 100 m, the coverage of the orifice area will never be
plantation in all cases of ACA coverage and in 3 of 5 cases of M2⬎90%. However, tiny thrombi can develop on the surface of the
MCA coverage. Most interesting, territorial infarction resulting in a
PED and then migrate distally. A recent in vitro study observed
transient aphasia was observed in only 1 case of M2-MCA slow flow.
that flow reduction within side branches was higher in cases of
In our series, 16.2% of collateral branches covered by the PED
tight mesh or overlapping stents24; however, previous preclinical
had arterial narrowing on the 12-month follow-up angiogram. In
studies9,22,28 did not observe side branch occlusion in rabbit
no case was it associated with a neurologic deficit. All cases of ACA
models even when small branches, similar in diameter to human
coverage presented with delayed arterial narrowing. All patients
perforating arteries, were covered by 1 or multiple overlapped
had a patent anterior communicating artery and contralateral A1
AJNR Am J Neuroradiol 36:725–31
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PEDs. In our study, the number of overlapped PEDs implanted
covering the lenticulostriate arteries was not a predictor of perforator infarction. Patency of perforating arteries in human clinical
studies is rarely reported in the literature. van Rooij and Sluzewski29 observed a case of perforator infarction in the territory of
the lenticulostriate arteries covered by the flow diverter. Phillips et
al30 reported 3 cases of perforator infarction in the vertebrobasilar
territory. Overall, the risk of occlusion of perforating arteries appears low, assuming an effective antiplatelet therapy.

an increase of intra-aneurysmal pressure, which could lead to
rupture, especially in cases of giant aneurysms, tortuous vessels,
or pre-existing proximal parent artery stenosis. Most of these ruptures have been described in cases of large or giant aneurysms
treated by flow diverters alone. Hence, some authors recommend
the combined use of coils15,43 for large and giant aneurysms and
suggest a modest reduction of systemic blood pressure in the postoperative period.

Limitations
Parent Artery Flow Modiﬁcation
We did not observe any cases of delayed intraparenchymal hemorrhage,17 but we reported 2 cases of reperfusion cerebral syndrome. In both cases, the patients were older than 75 years (78 and
82 years of age) and the aneurysms treated were large (13 and 15
mm) and involved a tortuous carotid artery. This syndrome has
been described as a minor manifestation of the classic cerebral
hyperperfusion syndrome.31 This syndrome is a rare but welldescribed phenomenon occurring after a carotid endarterectomy,
angioplasty, stent placement,32 or aneurysm clipping.33-35 It is
related to a sudden increase in regional cerebral blood flow secondary to loss of cerebrovascular autoregulation.31,32,36 The
symptoms can range from headache and neurologic deficit
(without any ischemic lesion on MR imaging) to intracerebral
hemorrhage.37 Several risk factors have been reported, including
hypertension, diabetes, age older than 75 years, recent carotid
surgery/intervention within 3 months, high-grade ipsilateral or
contralateral stenosis, female sex, vascular malformation, and
cerebrovascular reactivity.32
Recently, Chiu and Wenderoth38 reported a case of hyperperfusion syndrome following flow-diverter treatment of a large paraclinoid aneurysm for which the clinical presentation and MR imaging findings were similar to those of our patients except that in this
case, there was hyperperfusion on CT perfusion. In our study,
there was no evidence of hyperperfusion on PWI-MR imaging;
hence, we have to use the term “reperfusion syndrome”.31,39 Murakami et al40 hypothesized that before treatment, giant aneurysms are responsible for the reduction in blood flow through the
distal parent artery and might cause relative hypoperfusion in the
ipsilateral cerebral cortex. Following aneurysm clipping, blood
flow through the parent vessel suddenly increases, exceeding cerebral autoregulatory abilities, leading to cerebral hyperperfusion. One may hypothesize a similar phenomenon in aneurysms
treated by surgical clipping or flow diverters, in which the stent
redirects most of the blood flow into the parent artery. These data
were reported in a computational fluid dynamics model,41 in
which an increase in blood flow was observed in the parent artery
after PED placement. As in previous studies,17,42 we hypothesized
that these hemodynamic modifications after flow diversion could
lead to delayed intraparenchymal hemorrhage.
Two patients died in unclear circumstances, and we strongly
suspect delayed aneurysm rupture. These fatal events occurred a
few days or weeks following flow diversion. Similar events have
already been reported for the PED and Silk flow diverter (Balt
Extrusion, Montmorency, France).14-16,43,44 The reason for delayed aneurysm rupture is still uncertain. In computational models, Cebral et al14 observed, after the placement of a flow diverter,
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A limitation of this study is the relatively small number of aneurysms treated and side branches covered by the device, which can
diminish the differences between groups. Thus, we did not perform any statistical analyses. Another limitation is the follow-up
period, which may be too short to assess the long-term patency of
side branches, especially those with narrowing on the midterm
follow-up.

CONCLUSIONS
After PED placement, reperfusion syndrome was observed in
3.4%; slow flow within side branches, in 19.1%; and territorial
infarction, in 3.4%. Delayed occlusion of the ophthalmic arteries and delayed narrowing of arteries covered by the PED were
observed in 5.9% and 16.2%, respectively. No permanent morbidity or death was related to side branch coverage at midterm
follow-up.
Disclosures: Alain Bonafé—UNRELATED: Consultancy: Covidien. Vincent Costalat—
UNRELATED: Consultancy: Sequent Medical, MicroVention, Codman, Stryker; Payment for Lectures (including service on Speakers Bureaus): Stryker, Sequent Medical,
Balt Extrusion; Payment for Development of Educational Presentations: Covidien,
Stryker, MicroVention.
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Experimental Testing of a New Generation of Flow Diverters in
Sidewall Aneurysms in Rabbits
Y.H. Ding, T. Tieu, and D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: The development of new generation ﬂow-diverting devices will improve the result of ﬂow diversion in
challenging aneurysms. The Flow-Redirection Endoluminal Device system is a dual-layer ﬂow-diversion device. The purpose of this study
was to evaluate the effectiveness and safety of the Flow-Redirection Endoluminal Device in a sidewall aneurysm model and in the
abdominal aorta in rabbits.
MATERIALS AND METHODS: Single Flow-Redirection Endoluminal Devices were implanted in the right common carotid artery across
sidewall, vein-pouch aneurysms and within the abdominal aorta in 22 New Zealand white rabbits and followed for 1 (n ⫽ 5), 3 (n ⫽ 5), 6 (n ⫽
4), and 12 months (n ⫽ 8). Aneurysm occlusion was graded on a 3-point scale based on digital subtraction angiography (grade I, complete
occlusion; grade II, near-complete occlusion; and grade III, incomplete occlusion). Toluidine blue and basic fuchsin staining was used for the
evaluation of thrombus organization within the aneurysm and neck coverage with neointima. A scanning electron microscope was used for
conﬁrmation of the patency of branch vessels along with DSA.
RESULTS: Grades I and II occlusion rates were noted in 19 (86%) and 3 (14%) aneurysms, respectively, which indicated a 100% rate of
complete or near-complete occlusion. No parent artery and branch artery occlusion was shown on DSA. Histologic images indicated
partial or complete intraluminal thrombus organization and neointima coverage across the aneurysm neck. A scanning electron microscope indicated that all the vessel branches along the length of the device remained patent.
CONCLUSIONS: The Flow-Redirection Endoluminal Device in experimental aneurysms demonstrated high rates of progressive and
complete aneurysm occlusion while preserving the patency of branch vessels.
ABBREVIATIONS: FRED ⫽ Flow-Redirection Endoluminal Device; RCCA ⫽ right common carotid artery; SEM ⫽ scanning electron microscope

F

low diverters have become important tools in the treatment
of intracranial aneurysms as a recent disruptive technology.
The Pipeline Embolization Device (Covidien, Irvine, California)
is designed as a flexible microcatheter-delivered self-expanding
cylindric construct composed of 48 braided strands of cobalt
chromium and platinum. The Silk flow diverter (Balt Extrusion,
Montmorency, France) is a retrievable device attached to a highfriction delivery system with a 200-cm steel plunger with a 15mm-long radiopaque floppy portion that extends beyond the
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stent with a 45° tip. The retrievability, visibility, and flexibility
remain to be improved.1,2 Surpass (Stryker Neurovascular, Kalamazoo, Michigan) is a cobalt-chromium, low-porosity (metal
surface area coverage, 30%), self-expanding tubular mesh structure with high-pore attenuation.3 The high occurrence of neurologic deficits indicates that it is necessary to keep improving the
performance of current flow-diverter devices. The Flow-Redirection Endoluminal Device (FRED; MicroVention, Tustin, California) was designed to increase the visibility of the device, improve
its performance in patients, and reduce the occurrence of the neurologic complications.
In this study, we created a sidewall aneurysm model in rabbits
and tested the FRED by combining the angiographic, histologic,
and scanning electron microscope (SEM) findings at different
follow-up time points.

MATERIALS AND METHODS
The FRED device is a self-expanding nickel-titanium, compliant
closed-cell design compatible with a 0.027-inch Headway micro-

FIG 1. FRED ﬂow-diverter system demonstrating a dual-layer design
with the working section marked with a radiopaque helix to provide
ﬂuoroscopic visibility. Distal and proximal markers are evenly dispersed on its outer layer ends.

catheter (MicroVention). The FRED system has a unique duallayer design composed of a low-porosity inner flow-diverter mesh
with 48 braided nitinol strands and a high-porosity outer stent
with 16 nitinol struts. This dual-layer coverage is designed to put
the working layer (inner part) mainly at the neck, particularly at
the inflow zone of the aneurysm and to create a flow-diversion
effect. The outer part, which determines the total length, serves as
a protection for the inner stent. The outer stent is 3 mm longer
than the inner flow-diverter mesh at each end so that the proximal
and distal parts of the FRED can be used to cover the adjacent
perforating arteries or small branches of the parent vessel with the
advantage of high porosity. The FRED has 4 radiopaque markers
on each end of the outer stent and 2 interwoven helical marker
strands that attach to the inner and outer stents and run the entire
length of the inner stent. It can be resheathed up to 85% deployment of its total length (Fig 1).
All animal procedures were performed at ISIS Services, San
Carlos, California. Following approval from the Institutional Animal Care and Use Committee of ISIS, sidewall aneurysms were
created in the right common carotid artery (RCCA) in 22 New
Zealand white rabbits. Details of the creation procedure have been
published previously.4 Briefly, anesthesia was induced by intravenous administration of xylazine (1 mg/kg) and ketamine (10 mg/
kg) and was maintained with isoflurane (2%–3%) in oxygen (2
L/min). Using a sterile technique, we made an 8-cm paramedian
incision in the neck. The RCCA and right external jugular vein
were exposed and dissected. After permanent ligation of the proximal and distal sides of the right external jugular vein, a 1-cm vein
pouch was harvested between the 2 sides (right external jugular
vein proximal and distal). A 5-mm arteriotomy of the RCCA was
made, and ligation was performed to temporarily occlude the
proximal and distal sides of the arteriotomy. Heparin (150 U/kg)
was injected intravenously through the ear vein before anastomosis. An end-to-side anastomosis between the vein pouch and the
RCCA by using an 8 – 0 Prolene suture (Ethicon, Cincinnati,
Ohio) was performed.
Three weeks after creation, patency of all the aneurysms and
parent arteries was confirmed by DSA before FRED deployment.
The detailed procedure has been published before.5,6 Briefly, a 5F
sheath was advanced on 1 side of the femoral artery via cutdown,
followed by a 5F Chaperon guiding catheter (MicroVention). A
Headway 27 microcatheter (MicroVention) was advanced into the
distal end of parent artery (RCCA) over a Traxcess 14EX microguidewire (MicroVention) through the guide catheter. The first FRED
(3.5 mm outer stent diameter ⫻ 17/11 mm) was deployed across the
aneurysm neck within the RCCA. The second device (4.0 mm outer
stent diameter ⫻ 18/12 mm) was deployed within the abdominal

aorta crossing multiple lumbar arteries. DSA was performed through
the guide catheter immediately after deployment. Aspirin (10 mg/kg)
and clopidogrel (10 mg/kg) were given daily 2 days before implantation and were continued until 90 days after treatment.
Follow-up DSA was performed at 1 month (n ⫽ 5), 3 months
(n ⫽ 5), 6 months (n ⫽ 4), and 12 months (n ⫽ 8) after treatment.
Animals were sacrificed with a lethal injection of pentobarbital at
each time point after DSA follow-up. The RCCA, including the
aneurysm sac and abdominal aorta with lumbar arteries, was immediately fixed in 10% neutral buffered formalin.
Degrees of intra-aneurysmal flow disruption immediately after device deployment and before sacrifice were graded on a
3-point scale based on DSA images, including grade I (complete
flow cessation, no flow within the aneurysm), grade II (near-complete flow, ⬍10% residual flow), and grade III (incomplete occlusion, ⱖ10% residual flow).7 The degree of aneurysm occlusion at
follow-up was compared with the immediate postembolization
images by using another 3-point scale, including stable aneurysm
occlusion, progressive aneurysm occlusion, and aneurysm recanalization. Patency of parent artery and lumbar artery branches
was also evaluated.
Carotid aneurysm samples were dehydrated in a graded series
of ethanol and embedded in methyl methacrylate plastic. After
polymerization of the plastic, 2- to 3-mm transverse sections were
sawed from the proximal and distal ends of the FREDs and from
the area of the aneurysm neck. The sections were ground to a
thickness of 42–50 m by using Linear Grinding technology (Exakt Technologies, Oklahoma City, Oklahoma), polished, and
stained with toluidine blue and basic fuchsin. All sections containing
the aneurysm sac and aneurysm neck were evaluated by light microscopy to score histologic changes on the basis of specific parameters.
The tissues within the aneurysm were categorized as unorganized
or organized connective tissue. The degree of endothelialized neointima across the neck was also assessed.
DSA and a scanning electron microscope were used to evaluate
the patency of the lumbar arterial branch ostia on the aortic luminal surface. Before processing, the samples were opened longitudinally to expose the luminal surface and the FRED implants
were photographed. The sample was rinsed in 0.1-mol/L sodium
phosphate buffer and then postfixed in 1% osmium tetroxide for
30 minutes. The samples were then dehydrated in a graded series
of ethanol. After critical point drying, the tissue was mounted and
sputter coated with gold; the sample was visualized by using a
scanning electron microscope (magnification range X15-X600;
Hitachi, Tokyo, Japan). Tissue processing and the histopathology
report (including SEM results) were offered by CVpath Institute,
Gaithersburg, Maryland.
Histologic sections containing the proximal, mid-, and distal
sections were analyzed with a National Institute of Standards and
Technology calibrated microscope system (IP Lab software,
Rockville, Maryland) under a BX51 light microscope (Olympus,
Melville, New York). The average value of each histologic factor at
the above 3 locations was calculated. The cross-sectional areas
(internal elastic lamina [IEL] and lumen) of each stented section
were measured. The percentage of luminal narrowing was calculated with the following formula:
% Stenosis ⫽ [1 ⫺ 共Lumen Area/IEL Area)] ⫻ 100.
AJNR Am J Neuroradiol 36:732–36
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The extent of stenosis was classified as 4 categories: minimal
(⬍20%), mild (20%–35%), moderate (⬎35% to ⬍50%), and
marked (ⱖ50%).
Neointima formation and endothelial coverage was semiquantified and expressed as the percentage of the lumen circumference covered by neointima and endothelium, respectively.
Their different extents were categorized as the following: minimal
(⬍25% of the luminal surface, score: 1), mild (25%–50% of the
luminal surface, score: 2), moderate (51%–75% of the luminal
surface, score: 3), and marked (⬎75% of the luminal surface,
score: 4).

RESULTS
Mean aneurysm sizes (including the aneurysm neck, width, and
height) of the 22 aneurysms are shown in Table 1. There was no
significant difference in aneurysm neck, width, and height among
groups at different time points (P ⬎ .05).
Five rabbits were sacrificed at 1 month after FRED deployment: Four aneurysms demonstrated incomplete occlusion immediately after device deployment and 1 aneurysm showed nearTable 1: Mean aneurysm sizes at different time points
Time
Neck (mm)
Width (mm)
Height (mm)
1 Mo
4.1 ⫾ 1.1
6.5 ⫾ 2.1
7.0 ⫾ 1.7
3 Mo
3.5 ⫾ 1.0
5.5 ⫾ 1.6
5.5 ⫾ 1.2
6 Mo
3.7 ⫾ 1.1
6.3 ⫾ 1.7
5.9 ⫾ 1.4
12 Mo
3.6 ⫾ 1.0
5.5 ⫾ 1.5
6.0 ⫾ 1.4

complete occlusion. One month after treatment, 4 (4/5, 80%)
aneurysms (including the aneurysm shown as having near-complete
occlusion immediately after treatment) were completely occluded
and 1 aneurysm showed near-complete occlusion (Fig 2A–C).
In the next follow-up group, 4 aneurysms were incompletely
occluded immediately after device deployment, and 1 aneurysm showed near-complete occlusion. Three months after
treatment, complete occlusion was shown in 4 (4/5, 80%) aneurysms (including the aneurysm shown as having near-complete occlusion immediately after treatment) and near-complete occlusion was indicated in 1 aneurysm.
Four aneurysms at the 6-month point indicated incomplete
occlusion immediately after device deployment. Six months
posttreatment, all (4/4, 100%) aneurysms were completely
occluded.
Eight aneurysms were included at the 12-month point: Seven
aneurysms were incompletely occluded immediately after device
deployment and 1 aneurysm showed near-complete occlusion.
Twelve months after treatment, 7 (7/8, 88%) aneurysms (including
the aneurysm shown as having near-complete occlusion immediately after treatment) were completely occluded, while 1 aneurysm
showed near-complete occlusion (Fig 3A–C).
In total, 19 (86%) of 22 aneurysms were completely occluded
(grade I) during follow-up and 3 (14%) of 22 aneurysms showed
near-complete occlusion (grade II). Thus 100% of the aneurysms
indicated complete or near-complete occlusion. All aneurysms

FIG 2. A, Anteroposterior digital subtraction angiogram shows the aneurysm (arrow) before treatment. B, DSA image immediately after device
deployment shows aneurysm partial occlusion (block arrow). C, DSA image at 1 month shows complete aneurysm occlusion (notched arrow). D,
Photomicrograph stained with toluidine blue and basic fuchsin shows an empty aneurysm sac completely sealed with neointimal growth
incorporating the FRED struts and mesh spanning the neck, magniﬁcation 15⫻.

FIG 3. A, Anteroposterior digital subtraction angiogram shows the aneurysm (arrow) before treatment. B, DSA image immediately after device
deployment shows partial aneurysm occlusion (block arrow). C, DSA image at 12 months shows complete aneurysm occlusion (notched arrow).
D, Photomicrograph stained with toluidine blue and basic fuchsin shows partially organized thrombus within the aneurysm sealed with
complete neointima incorporating the FRED struts and mesh across the neck, magniﬁcation 15⫻.
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showed progressive occlusion when follow-up imaging was compared with imaging immediately after treatment (Table 2). Parent
arteries remained patent in all cases.
Partially or completely organized thrombus, unorganized fibrin, and an empty aneurysm cavity were shown at each time
point. Neointimal growth incorporated the device and completely excluded the aneurysm neck in 19 aneurysms, which included 2 of the 3 incompletely occluded aneurysms shown on
DSA. Incomplete neointima across the neck was indicated in 3
aneurysms, of which 2 were completely occluded as shown on
DSA (Figs 2D and 3D).
Nineteen (86%) cases showed marked neointima formation and endothelial coverage. Two cases (1 in the 3-month group
and 1 in 12-month group) had both mild neointima formation and
endothelial coverage. One case in the 12-month group showed moderate neointima formation and mild endothelial coverage. The average stenosis percentage in each group was ⬍30%, which indicated
only mild intima hyperplasia (Table 3).
All lumbar arteries remained patent in 4 groups during the
follow-up period; the patency was confirmed by DSA before
sacrifice and with an SEM (Fig 4).
Table 2: Aneurysm occlusion summary
Immediately after
Treatment

Before Sacriﬁce

NearNearIncomplete Complete Complete Complete
1-Mo group (n ⫽ 5)
4
1
4
1
3-Mo group (n ⫽ 5)
4
1
4
1
6-Mo group (n ⫽ 4)
4
0
4
0
12-Mo group (n ⫽ 8)
7
1
7
1

Table 3: Histologic data at different time points
Neointima
Endothelial
Formation
Coverage
1-Mo group
4⫾0
4⫾0
3-Mo group
3.6 ⫾ 0.9
3.6 ⫾ 0.9
6-Mo group
4⫾0
4⫾0
12-Mo group
3.6 ⫾ 0.7
3.5 ⫾ 0.9

Stenosis
Percentage
28.7 ⫾ 7.0
22.9 ⫾ 3.9
20.0 ⫾ 6.0
23.2 ⫾ 4.0

DISCUSSION
In this study, we tested the FRED in sidewall aneurysms in
rabbits. A high rate of complete aneurysm occlusion was achieved
up to 12 months following implantation. Histologic findings
showed that aneurysms were filled with unorganized or organized
thrombus with the neck sealed by neointimal incorporation
within the FRED struts and meshes. In a vein patch sidewall
aneurysm model, the device demonstrated high rates of progressive and complete aneurysm occlusion while also preserving the patency of small arteries arising from the abdominal
aorta.
Using a rabbit elastase-induced aneurysm model in rabbits,
our group tested the performance of the Pipeline and reported
the angiographic and histologic features at different periods
after deployment. The aneurysm lumen was filled with unorganized, partial, or completely organized thrombus. Endothelial cells were found to cover the device struts across the aneurysm neck, and they were contiguous with the endothelium of
the parent artery or aorta. Parent arteries and small, adjacent
branch vessels remained patent; the patency was also confirmed by a scanning electric microscope. The rate of complete or
near-complete aneurysm occlusion were 88%,5 which was lower
than that in this study (100%) by using a surgical sidewall aneurysm
model. In addition, moderately thick intimal hyperplasia was noted
at the distal stent portion of the parent artery in the elastase-induced
aneurysm model, which is mainly because the devices were relatively
oversized in the distal aspect of the parent artery. In the sidewall
surgical aneurysm model, because the proximal and distal sides of
parent artery have similar sizes, no obvious difference of neointimal
hyperplasia in the proximal and distal parent artery was shown.5
Other researchers reported their initial clinical experience
with the FRED, and the preliminary results are encouraging. In
33 patients with 37 aneurysms with up to 12 months’ followup, the complete aneurysm occlusion rate was 80% (4/5) at
4 – 6 months and 100% (8/8) at 7–12 months after FRED deployment. Both the mortality and permanent morbidity rates
were 0%.8 A high aneurysm complete occlusion rate (7/8, 88%)
was achieved at 3-month follow-up in
another report.9
This study had several limitations.
We included only a small number of
subjects at each time point. In addition, although there were no significant differences of aneurysm sizes
(neck, width, and height) among different groups, aneurysm shapes were
not similar in some cases; these shapes
might explain the difference in healing
in various aneurysms.

CONCLUSIONS

FIG 4. A, DSA 12 months after device deployment across the lumbar arteries (arrow), indicating patent
lumbar arteries. B, SEM shows the open oriﬁce of the lumbar artery (block arrow), magniﬁcation 15⫻.

In a vein patch sidewall aneurysm
model, the FRED demonstrated high
rates of progressive and complete aneurysm occlusion with minimal parent artery stenosis and preservation of small
arterial branches arising from the abdominal aorta.
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Artery Length Sensitivity in Patient-Speciﬁc Cerebral
Aneurysm Simulations
S. Hodis, S. Kargar, D.F. Kallmes, and D. Dragomir-Daescu

ABSTRACT
BACKGROUND AND PURPOSE: The reconstruction of aneurysm geometry is a main factor affecting the accuracy of hemodynamics
simulations in patient-speciﬁc aneurysms. We analyzed the effects of the inlet artery length on intra-aneurysmal ﬂow estimations by using
10 ophthalmic aneurysm models.
MATERIALS AND METHODS: We successively truncated the inlet artery of each model, ﬁrst at the cavernous segment and second at
the clinoid segment. For each aneurysm, we obtained 3 models with different artery lengths: the originally segmented geometry with the
longest available inlet from scans and 2 others with successively shorter artery lengths. We analyzed the velocity, wall shear stress, and the
oscillatory shear index inside the aneurysm and compared the 2 truncations with the original model.
RESULTS: We found that eliminating 1 arterial turn resulted in root mean square errors of ⬍18% with no visual differences for the contours of the
ﬂow parameters in 8 of the 10 models. In contrast, truncating at the second turn led to root mean square errors between 18% and 32%, with
consistently large errors for wall shear stress and the oscillatory shear index in 5 of the 10 models and visual differences for the contours of the
ﬂow parameters. For 3 other models, the largest errors were between 43% and 55%, with large visual differences in the contour plots.
CONCLUSIONS: Excluding 2 arterial turns from the inlet artery length of the ophthalmic aneurysm resulted in large quantitative differences in the calculated velocity, wall shear stress, and oscillatory shear index distributions, which could lead to erroneous conclusions if
used clinically.
ABBREVIATIONS: BV ⫽ bleb volume; BW ⫽ aneurysmal bleb walls; CFD ⫽ computational ﬂuid dynamics; OSI ⫽ oscillatory shear index; PN ⫽ a cross-section plane
at the aneurysm neck; PO ⫽ a cross-section plane parallel with the PN and offset toward the middle of the aneurysm; PP ⫽ a plane perpendicular to the PN and passing
near the middle of the aneurysm; PU ⫽ a cross-section plane located approximately 2 inlet diameters upstream from the aneurysm; RMS ⫽ root mean square; WSS ⫽
wall shear stress

C

omputational fluid dynamics (CFD) simulations of patient-specific cerebral aneurysms provides a valuable tool
for understanding the hemodynamic environment. The geometry of the aneurysm needs to be accurately represented, and
the computational model needs to account for the main properties of blood flow physics to obtain realistic and accurate flow
solutions. When one reconstructs the computational geometry
from imaging data, such as CT angiography or MR angiography, the extent of the surrounding vasculature that must be
included to obtain rigorous flow solutions is not a priori
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known. Inclusion of small-diameter surrounding vessels usually does not affect the flow solution results but could add
significant computational effort.1 On the other hand, exclusion or severe truncation of larger vessels might change the
flow estimations, usually resulting in nonrealistic flow patterns. The operator-dependent segmentation of radiologic
images of aneurysms leads to model geometries that showed
errors as large as 60% in the estimated hemodynamic parameters.2-5 However, there is no published sensitivity study designed to analyze the effect of the arterial inlet length on the
intra-aneurysmal flow estimates, to our knowledge. Due to the
lack of accurate, clinically measured velocity profiles and
cross-sectional geometries, many current studies use generic,
mathematically generated blood flow boundary conditions
and short arterial lengths.
As a rule of thumb, an inlet length of at least 10 artery diameters upstream of the aneurysm must be used in hemodynamic
CFD simulations. In addition, the inlet boundary conditions used
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in the literature, usually velocity profiles, are taken as fully developed and axisymmetric.1,4,6-8 These assumptions are valid only
for flow in straight tubes, which is very different from flow in
patient arteries, where the flow is not fully developed even in the
common carotid artery, the location where measurements are
more readily available. Therefore, using the fully developed axisymmetric velocity profile on a short artery inlet may result in
unrealistic flow estimates in the aneurysm. In the absence of physiologic measurements of arterial cross-sectional velocity distributions, it is generally safer to include a longer anatomic inlet artery
to let the flow solution develop realistically on the basis of the
tortuosity of the arterial geometry.9 Thus, we hypothesized that
including a longer inlet artery will minimize the effect of the inlet
boundary conditions.
The aim of this study was to assess the effect of truncating the
arterial inlet length proximal to the aneurysm on the local intraaneurysmal hemodynamics of ophthalmic aneurysms. The goal
was to find a sufficient artery length such that the values of velocity, wall shear stress (WSS), and oscillatory shear index (OSI) in
the aneurysm are less affected by the arterial length when using the
same boundary conditions and fluid properties.

MATERIALS AND METHODS
Geometries
Ten cerebral aneurysms located on the ophthalmic segment with
a feeding artery starting around the lacerum segment were included in the study. The computational geometries were segmented from the 3D rotational angiography data by using Mimics
(Materialise, Leuven, Belgium). For each aneurysm model, we
generated 3 model truncations (T): T0 had the longest possible
inlet artery obtained from the scan imaging data, T1 was truncated
orthogonal to the artery axis after the first major arterial turn at
the cavernous segment, and T2 was truncated after the second
major arterial turn, at the clinoid segment. For each patient
model, the arterial outlets lengths were kept constant at ⬎5 times
the artery diameter7,10,11 for each of the 3 arterial inlet truncations. When the outlet was near a bifurcation, we truncated even
further to allow a more remote outlet boundary condition.

CFD Simulation
For each truncation, we generated uniform hex-core grids by
using ICEM CFD (ANSYS, Canonsburg, Pennsylvania) with an
average node-spacing of 0.12 mm and we used 5 layers in the
boundary layer with a first layer thickness of 0.01 mm and an
inflation factor of 1.25. These values were previously shown to
lead to grid-independent velocity and pressure estimations.7
Pulsatile flow solutions were generated with Fluent 14.0
(ANSYS) by using a second-order implicit solver. The Quadratic Upstream Interpolation for Convective Kinematics scheme
was used for the convective term, with the Least Squares Cell-Based
method for gradient estimation of the diffusion term at the cell
faces. To handle pressure-velocity coupling, we adopted the SemiImplicit Method for Pressure-Linked Equations algorithm. Iterative convergence was achieved when the normalized root mean
square residuals for continuity and momentum equations became less than 10⫺5. For the inlet boundary conditions, we specified a fully developed Womersley velocity profile11 at the
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FIG 1. Aneurysm geometry showing the 4 planes chosen for velocity
distributions analysis: upstream plane, neck plane, offset plane, and
perpendicular plane.

morphed circular inlet surface with the transient waveform given
by Zamir12 and used in Naughton et al8 and Hodis et al,7,10,13-15
with an average flow rate of 4 mL/s1,5 and a maximum value of
approximately 8 mL/s at peak systole. A viscosity of 0.035 poise
and a density of 1050 kg/m3 were used for physical properties. At
the outlets, we applied the outflow boundary conditions derived
from the stress continuity at outlet surfaces by specifying zero
pressure.16 At the lumen boundaries, we imposed a no-slip
boundary condition, with zero velocity. The period of the cardiac
cycle was assumed to be 1 second. To eliminate transient numeric
errors, we solved the equations for 4 cardiac cycles by using 10,000
time-steps per cardiac cycle. We observed that third and fourth
cardiac cycles produced almost identical results, thus confirming
that the results were mathematically converged.

Hemodynamic Parameters
In this study, we compared the 3 main parameters used by researches to describe the intra-aneurysmal flow: velocity, WSS, and
OSI.1,5,17-19 Velocity and pressure are the 2 primary hemodynamic parameters that are determined from the incompressible
Navier-Stokes equations in vector form12:

1)

再冉

ⵜ 䡠 vជ ⫽ 0
⭸vជ
⫹ vជ 䡠 ⵜvជ ⫽ ⫺ ⵜp ⫹  ⌬vជ,

⭸t

冊

where vជ is the velocity vector, p is the pressure scalar, and the
symbols 䡠, ⵜ, and ⌬ are dot product, gradient, and Laplacian vector operators, respectively.
In a Newtonian fluid, the WSS vector is the force that acts
tangential to the wall surface and is defined as the gradient at the
wall of the tangential velocity12,16,19,20:
2)

⭸共vជ ⫺ 共vជ 䡠 nជ兲nជ兲
¡
WSS ⫽ 
,
⭸nជ

wherenជ is the wall outward normal.

velocity distributions in the entire aneurysm bleb volume (BV, location 1).
Second, we calculated the velocity distributions on 4 cross-section planes: a
cross-section plane located approximately 2 inlet diameters upstream
from the aneurysm (PU), a cross-section plane at the aneurysm neck (PN),
a cross-section plane parallel with PN
and offset toward the middle of the aneurysm (PO), and a plane perpendicular to PN and passing near the middle
of the aneurysm (PP, locations 2–5)
(Fig 1). Third, WSS and OSI were both
evaluated at all points on the aneurysmal bleb walls (BW, location 6). WSS
and OSI are, along with vorticity, gradient oscillatory number, or relative
residence time, some of the most frequently analyzed quantities in recent
CFD literature of cerebral aneurysm
blood flow.22

Quantitative Analysis
To better quantify the differences
among the 3 truncations, we used a normalized error that measures the difference between 2 parameters with respect
to the mean value of the 2 parameters,
defined as follows:
3)

⑀ 共i兲
n ⫽ 100 ⫻

共i兲
2兩v 共i兲
0 ⫺ vn 兩
共i兲
共i兲 ,
v0 ⫹ vn

for n ⫽ 1, 2 and i ⫽ 1,.., N,
共i兲

FIG 2. Velocity magnitude contour plots on the 4 planes: PU, PN, PO, and PP and WSS and OSI
magnitude contours on BW for model P3.

The OSI parameter was defined as in Ku et al.20 A maximum
¡
value of 0.5, shows that WSS is fully changing the direction
during the cardiac cycle, which usually describes a complex
pulsatile flow.21 We analyzed the velocity and WSS parameters
at peak systole in the fourth cardiac cycle and the OSI during
the entire fourth cycle. We chose the peak systole for the error
analysis because of the larger errors compared with other time
points in the cardiac cycle.12 To compare the results for the 3
truncations, we considered 6 locations. First, we evaluated the

4)

RMS ⫽

where v0 is the hemodynamic variable v
at the grid point i, for the truncation T0,
N is the total number of grid points on a
共i兲
sample plane or surface, and vn is the
hemodynamic variable V, at the grid
point i for the truncation Tn, n ⫽ 1, 2.
共i兲
Therefore, ⑀n is an unbiased error
measure relative to the mean value of
T0 and Tn (n ⫽ 1, 2) truncations.23 In
the results to follow, we calculated the
root mean square (RMS) of the errors,
over all points in the sample plane,
surface, or volume, as follows:

冑冘
1
N

N
i⫽1

2
共 ⑀ 共i兲
n 兲 , n ⫽ 1, 2.

To avoid calculating errors for parameters on a specific location
with magnitudes that can approach zero, we expressly eliminated
from the analysis all the grid points on which the magnitudes were
⬍10% of the maximum value. Therefore, the errors for velocity,
WSS, and OSI were not recorded when their absolute values were
too small.
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FIG 3. T0 versus T2 comparison illustrating similar contours (velocity
on PU in P4), slightly different contours (WSS on BW in P10), and different contours (OSI on BW in P3).

Quantitative Analysis

Qualitative Analysis
Most of the CFD analysis results presented in the literature use
direct observations of isosurfaces or contour plots for a specific
hemodynamic parameter. To compare observations of generated
isosurfaces, we also plotted velocity contours on the 4 cross-section planes, the WSS contours on the aneurysm wall, all at peak
systole, and the distributions of OSI on BW for the fourth cardiac
cycle (Fig 2). Next we assessed the graphic results by visually comparing the contours between T0 and T1 and between T0 and T2 by
using a trichotomous scale: similar, slightly different (Fig 3), and
different and associated the qualitative results with the errors defined in Equations 3 and 4.

RESULTS
Model Truncations
The 10 segmented ophthalmic aneurysm models showing the 3
locations of inlet artery truncations are presented in Fig 4. The
original model truncation, T0, included the entire arterial
length segmented from the acquired images and, depending on
patient blood vessel geometry, resulted in arterial lengths ranging from 58 to 86 mm. The first user truncation, T1, was made
at the cavernous segment after the major ICA turn and resulted
in arterial lengths of 33–58 mm, whereas the second user truncation, T2, was made at the clinoid segment after the next arterial turn, with inlet arterial lengths ranging from 21 to 37
mm. The arterial inlet lengths were approximately between 14
and 18 mean arterial diameters for T0, between 8 and 12 diameters for T1, and between 5 and 8 diameters for T2.
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FIG 4. Ten ophthalmic aneurysm geometries showing the locations
of the truncation planes: T0 is the original model obtained from the
patient clinical images (full FOV), T1 is the ﬁrst truncation at the cavernous segment, and T2 is the second truncation, at the clinoid
segment.
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For the quantitative analysis, we used the errors defined in
Equations 3 and 4 for the velocity vector, the WSS, and the OSI
magnitudes. The results for the error RMS (Equation 4) are
shown in the Table for the 6 locations: planes PU, PN, PO, and
PP; the BW; and the BV. In general, the errors for the T2 truncations were higher than the errors for the T1 truncations, and
the larger errors were observed in the PU plane and the BW
location.
For 8 models (P2, P4, P5, P6, P7, P8, P9, and P10), the error RMS
values for the T1 to T0 comparison were ⬍18% (which was the
threshold value for which most of the graphic plots started to look
dissimilar). For the other 2 models (P1 and P3), the errors were as
large as 32%.
In contrast, the error RMS values between the T2 and T0 truncations were ⬍18% for all quantities in only 2 models (P4 and P8).
For 5 models (P2, P6, P7, P9, and P10), the errors were between
18% and 32%. In the remaining 3 models (P1, P3, and P5), some of
the errors were even larger, reaching 43%–55% for OSI on the BW
as shown in the Table.
Overall, the T2 truncation errors are significantly larger than
T1 truncation errors for all 10 models, as shown by a Bland-Altman plot in Fig 5.

Meaningful Error
To associate the quantitative description with the qualitative observations and define a meaningful error, we compared the contours plots with the error RMS (Equation 4) of the scatterplots
representing the magnitudes of T0 versus T1 and T0 versus T2. As
an example, Fig 6 shows the results of the WSS on BW for model

Percent error RMS values calculated with Equation 4 for the 10 modelsa
PU
PN
PO
Velocity
Models
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

⑀1
10
3
10
1
14
4
5
2
3
3

⑀2
19
20
18
10
23
6
20
2
52
25

Velocity

⑀1
4
3
12
1
4
2
4
⬍1
⬍1
6

⑀2
13
3
33
2
22
2
25
1
10
16

Velocity

⑀1
9
3
7
1
3
2
1
⬍1
⬍1
3

⑀2
22
4
20
2
14
2
15
1
9
21

PP

BV

BW

BW

Velocity

Velocity

WSS

OSI

⑀1
5
3
7
1
4
2
2
⬍1
⬍1
2

⑀2
26
3
17
1
23
2
10
1
8
12

⑀1
13
4
6
2
4
2
3
⬍1
⬍1
3

⑀2
26
4
16
2
18
3
31
1
11
17

⑀1
17
6
5
7
5
2
8
⬍1
⬍1
9

⑀2
31
7
11
8
23
3
20
2
18
25

⑀1
23
7
32
4
18
18
4
2
2
18

⑀2
43
15
55
7
54
26
28
2
21
26

a
⑀1 is the error between T0 and T1 truncations, while ⑀2 is the error between T0 and T2 truncations, both calculated with Equation 3. The values for ⑀1 and ⑀2 shown in the table
are the percent RMS values of the errors.

FIG 5. Bland-Altman plots of the WSS on BW for the T0 versus T2 and
T0 versus T1 comparison, illustrating signiﬁcantly higher error for the
T2 truncation compared with T1 truncation for all 10 models.

P1. Here, the contours are visually similar between the T0 and T1
truncations, but slightly different (almost at the border of being
different) for the T0 and T2 truncations. In addition, the scatterplot for the aneurysm bleb surface WSS magnitude for the T0 to T1
comparison (Fig 6, lower left) is spread along the 45° diagonal
starting from the origin with an error RMS of approximately 17%.
The scatterplot for the T0 to T2 comparison for WSS magnitudes
on BW (Fig 6, lower right) is more spread out about the diagonal,
with an error RMS value of 31%.
Another quantitative-qualitative analysis is presented in Fig 7,
which shows the contour plots of OSI on BW for model P5 and the
scatterplot of OSI values for T0 versus T1 and T0 versus T2 comparisons. In this example, the contours are only borderline
slightly different for the T0 to T1 comparison, which is also confirmed quantitatively by the tighter scatterplot of the T0 versus T1
comparison (lower left), with an error RMS of approximately
18%. However, the T2 contour plot is visually different from the
T0 contour plot difference, which was more precisely quantified
in the scatterplot (lower right), where the points are more widely
spread out for higher OSI values with an error RMS value of approximately 54%. The large error RMS could be explained by the
location of maximum OSI shifting from the area between the 2
aneurysm blebs in the T0 truncation to an area near the common
neck location of the 2 blebs in the T2 truncation (shown with the
arrows in Fig 7).
To find the numeric value of a visually observed meaningful

FIG 6. WSS magnitude contour plots for the 3 truncations (upper
panel) and WSS magnitude scatterplots for the T0 versus T1 comparison and for the T0 versus T2 comparison, respectively (lower panels)
for the model P1. The error RMSs deﬁned by Equation 4 corresponding
to the 2 scatterplots are 17% and 31%, respectively. The arrows indicate the locations where the area with maximum WSS values diminishes from truncation T0 to truncation T2 and a new area with a local
maximum forms in truncation T2.

error for all 10 aneurysms, we compared the contour plot results with the error RMS defined in Equation 4, and we found
that contour plots with a relative error RMS of ⬍18% could be
generally considered qualitatively similar, whereas those with a
relative error RMS ⬎32% were associated with qualitatively
different contours. Errors between truncations with magnitudes between 18% and 32% were observed to lead to slightly
different contours.

DISCUSSION
This is the first study to assess the quantitative differences in the
intra-aneurysmal blood flow parameters when truncating the
length of the main artery leading to the aneurysm bleb in models of
ophthalmic aneurysms and to provide a meaningful error, by associating the quantitative analysis with the qualitative description of
hemodynamics results. Usually, visual observations are the standard
AJNR Am J Neuroradiol 36:737– 43
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CONCLUSIONS
When one assesses the accuracy of a computational model for
patient-specific aneurysms, quantitative analysis of the hemodynamic parameters must be considered along with visual analysis
of the graphic representation of flow quantities. The present study
showed that excluding 2 arterial turns from the artery resulted,
most of the time, in large quantitative differences of the hemodynamics parameters inside the ophthalmic aneurysm blebs, which
could lead to erroneous conclusions if used clinically.
Disclosures: David F. Kallmes—UNRELATED: Board Membership: GE Healthcare,
Comments: Cost Effectiveness Board; Consultancy: ev3, Medtronic, Comments:
planning and implementation of clinical trials; Grants/Grants Pending: ev3,* Sequent,* Surmodics,* Codman,* MicroVention*; Royalties: University of Virginia Patent Foundation (Spine Fusion). *Money paid to the institution.
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The Maze-Making and Solving Technique for Coil Embolization
of Large and Giant Aneurysms
T. Ohta, I. Nakahara, R. Ishibashi, S. Matsumoto, M. Gomi, H. Miyata, H. Nishi, S. Watanabe, and I. Nagata

ABSTRACT
BACKGROUND AND PURPOSE: Despite major progress in treating aneurysms by coil embolization, the complete occlusion of aneurysms
of ⬎10 mm in diameter (large/giant aneurysms) remains challenging. We present a novel endovascular treatment method for large and
giant cerebral aneurysms called the “maze-making and solving” technique and compare the short-term follow-up results of this technique
with those of conventional coil embolization.
MATERIALS AND METHODS: Eight patients (65 ⫾ 11.5 years of age, 7 women) with large/giant unruptured nonthrombosed cerebral
aneurysm (mean largest aneurysm dimension, 19 ⫾ 4.4 mm) were treated by the maze-making and solving technique, a combination of the
double-catheter technique and various assisted techniques. The coil-packing attenuation, postoperative courses, and recurrence rate of
this maze group were compared with 30 previous cases (conventional group, 65.4 ⫾ 13.0 years of age; 22 women; mean largest aneurysm
dimension, 13.4 ⫾ 3.8 mm).
RESULTS: Four maze group cases were Raymond class 1; and 4 were class 2 as indicated by immediate postsurgical angiography. No
perioperative deaths or major strokes occurred. Mean packing attenuation of the maze group was signiﬁcantly higher than that of the
conventional group (37.4 ⫾ 5.9% versus 26.2 ⫾ 5.6%). Follow-up angiography performed at 11.3 ⫾ 5.4 months revealed no recurrence in the
maze group compared with 39.2% in the conventional group.
CONCLUSIONS: The maze-making and solving technique achieves high coil-packing attenuation for efﬁcient embolization of large and
giant cerebral aneurysms with a low risk of recurrence.

S

ubstantial progress in the endovascular treatment of cerebral
aneurysms, such as balloon- and stent-assisted coil embolization, has resulted in the widespread use of these techniques
with relatively high efficacy and safety. However, large and
giant aneurysms remain difficult to treat by using assist techniques and bioactive coils,1,2 possibly because the requisite
coil-packing attenuation is often not achieved. We recently
developed a “maze-making and solving” technique to occlude
these large/giant aneurysms by achieving high packing attenuation. Here, we present the technical details of this procedure and
compare the clinical outcomes and recurrence rates between
large/giant aneurysm cases treated by the maze technique and
matched cases treated by conventional coil embolization.
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MATERIALS AND METHODS
This was a retrospective study of 42 patients with a large or giant
(diameter, ⬎10 mm),3 nonthrombosed, unruptured aneurysm
who received endovascular treatment at our hospital between
February 2007 and December 2013. Eight of these 42 patients
were treated after large-diameter coils became available in November 2012 and were treated with the “maze-making and solving” technique (the maze group). Thirty of the previous 34 patients were treated by other techniques (the conventional group).
The 4 patients treated by endovascular trapping were excluded.
Clinical outcomes were compared between maze and conventional groups.

Angiographic Evaluation
Aneurysmal location was defined at the origin of the neck on
the basis of the classification of Bouthillier et al.4 Angiographic
findings were evaluated according to the Raymond classification5 immediately after surgery and at follow-up. Aneurysm
dimensions and volumes were measured by 3D reformatted
images derived from rotational catheter angiograms6 by using
the Allura 3D-RA workstation (Philips Healthcare, Best, the

FIG 1. The concept of the maze-making and solving technique. The microcatheter for larger diameter coils (MC1) is placed in the center of the
aneurysm, and the catheter for traditional coils (MC2) is placed following the aneurysmal wall to reach beyond the oriﬁce (A). As many as
possible larger diameter coils are inserted (B). Cross-section illustrations reveal random interspaces still left unembolized and the movement of
MC2 (C–E). Note the elevation of MC2 by stent placement and the second marker of MC2 buried in larger diameter coils (C). Traditional coils
from MC2 ﬁll the dead space left unembolized (D). After sufﬁcient ﬁlling, the microcatheter is moved back to follow the wall and ﬁnds a new
space. Note the altered position of the tip and the course of MC2 (E). If we repeat these dead space–ﬁlling and wall-follower methods in a
stepwise fashion, the aneurysm is tightly embolized (F).

Netherlands). Angiographic recurrence was defined as any
worsening of the Raymond classification or enlargement of the
residual aneurysm. Angiographic follow-up was performed at
3 months and annually after treatment. When an angiographic
recurrence was considered progressive and large enough to
embolize again, reintervention was performed. The follow-up
period was defined as the number of months postsurgery to
recurrence or to the latest angiogram.

Packing Attenuation
The total volume of the coils deployed into each aneurysm was
calculated by multiplying the total length of the coils by the crosssectional area.7 Full circumferential expansion was assumed to
calculate the volume of hydrogel coils.8 Packing attenuation was
calculated as the ratio of the total coil volume to the total aneurysm volume.

Clinical Assessment
Perioperative complications were defined as any new neurologic
deficits, serious adverse events extending hospitalization, or death
occurring within 30 days after the operation. Periprocedural
death and major stroke (mRS ⭌ 2) were defined as serious perioperative complications. Clinical follow-up was performed at 1, 3,
and 6 months and annually after treatment. Each patient was evaluated by the mRS9 at follow-up, and any worsening was recorded
as chronic neurologic deterioration.

Technical Details of the Maze-Making and Solving
Technique
Patients were prescribed aspirin, 100 mg, and clopidogrel, 75 mg, at
least 7 days before their treatment. All treatments were performed
with the patient under general anesthesia and systemic heparinization, with an activated clotting time of approximately 300 –350 seconds. This technique is a combination of the double-catheter technique, the “one and a half round microcatheterization technique,”10
and various assist techniques. Two microcatheters for aneurysms, 1
balloon catheter and 1 microcatheter for stent placement, are required. One is a microcatheter for larger diameter coils (0.0145–
0.020 inches), such as Penumbra Coil 400 (Penumbra, Alameda, California) or HydroFrame 18 (Terumo, Tokyo, Japan) coils. The other
is a microcatheter for traditional coils of ⬍0.014 inches in diameter.
The microcatheter for larger diameter coils is placed in the center of
the aneurysm, and the other, for traditional coils, is placed along the
aneurysmal wall to reach beyond the orifice (Fig 1A). Using balloon
assistance, we inserted as many larger diameter coils as possible (Fig
1B). To avoid uneven filling, we inserted larger diameter coils with
the movement of the microcatheter by using balloon assistance. This
process yields a higher packing attenuation while forming a stable
internal frame to support the aneurysm. However, this structure of
the larger diameter coils still contains substantial coil-free dead space,
leaving much of the aneurysmal space unembolized (Fig 1C).
An aneurysm containing only larger diameter coils resemAJNR Am J Neuroradiol 36:744 –50
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FIG 2. Maze-solving algorithms. The dead space–ﬁlling algorithm changes a complex maze (A) to a simple path to reach a goal (B). In
combination with the dead space–ﬁlling algorithm, the wall-follower algorithm can ﬁll all the spaces inside the maze.
Table 1: Patient characteristics
Age/
Case Sex
Positiona
1
77/F L-ICA (C7)

Raymond Class
(Immediate)
Postoperative Course
1
Cerebral infarction (mild
hemiparesis and dysesthesia),
mRS 1
Chronic oculomotor
2
mRS 0
nerve palsy
None
2
mRS 0
Progressive visual
2
Cerebral infarction (temporary
disturbance
dysarthria), worsening of visual
disturbance, mRS 1
None
1
mRS 0
None
1
mRS 0
None
2
Transfusion (hemorrhage from
puncture site), mRS 0
None
1
mRS 0

Size (mm) Vol (mL)
Symptoms
20 ⫻ 14 ⫻ 15
1.528 None

2

72/F

L-ICA (C4/5) 24 ⫻ 15 ⫻ 7

3
4

55/F
55/F

R-ICA (C4)
L-ICA (C6)

5
6
7

80/M L-ICA (C7)
53/F L-ICA (C5)
73/F R-ICA (C7)

8

54/F L-ICA (C4/5) 22 ⫻ 14 ⫻ 15

3.522

17 ⫻ 16 ⫻ 13
25 ⫻ 24 ⫻ 21

1.574
4.991

16 ⫻ 12 ⫻ 11
15 ⫻ 14 ⫻ 11
13 ⫻ 10 ⫻ 9

0.865
0.921
0.748
2.116

PA
Larger Coils
34.5

Follow-Up
Total AG (mo)
41.2
12

29.1

30.4

12

35.7
26.4

38.8
32.5

19
17

24.6
20.2
29.3

40
33.9
33.8

12
12
3

37.5

48.6

3

Note:—R indicates right; L, left; PA, packing attenuation; Vol, volume; AG, angiography.
a
The ICA segments are deﬁned according to the classiﬁcation of Bouthillier et al.4

bles a maze with complex random interspaces that could be
filled with smaller and softer coils. A maze-solving algorithm
was applied to fill up the “maze” (Fig 2A) as much as possible.
To solve the maze, we used dead space filling (Fig 2B) and a
wall-follower (Fig 2C) algorithm. Leaving the microcatheter
for traditional coils in place, we exchanged the balloon catheter
with a microcatheter for stent placement and then positioned a
stent to cover the aneurysm neck. Stent stabilization contributes to the controlled movement of the other microcatheter
left inside the aneurysm. As shown by a cross-section illustration (Fig 1D), traditional smaller coils can be inserted into the
dead space between the larger diameter coils. After sufficient
filling, the microcatheter is moved back along the wall of the
aneurysm to fill another space left unembolized (Fig 1E). However, the movement of these traditional coils cannot be visualized clearly, and the second marker of the microcatheter is
usually hidden inside the already packed aneurysm. Thus, the
first traditional coils inserted should have infiltrating capacity
and be equipped with a monopolar detachment system that
can indicate detachment by sound. We usually start with ED
Coil-10 Infini Extra Soft coils (Kaneka Medix, Osaka, Japan),
which have both features.11,12 These coils are very soft and
have high plasticity and a stretch-resistant structure, allowing
them to fit within small irregular spaces.10 If we repeat the dead
space–filling and wall-follower steps, the maze is finally
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“solved” to achieve the highest possible coil-packing attenuation (Fig 1F).

Statistical Analysis
The Fisher exact test or Student t test, as appropriate, was used to
compare group means. The Fisher exact test was used for categoric
data such as sex, location, angiographic recurrence, perioperative
complications, periprocedural death, major stroke, or reintervention. The Student t test was used for continuous variables such as
packing attenuation, maximum diameter, aneurysm volume, and
number of coils. A P value ⬍ .05 was considered significant. The P
value is expressed as 2 significant figures; if the value is ⬍.01, then it is
expressed as P ⬍ .01. All analyses were performed by using js-STAR
2012 (www.kisnet.or.jp/nappa/software/star).

RESULTS
Comparison between the Maze Group and the
Conventional Group
Characteristics of Patients and Aneurysms. All 8 aneurysms
treated by the maze-making and solving technique were located
along the ICA. Two patients had symptoms of cranial nerve palsy
due to a mass effect, one chronic and the other acute. A detailed
summary of patient demographic and clinical characteristics is
presented in Table 1.

Table 2: Comparison between the maze and the conventional groups

Age
Sex (male:female)
Location (ICA:others)
Packing attenuation (%)
Maximum diameter (mm)
Aneurysm volume (mL)
No. of coils
Angiographic recurrence
Perioperative complications
Periprocedural death or
major stroke
Reintervention
a

Maze Group
(n = 8)
65 ⫾ 11.5
1:7
8:0
37.4 ⫾ 5.9
19 ⫾ 4.4
2.03 ⫾ 1.40
33.3 ⫾ 16.1
0
3
0

Conventional
Group
(n = 30)
65.4 ⫾ 13.0
8:22
20:10
26.2 ⫾ 5.6
13.4 ⫾ 3.8
1.09 ⫾ 1.52
15.5 ⫾ 10.1
11
2
5

Conventional
Group Using
Intracranial
Stents (n = 15)
68.3 ⫾ 13.2
3:12
8:7
27.9 ⫾ 4.6
13.9 ⫾ 5.0
1.38 ⫾ 2.12
18.7 ⫾ 12.4
3
5
3

0

4

2

P Value between
Maze Group and
Conventional Group
.93
.29
.064
⬍.01a
⬍.01a
.13
.017a
.036a
.31
.28
.34

P Value between Maze
Group and
Conventional Group
Using Intracranial
Stents
.56
.41
.026a
⬍.01a
.02a
.41
.047a
.26
.34
.26
.41

Signiﬁcant P value.

The conventional group included 30 patients, 15 treated by
balloon-assisted coil embolization and the remaining 15, by stentassisted coil embolization. Mean age did not differ between maze
and conventional groups (65 ⫾ 11.5 years versus 65.4 ⫾ 13.0
years), though the conventional group included more men
(12.5% versus 26.7%) and patients with aneurysms outside the
ICA (0% versus 33.3%). Mean maximum aneurysm diameter of
the maze group was significantly larger than that of the conventional group (19 ⫾ 4.4 mm versus 13.4 ⫾ 3.8 mm) (Table 2).
Clinical Outcomes. In the maze group, perioperative complications occurred in 3 cases (37.5%), including 1 case of cerebral infarction with minor hemiparesis and dysesthesia (case 1), 1 case of cerebral infarction with dysarthria and worsening of visual symptoms
due to an increased mass effect (case 4), and 1 case requiring blood
transfusion due to hemorrhage at the puncture site (case 7). By 1
month postsurgery, most neurologic symptoms had improved, with
the remaining sequelae including minor dysesthesia (case 1, mRS 1)
and slightly worsened visual symptoms (case 4, mRS 1). All patients
were able to resume their previous lives (mRS 0 or 1). No patient
showed chronic neurologic deterioration.
In the conventional group, perioperative complications occurred in 12 patients (40%), including 6 cases of cerebral infarction, 1 case of cerebral infarction and subarachnoid hemorrhage,
2 cases of subarachnoid hemorrhage, 1 case of massive hematoma
at the puncture site, 1 case of progressive dementia, and 1 case of
delayed allergic vasculitis against platinum coils. Four cases
showed serious perioperative complications, including 2 deaths
due to immediate postoperative subarachnoid hemorrhage and
massive cerebral infarction.
Angiographic Outcomes. Four “maze” treatments resulted in
complete obliteration of the aneurysm (Raymond class 1), and 4
patients were left with a residual neck (Raymond class 2) as revealed by angiograms obtained immediately after surgery. The
mean total number of coils inserted was 33.3 ⫾ 16.1. The mean
packing attenuation after the insertion of the larger diameter coils
was 29.7 ⫾ 5.9%, and the mean total packing attenuation following insertion of the smaller coils was 37.4 ⫾ 5.9%. Angiographic
follow-up at 11.3 ⫾ 5.4 months after the operation revealed that
the aneurysms were well-secured with no recurrences.

In the conventional group, mean packing attenuation was 26.2 ⫾
5.6% and the mean number of coils inserted was 15.5 ⫾ 10.1. Treatment resulted in complete obliteration of the aneurysm (class 1) in 17
cases, a residual neck (class 2) in 10 cases, and residual aneurysm
(class 3) in 3 cases as revealed by immediate postsurgical angiography. Of the remaining 28 patients, excluding 2 deaths, from the
group of 30 patients, angiographic recurrence was observed in 11
(39.3%) at 5.2 ⫾ 3.2 months and reintervention was performed in 4
patients (14.3%).
Although the mean maximum aneurysm diameter and volume
were smaller in the conventional group (P ⬍ .01 and P ⫽ .13, respectively), we achieved significantly higher packing attenuation in the
maze group (P ⬍ .01). While there was no significant difference in
the rate of reintervention (P ⫽ .35), there was a significantly lower
rate of recurrence in the maze group as revealed by angiography (P ⫽
.036).

Comparison between the Maze Group and the
Conventional Group Using Intracranial Stents
Because the conventional group included 15 cases of coil embolization that were not assisted by a stent, we compared the results between the maze group and the conventional group for cases using
intracranial stents (n ⫽ 15, Table 2). Mean age (65 ⫾ 11.5 years in the
maze group versus 68.3 ⫾ 13.2 years in the conventional group using
intracranial stents) and sex ratio (male/female ⫽ 1:7 versus 3:12) did
not differ between the groups, though the conventional group included significantly more patients with aneurysms outside the ICA
(0% versus 46.7%, P ⫽ .026) than the maze group. Packing attenuation (37.4 ⫾ 5.9% versus 27.9 ⫾ 4.6%, P ⬍ .01), maximum diameter (19 ⫾ 4.4 mm versus 13.9 ⫾ 5.0 mm, P ⫽ .02), and number of
coils (33.3 ⫾ 16.1 versus 18.7 ⫾ 12.4, P ⫽ .047) were significantly
larger in the maze group than in the conventional group using intracranial stents. The aneurysm volume (2.03 ⫾ 1.40 mL versus 1.38 ⫾
2.12 mL) and the rates of perioperative complications (37.5% versus
33.3%), periprocedural death or major stroke (0% versus 20%), and
reintervention (0% versus 13.3%) did not differ between the groups.
Angiographic recurrence (0% versus 20%) was more common in the
conventional group using intracranial stents, but this difference was
not significant (P ⫽ .26).
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other microcatheter for traditional coils
was positioned to reach beyond the orifice and follow the aneurysm wall. Using the balloon-assisted technique, we
inserted 11 Penumbra Coil 400 coils, resulting in a packing attenuation of
37.5%, and the PX Slim microcatheter
was retracted from the aneurysm into
the ICA (Fig 3C). To stabilize the other
microcatheter still inside the aneurysm,
we placed a 20-mm stent over the orifice. From the other microcatheter inside the aneurysm, 26 ED Coil-10 Infini
Extra Soft coils were inserted until the
second marker was visible again on angiography. An additional 9 traditional
coils were added (Fig 3D) to reach a
packing attenuation of 48.6% and complete aneurysm obliteration (Raymond
class 1) as revealed by angiography (Fig
3E, -F). She returned to her previous life
without any complications. Angiographic findings at 3 months and MRA
at 6 months postsurgery showed no
recurrence.

DISCUSSION
The maze-making and solving technique
enabled a higher coil-packing attenuation
in large and giant aneurysms than that
achieved by conventional balloon- or
stent-assisted coil placement, possibly accounting for the significantly lower angiographic recurrence rate.
The natural course of an unruptured
cerebral aneurysm is influenced by
size,13,14 and larger cerebral aneurysms
have a poor prognosis, with a high risk of
subarachnoid hemorrhage or progressive
symptoms due to a mass effect.15 In addition, large and giant aneurysms often
FIG 3. Representative case. Cerebral angiography reveals a left internal carotid artery large aneu- have thicker atheromatous walls that prerysm in anteroposterior (A) and lateral (B) views. The Penumbra Coil 400 makes a maze with random vent simple neck clipping.16 Several treatinterspaces between the coils (C), which is solved by the addition of traditional coils (D). Postoperative cerebral angiography reveals complete obliteration in anteroposterior (E) and lateral (F) views. ment strategies, such as parent vessel occlusion, selective aneurysmal occlusion,
and application of a flow-diverting stent,
Representative Case
have been used for the treatment of large and giant aneurysms. In
A large aneurysm (maximum diameter, 22 mm) was found
some cases, parent vessel occlusion may be the best choice. Howalong the left ICA (Fig 3A, -B) in a 54-year-old woman during
ever, de novo aneurysm formation has been reported after carotid
examination for head injury. After thorough discussion, she
artery occlusion.17 When the patient cannot tolerate parent vessel
opted for surgical intervention. After a 14-day treatment with
occlusion, bypass surgery should be performed. However, bypass
aspirin, 100 mg, and clopidogrel, 75 mg, an 8F sheath was
surgery requires exceptional surgical skills, and the incidence of
placed in her right femoral artery under general anesthesia and
operative complications resulting in neurologic deficits or death
injected with heparin to reach ⬎300-seconds activated clotting
was reported to be as high as 13%.18
time. An 8F guiding catheter was advanced in the left ICA, and
Almost all previous studies of selective coiling of large and
a 15-mm balloon catheter was positioned to cover the neck of
giant aneurysms have reported some reopening due to low packthe aneurysm. A PX Slim Delivery Microcatheter (45° shape;
Penumbra) was placed in the center of the aneurysm, and the
ing attenuation.15 Selective occlusion with Onyx (Covidien, Ir748
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vine, California) has also been used19,20; however, the outcomes
were no better than selective coil occlusion, and the immediate
and delayed complication rate was considered higher than that in
the present study.
In the case series, a flow-diverting stent was not an option
because our government has not yet authorized this treatment.
Flow-diverting stent placement is a promising therapy for challenging intracranial aneurysms, including large and giant aneurysms. However, permanent morbidity and mortality were reported to be 5.6%–10.8%.6,21 Moreover, flow-diverting stent
surgery for posterior circulation aneurysms resulted in more patients with ischemia due to perforator occlusion22; therefore, a
more effective strategy is required, particularly for large and giant
posterior circulation aneurysms.
Some practitioners have reported that moderate packing attenuation (12%–22%) should be sufficient, but this may apply
only to stent-assisted coil embolization of smaller aneurysms.23
Most aneurysms packed to approximately ⱖ25% remain stable at
follow-up.24 Initial studies of Penumbra Coil 400 insertion into
smaller aneurysms reported packing attenuation as high as
33.7%25 and 36.8%.26 Our procedure also attained such high attenuation (37.4%) but on large and giant aneurysms for which
higher packing attenuation has proved difficult to achieve. When
we used the maze-making and solving technique, higher coilpacking attenuation was facilitated by the addition of traditional
smaller coils (7.7%), following the insertion of larger diameter
coils (29.7%).
Of the 8 patients treated by this new technique, 3 showed postoperative morbidity. However, all cases were minor, with 1 at
mRS 0 and 2 at mRS 1. Moreover, no deaths were observed. After
the augmentation of intraoperative anticoagulation therapy, we
did not encounter further ischemic complications. One patient
had postoperative worsening of optic nerve dysfunction, which
resolved only slightly within 6 months. A previous study found
that the selective coiling of unruptured large and giant carotid
artery aneurysms presenting with cranial nerve palsy was as effective as parent artery occlusion and was associated with a greater
chance of symptom improvement.27
The basic principle behind the maze-making and solving technique is to first construct a complex framework of larger diameter
coils inside the aneurysm and then to fill the unembolized spaces
within this large coil framework with traditional (smaller) coils by
using a second microcatheter left inside the aneurysm. Although
larger diameter coils occupy more volume than traditional coils,
they also leave larger interspaces. However, larger diameter coils
support the aneurysm; such a structure is less likely to collapse.
While a new microcatheter cannot enter the aneurysm, the microcatheter already inside is unlikely to dislodge due to support by
the coils and the subsequently introduced stent. The double-microcatheter technique is used to produce satisfactory occlusion by
bracing 2 coils within the aneurysm,28 but that does not discriminate the role of each microcatheter. The “one and a half round
microcatheterization technique”10 is used to position the second
microcatheter for maze-solving. This technique alone may produce a high packing attenuation. However, controlling the movement of the microcatheter can be difficult, and the microcatheter
may easily fall to the edge of the stent. If this technique is used after

forming the maze, the complexity of the structure will prevent
unnecessary movement of the second microcatheter and dropout from the aneurysm. Solving this large coil maze by wall-following and dead space–filling algorithms allowed higher coilpacking attenuation. The order of insertion is important. If
traditional coils were used for making the maze, they could not
provide enough volume, whereas larger diameter coils cannot fill
the interspaces left by smaller coils. Thus, the specific combination of large- and smaller-diameter coils is necessary for the success of this technique.
A long-term follow-up study indicated that using stents in
endovascular treatments provided high rates of complete occlusion with low rates of recurrence29; therefore, the positive results
observed in the maze group in the present study may be due to
intracranial stents. We also analyzed the maze and the conventional groups using intracranial stents separately. Although angiographic recurrence rates did not reach significant differences,
the maximum diameter and packing attenuation were significantly larger in the maze group than in the conventional group
using intracranial stents. This outcome indicates that the contribution of stents is apparent but partial. In a particularly large or
giant aneurysm, the maze-making and solving technique can be a
better choice to reach a higher packing attenuation than with
intracranial stents alone.
The major limitations of our study are the short follow-up
period (11.3 ⫾ 5.4 months) and small number of patients. However, recurrence in the conventional group occurred at 5.2 ⫾ 3.2
months postsurgery; therefore, we monitored the patients in the
maze group beyond the period of highest recurrence risk. In addition, because ED coils are for sale only in Japan, the selection of
the smaller coils for the second microcatheter may be more difficult in other countries. This technique also requires more coils
and thus increases the cost, but this extra surgical cost is justified
if recurrence is reduced. Our technique may be applicable to aneurysms in other regions, such as the treatment of posterior circulation aneurysms. However, our cases included only anterior
circulation aneurysms.

CONCLUSIONS
By the maze-making and solving technique, we attained high coilpacking attenuation for coil embolization of large and giant aneurysms. Moreover, we observed low recurrence rates compared
with the traditional coil embolization of large or giant aneurysm
without any significant increases in perioperative complications.
This is a promising treatment method and may result in longer
stability to avoid further intervention.
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Carotid Plaque Characterization Using 3D T1-Weighted
MR Imaging with Histopathologic Validation:
A Comparison with 2D Technique
S. Narumi, M. Sasaki, T. Natori, M. Yamaguchi Oura, K. Ogasawara, M. Kobayashi, Y. Sato, Y. Ogasawara, J. Hitomi, and Y. Terayama

ABSTRACT
BACKGROUND AND PURPOSE: 3D FSE T1WI has recently been used for carotid plaque imaging, given the potential advantages in contrast
and spatial resolutions. However, its diagnostic performance remains unclear. Hence, we compared the ability of this technique to readily
assess plaque characteristics with that of conventional images and validated the results with histologic classiﬁcation.
MATERIALS AND METHODS: We prospectively examined 34 patients with carotid stenosis who underwent carotid endarterectomy by
using 1.5T scanners and obtained 3D-FSE T1WI and 2D spin-echo T1WI scans. After generating reformatted images obtained from the 3D-FSE
T1-weighted images, we calculated the contrast ratios for the plaques and the adjacent muscles and compared these ﬁndings with the
pathologic classiﬁcations.
RESULTS: Carotid plaques were histologically classiﬁed as types VII, VIII, IV–V, or VI. With 3D-FSE T1WI, the range of contrast ratios for each
classiﬁcation was the following: 0.94 – 0.97 (median, 0.95), 0.95–1.29 (median, 1.10), 1.33–1.54 (median, 1.42), and 1.53–2.12 (median, 1.80),
respectively. With 2D imaging, the range of contrast ratios for each classiﬁcation was the following: 0.79 –1.02 (median, 0.90), 0.88 –1.19
(median, 1.01), 1.17–1.46 (median, 1.23), and 1.55–2.51 (median, 2.07), respectively. Results were signiﬁcantly different among the 4 groups (P ⬍
.001). Sensitivity and speciﬁcity for discriminating vulnerable plaques (IV–VI) from stable plaques (VII, VIII) were both 100% for the 3D
technique and 100% and 91%, respectively, for the 2D technique.
CONCLUSIONS: 3D-FSE T1WI accurately characterizes intraplaque components of the carotid artery, with excellent sensitivity and
speciﬁcity compared with those of 2D-T1WI.
ABBREVIATIONS: CR ⫽ contrast ratio; SE ⫽ spin-echo

C

ervical carotid stenosis is an important cause of cerebral infarction and transient ischemic attack. Carotid endarterectomy or
carotid artery stent placement is performed to prevent future stroke
events but may also cause embolic complications during the surgery,
especially if the plaque contains substantial vulnerable components
such as intraplaque hemorrhage or lipid.1,2 Therefore, establishing a
method for characterizing intraplaque components is an important
prerequisite for predicting perisurgical complications.
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Several modalities have been used for plaque characterization,
including ultrasonography and MR imaging. Although ultrasonography is widely used, the interpretation is typically subjective and may be impossible in the presence of extensive calcification or a high-positioned carotid bifurcation. Although gray-scale
median and integrated backscatter have been introduced as quantitative metrics, previous reports suggest that they are unsuitable
for evaluating intraplaque components.3,4 MR plaque imaging is
another popular method for assessing plaque characteristics. Although various imaging techniques have been used, a 2D spinecho (SE) T1WI technique with appropriate scanning parameters
has been reported to accurately quantify intraplaque components, compared with other conventional techniques.5-8 Recently,
a 3D T1WI FSE technique has been adopted for this purpose
because it can minimize partial volume effects and motion artifacts, as well as enhance black-blood effects, while maintaining
T1WI contrast. However, whether the 3D-FSE technique can
more accurately discriminate among intraplaque components
than the more conventional techniques, such as 2D-SE T1WI,
AJNR Am J Neuroradiol 36:751–56
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Table 1: Histologic classiﬁcation of plaque specimens excised by carotid endarterectomy
Typea
Description
I–II
Near-normal wall thickness without calciﬁcation
III
Diffuse intimal thickening or small eccentric plaque without calciﬁcation
IV–V
Lipid-rich or necrotic core surrounded by ﬁbrous tissue with possible calciﬁcation
VI
Complex plaque with possible surface defect, hemorrhage, or thrombus
VII
Calciﬁed lesion
VIII
Fibrotic plaque without a lipid core and with possible small calciﬁcations
a

No. (%)
0 (0%)
0 (0%)
6 (19%)
14 (45%)
2 (7%)
9 (29%)

关Symptomatic/Asymptomatic兴
关5/1兴
关14/0兴
关1/1兴
关5/4兴

Modiﬁed American Heart Association classiﬁcation.

remains unknown. Hence, in the present study, we investigated
whether the diagnostic accuracy of 3D-FSE T1WI, in terms of
carotid plaque characterization, is comparable with that of 2D-SE
T1WI, by using pathologic specimens excised from carotid endarterectomy as our validation standards.

MATERIALS AND METHODS
Patients
From July 2012 to December 2013, we prospectively examined 34
consecutive patients (age range, 58 –79 years [mean, 70.4 years];
31 men and 3 women) with substantial stenosis of the cervical
internal carotid artery, all of whom underwent carotid endarterectomy. Of these patients, 26 had symptomatic stenosis of 50%–
95%, according to the method of the North American Symptomatic Carotid Endarterectomy Trial,9 and 8 had asymptomatic
stenosis of 70%–90%. The clinical profiles of the patients included hypertension (n ⫽ 28), hyperlipidemia (n ⫽ 27), and diabetes mellitus (n ⫽ 11). The institutional review board approved
the study protocol, and written informed consent was obtained
from all patients.

Imaging Protocol
Presurgery sagittal 3D-T1WI of the bilateral carotid bifurcation
was performed by using a 1.5T MR imaging scanner (Signa HDxt;
GE Healthcare, Milwaukee, Wisconsin) with an 8-channel neurovascular coil. The pulse sequence parameters were as follows:
flow-sensitized 3D-FSE with variable flip angles; TR/TE, 500/18.3
ms; echo-train length, 24; b-value of the flow-sensitized gradients
along 3 axes, 2.2 s/mm2; FOV, 25 ⫻ 19 cm2; matrix size, 512 ⫻ 512
(after zero-fill interpolation); section interval, 0.5 mm (after zerofill interpolation); partitions, 248; voxel size, 0.5 ⫻ 0.5 ⫻ 0.5 mm3;
parallel imaging factor, 2; NEX, 1; fat suppression, chemical shift
selective suppression; and acquisition time, 3 minutes 54 seconds.
Motion-sensitized gradients of 2.2 s/mm2 were used as the blackblood technique.
In addition, axial 2D-T1WI of the affected carotid bifurcation was
performed by using a 1.5T MR imaging scanner (Echelon Vega; Hitachi Medical Corporation, Tokyo, Japan) with an 8-channel neurovascular coil. The section direction was carefully set in a plane perpendicular to the long axis of the carotid bifurcation by using sagittal
2D phase-contrast MR angiographic imaging. The pulse sequence
parameters were as follows: conventional SE with a radial k-space
acquisition technique with self-navigation, which is similar to the
periodically rotated overlapping parallel lines with enhanced reconstruction method10; TR/TE, 500/12 ms; FOV, 18 cm; matrix size,
512 ⫻ 512 (after zero-fill interpolation); NEX, 2; section thickness,
4.0 mm with intersection gaps of 1.0 mm; number of sections, 9; fat
suppression, chemical shift selective suppression; and acquisition
752
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time, 6 minutes 46 seconds. Nonselective saturation pulses were used
as the black-blood technique.

Histologic Preparation
Specimens were excised en bloc from the affected carotid arteries
and submitted for histologic evaluation. The specimens were
fixed in formaldehyde, and transverse sections of the carotid bifurcations were carefully cut to correspond in direction and position to the 2D-MR images. During histologic preparation, hematoxylin-eosin, Masson trichrome, and anti-Glycophorin-A stains
were applied to paraffin-embedded, 7-m-thick sections. The
sections of carotid plaque were classified into 6 types, according
to the modified American Heart Association classification
(Table 1).11

Data Processing and Statistical Analyses
After using the 3D-FSE images to generate reformatted axial images that corresponded to the 2D-SE images, we measured the
signal intensity of the carotid plaque and the adjacent sternomastoid muscle by using the image with the largest plaque size. The
images were randomized, and a blinded author (S.N.) manually
traced the plaque and muscle 3 times, by using the polygon cursor
of a free software package (zioTerm 2009; Ziosoft, Tokyo, Japan).
The resulting signal intensity values were averaged, and the contrast ratio (CR) was calculated by dividing the average signal intensity of the plaque by that of the muscle.
Differences in the CRs of plaques among the various histologic
types were examined by using the Kruskal-Wallis test, followed by
the post hoc Mann-Whitney test. Differences between the 3D-FSE
and 2D-SE techniques and those between the asymptomatic and
symptomatic patients were examined by using the Wilcoxon
signed rank test and the Mann-Whitney test, respectively. In addition, receiver operating characteristic curve analyses were performed to evaluate the sensitivity and specificity of the ability of
the techniques to differentiate plaques containing substantial vulnerable components from those containing stable components.
Vulnerable components were defined as lipid, necrosis, and/or
hemorrhage (IV–V, VI), while stable components were defined as
calcification and fibrous tissue (I–II, III, VII, VIII). Receiver operating characteristic curve analysis was also performed to evaluate the abilities of the techniques to differentiate hemorrhagic
complex plaques (VI) from other plaques. Cutoff values were determined by using the Youden index, and differences in the areas
under the receiver operating characteristic curves were examined
by using the DeLong test. The intraclass correlation coefficient
was used to evaluate intraoperator agreements for the manual
measurements. The ␣ level used was .05.

Table 2: Contrast ratios of various carotid plaques on T1-weighted images using 3D FSE and 2D-SE techniquesa
Plaque Type (Modiﬁed AHA Classiﬁcation)
3D-FSE
2D-SE
P valuec

VII (n = 2)
0.94–0.97 (0.95)
0.79–1.02 (0.90)
.655

VIII (n = 9)
0.95–1.29 (1.10)
0.88–1.19 (1.01)
.139

IV–V (n = 6)
1.33–1.54 (1.42)
1.17–1.46 (1.23)
.028

VI (n = 14)
1.53–2.12 (1.80)
1.55–2.51 (2.07)
.013

P Valueb
⬍.001
⬍.001

Note:—AHA indicates American Heart Association.
a
Contrast ratios are presented as range (median).
b
Kruskal-Wallis test.
c
Wilcoxon signed rank test.

FIG 1. Contrast ratios of carotid plaques with various compositions, by using 3D-FSE and 2D-SE T1WI. Contrast ratios of type VI plaques
(characterized according to the modiﬁed American Heart Association criteria) are signiﬁcantly higher than those of other plaque types, by using
both 3D-FSE and 2D-SE images. In addition, CRs of type IV–V plaques are signiﬁcantly higher than those of types VII and VIII and are signiﬁcantly
higher on 3D-FSE images than on 2D-FSE images. Sensitivity and speciﬁcity for discriminating between vulnerable plaques (IV–V and VI) and
stable plaques (VII and VIII) were both 100%, by using the 3D-FSE images, and 100% and 91%, respectively, by using the 2D-SE images. Red circles
indicate symptomatic patients; blue circles, asymptomatic patients; and arrows, patients showing ischemic events during surgery.

RESULTS
Three patients were excluded because their carotid endarterectomy
was postponed for ⬎3 months after their MR imaging examinations.
The remaining 31 patients were considered eligible for further quantitative analyses. Patient characteristics are as follows: age, ranging
from 58 to 79 years (mean, 70.8 years); 28 men and 3 women; and
interval between MR imaging and carotid endarterectomy, ranging
from 1 to 82 days (median, 28 days). The number and type of carotid
plaques, as determined by histopathologic examination, are shown
in Table 1. Ischemic stroke events during the surgery occurred in the
2 symptomatic patients with carotid plaque type VI.
With 3D-FSE T1WI, the CR range and median values of the
plaques that were histologically confirmed as types VII, VIII,
IV–V, and VI were 0.94 – 0.97 (0.95), 0.95–1.29 (1.10), 1.33–1.54
(1.42), and 1.53–2.12 (1.80), respectively. The CR range and median value by using 2D-SE T1WI were 0.79 –1.02 (0.90), 0.88 –
1.19 (1.01), 1.17–1.46 (1.23), and 1.55–2.51 (2.07), respectively.

These values were significantly different among the groups, by
using both the 3D-FSE and 2D-SE images (P ⬍ .001, KruskalWallis test; Table 2 and Fig 1). Among the CRs of carotid plaques
with various compositions, there were significant differences
among all combinations of types VIII, IV-V, and VI, which
tended to show isointensity to the muscle, mild hyperintensity,
and marked hyperintensity, respectively, on both the 3D-FSE and
2D-SE images (P ⬍ .01, post hoc Mann-Whitney test; Figs 1 and
2). The CRs of types IV–V plaques on the 3D images were significantly higher than those on the 2D images (P ⫽ .028, Wilcoxon
signed rank test), while the CRs of the type VI plaques on the 3D
images were significantly lower than those on the 2D images (P ⫽
.013, Wilcoxon signed rank test; Table 1). Furthermore, the CRs
of the plaques in the symptomatic patients were significantly
higher than those in the asymptomatic patients both on the 3D
images (0.94 –2.12 [median, 1.54] and 0.95–1.33 [median, 1.17],
respectively; P ⫽ .004, Mann-Whitney test) and on the 2D images
AJNR Am J Neuroradiol 36:751–56
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(cutoff value, 1.52), and 100% sensitivity
and specificity was determined for the 2D
images (cutoff value, 1.55; Fig 1).
The intraclass correlation coefficient
value for the measurements of the plaque
CRs was 0.997, indicating excellent intraoperator agreements.

DISCUSSION
Unstable carotid plaques comprise lipidrich, necrotic, and/or intraplaque hemorrhage materials, enclosed by a thin fibrous
cap, which is prone to rupture and subsequently releases embolic materials into the
distal blood flow. As a result, unstable
plaques cause more ischemic stroke events
than stable plaques, which consist mainly of
fibrous tissue and/or calcification.12,13 Unstable plaques are also thought to be one of
the risk factors for embolic complications
during carotid endarterectomy and carotid
artery stenting.1,2 Therefore, accurate characterization of intraplaque components can
help predict stroke events and complications during surgery. In this study, we sucFIG 2. Imaging ﬁndings of the carotid plaques by using 3D-FSE and 2D-SE T1WI. A–C, 3D-FSE T1WI. D–F, cessfully demonstrated that the 3D-FSE
2D-SE T1WI. G–I, Histologic specimens. AG indicates anti-Glycophorin-A staining; HE, hematoxylin-eosin
T1WI technique can readily discriminate
staining; MT, Masson trichrome staining. G and H, 2⫻ magniﬁcation; I, 1.5⫻ magniﬁcation.
A 74-year-old man with symptomatic left carotid stenosis (A, D, and G). The carotid plaque is among histologic subtypes of carotid
isointense to the adjacent muscles on both 3D-FSE and 2D-SE T1WI (arrows, A and D), with CRs plaques and can differentiate unstable
of 0.97 and 1.00, respectively. Histologic ﬁndings show that the plaque was primarily composed
plaques from stable ones, with excellent
of ﬁbrous tissue with minimal calciﬁcation, which is therefore classiﬁed as type VIII (arrows, G).
A 69-year-old man with symptomatic right carotid stenosis (B, E, and H). The plaque shows sensitivity and specificity. These results were
moderate hyperintensity on the 3D-FSE image (arrow, B) and only subtle hyperintensity on the comparable with those obtained by using
2D-SE image (arrow, E), with CRs of 1.52 and 1.27, respectively. Histologic ﬁndings show a lipidthe 2D-SE T1WI technique.
rich plaque consisting of foamy cells (arrowheads, H) with a thick ﬁbrous cap (arrow, H), which
In general, unstable carotid plaques tend
is therefore classiﬁed as types IV–V.
A 72-year-old man with symptomatic right carotid stenosis (C, F, and I). The plaque shows to show hyperintensity on T1WI.5,6,14-17
evident hyperintensity on both the 3D-FSE and 2D-SE images (arrows, C and F), with CRs of 1.93
However, various imaging techniques have
and 2.23, respectively. Histologic ﬁndings show massive hemorrhage (arrowheads, I) with a
been applied to T1WI, with varying results,
partially ruptured thin ﬁbrous cap (arrow, I), which is therefore classiﬁed as type VI.
including conventional 2D-SE/FSE,5,8
(0.79 –2.51 [median, 1.56] and 1.01–1.17 [median, 1.11], respeccardiac-gated multiple inversion-recovery black-blood 2D-FSE,6
tively; P ⫽ .023, Mann-Whitney test).
MPRAGE,16,18,19 and source images of 3D time-of-flight MR anReceiver operating characteristic analyses revealed that the argiography.15,20,21 A recent study performing direct comparisons
eas under the receiver operating characteristic curves for the 3Damong these techniques found that 2D-SE imaging could more readFSE images were 1.000 (95% CI, 0.888 –1.000), and the areas unily discriminate among fibrous, lipid-rich, necrotic, and hemorder the receiver operating characteristic curves for the 2D-SE
rhagic plaques because the T1 contrast can be maximized and stabiimages were 0.991 (95% CI, 0.871–1.000), indicating that both
lized under the appropriate scanning parameter settings.7 In
could discriminate between vulnerable plaques (types IV–V and
addition, the 2D-SE T1WI could accurately estimate intraplaque
VI) and stable plaques (types VII and VIII). No significant differcomposition and could monitor temporal changes during medical
ence was detected between the 2 techniques (P ⫽ .41, DeLong
treatment.22,23 However, the 2D-SE technique is also prone to varitest). The sensitivities and specificities were both 100% for the 3D
ous technical limitations, such as substantial partial volume effects,
images (cutoff value, 1.30) and 100% and 91%, respectively, for
susceptibility to motion artifacts, and prolonged acquisition time.
the 2D images (cutoff value, 1.17; Fig 1). Furthermore, in discrimThe 3D-FSE technique has been introduced recently for plaque iminating complex plaques (type VI) from other plaques, the areas
aging and can theoretically overcome these limitations, while still
under the receiver operating characteristic curves for the 3D and
maintaining appropriate T1 contrast.
2D images were 0.996 (95% CI, 0.880 –1.000) and 1.00 (95% CI,
In the present study, the 3D-FSE T1WI technique could accu0.888 –1.000), respectively, with no significant difference between
rately discriminate among histologically validated plaque types
the 2 techniques (P ⫽ .48, DeLong test). The sensitivities and
and could also differentiate the vulnerable plaques (types IV–V
specificities were 100% and 94%, respectively, for the 3D images
and VI) from the stable plaques (types VII and VIII) with excellent
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sensitivity and specificity. In particular, the CRs of lipid-rich/necrotic plaques (types IV–V) on 3D-FSE images were significantly
higher than those on 2D-SE images obtained with the identical
TR. The contrast improvement of the lipid/necrotic plaques by
using the 3D-FSE technique is thought to be caused by a shortened longitudinal recovery time after the last echo. This augments
T1-related contrast, allowing detection of vulnerable plaques that
might otherwise have been overlooked. In contrast, the CRs of
hemorrhagic plaques (type VI) on 3D-FSE images were significantly lower than those on 2D-SE images, resulting in less accuracy in differentiating hemorrhagic plaques from other plaques,
presumably due to the inherent T2 dependency of the 3D-FSE
technique caused by its prolonged effective TE. However, this
result appears to hardly affect discrimination between unstable
and stable plaques because the CRs of hemorrhagic plaques remained remarkably higher than those of stable plaques.
This study includes several limitations. First, although the 3DFSE technique provides potential advantages in terms of partial
volume effects, motion artifacts, and multidirectional capability,
we did not directly compare these issues between the 2 techniques
because our aim was to determine whether 3D-FSE had better
contrast for use in plaque characterization than 2D-SE imaging.
In general, 3D techniques are suitable for assessment of carotid
plaques because the carotid artery is tortuous and pulsatile and
the plaques are typically small, complex in shape and composition, and elongated in the superoinferior direction. Hence, 2D
imaging is not ideal for visualizing carotid plaque characteristics
in detail, given their limited section direction, thickness, and coverage, as well as their susceptibility to motion artifacts. 3D imaging, including 3D-FSE T1WI, might be able to overcome these
limitations. Second, we examined CRs of the plaques by using
only the section with the maximum plaque size. In this study, we
had to abandon the idea of evaluating the whole plaque because
only a single section was available for direct comparisons among
the 3D images, 2D images, and corresponding histologic sections
due to partial volume effects of the 2D images and difficulties in
histologic preparation for the appropriate sections. Evaluation of
the entire plaque may further improve the diagnostic performance, particularly for the 3D-FSE technique. Third, we could
not simultaneously obtain the 3D-FSE and 2D-SE images by using
the same scanner because these advanced sequences were implemented in distinct scanners. Hence, the images used for the comparisons may not have been obtained under identical conditions,
which might have affected our results, though the intervals between the scans were 2–7 days in almost all patients. Fourth, we
did not perform automated analyses that we reported previously,23 because appropriate cutoff values for differentiating
plaque types on the 3D-FSE images were not known, though they
were eventually elucidated in this study.

CONCLUSIONS
3D-FSE T1WI can accurately characterize carotid plaque composition mainly due to contrast improvement of the lipid-rich plaques
and can differentiate vulnerable plaques from stable plaques with
excellent sensitivity and specificity, being comparable with 2D-SE
T1WI.
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ORIGINAL RESEARCH

HEAD & NECK

Feasibility Analysis of the Parametric Response Map as an Early
Predictor of Treatment Efﬁcacy in Head and Neck Cancer
A.H. Baer, B.A. Hoff, A. Srinivasan, C.J. Galbán, and S.K. Mukherji

ABSTRACT
BACKGROUND AND PURPOSE: Estimating changes in the volume transfer constant, normalized area under the contrast-enhancement
time curve at 60 seconds, and fractional blood plasma volume by using dynamic contrast-enhanced MR imaging may be useful in predicting
tumor response to chemoradiation. We hypothesized that the parametric response map, a voxel-by-voxel analysis of quantitative
dynamic contrast-enhanced MR imaging maps, predicts survival in patients with head and neck cancer.
MATERIALS AND METHODS: Ten patients with locoregionally advanced head and neck squamous cell carcinoma underwent deﬁnitive
concurrent chemoradiation therapy. For each patient, dynamic contrast-enhanced MR imaging data were collected before and 2 weeks
after treatment initiation. Change in perfusion parameters within the primary tumor volume with time was analyzed by parametric
response mapping and by whole-tumor mean percentage change. Outcome was deﬁned as overall survival. The perfusion parameter and
metric most predictive of outcome were identiﬁed. Overall survival was estimated by the log-rank test and Kaplan-Meier survival curve.
RESULTS: The volume transfer constant and normalized area under the contrast-enhancement time curve at 60 seconds were predictive
of survival both in parametric response map analysis (volume transfer constant, P ⫽ .002; normalized area under the contrast-enhancement time curve at 60 seconds, P ⫽ .02) and in the percentage change analysis (volume transfer constant, P ⫽ .04; normalized area under
the contrast-enhancement time curve at 60 seconds, P ⫽ .02). Blood plasma volume predicted survival in neither analysis.
CONCLUSIONS: Parametric response mapping of MR perfusion biomarkers could potentially guide treatment modiﬁcation in patients
with predicted treatment failure. Larger studies are needed to determine whether parametric response map analysis or percentage signal
change in these perfusion parameters is the stronger predictor of survival.
ABBREVIATIONS: DCE ⫽ dynamic contrast-enhanced; HNSCC ⫽ squamous cell carcinoma of the head and neck; Ktrans ⫽ volume transfer constant; NAUC60 ⫽
normalized area under the contrast-enhancement time curve at 60 seconds; PRM ⫽ parametric response map; Vp⫽ blood plasma volume

t is estimated that ⬎50,000 new cases of head and neck cancer
were diagnosed in the United States in 2013, accounting for 3%
of all new cancer diagnoses.1 Worldwide, the disease burden is
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even greater, with an estimated 5% of all cancers being those of the
head and neck.2 Squamous cell carcinoma of the head and neck
(HNSCC) accounts for approximately 90% of primary malignancies in that anatomic region.3-6 The overall incidence and rate of
death are in decline, but HNSCC continues to present formidable
diagnostic and therapeutic challenges.7,8
Most HNSCC is advanced (stage III and IV) at the time of
diagnosis.9 Treatment of locoregionally advanced HNSCC (stages
III and IVA/B) commonly involves surgery followed by radiation
therapy, surgery followed by concurrent chemoradiation, definitive concurrent chemoradiation therapy, or sequential therapy
involving induction chemotherapy followed by concurrent
chemoradiation therapy.
Initial posttreatment imaging is performed to identify residual
disease, to evaluate the effect of treatment, and to establish a baseline for future comparison. Imaging is generally performed 2–3
months after completion of chemoradiation because transient
changes in MR signal characteristics related to acute inflammaAJNR Am J Neuroradiol 36:757– 62

Apr 2015

www.ajnr.org

757

Table 1: Subject demographics and disease status at the time of analysis
Subject
Age (yr)/Sex
Primary Location
Stage
1
62/M
Tonsil
T1 N2a
2
65/F
Soft palate
T2 N3
3
58/M
Hypopharynx
T4 N2b
4
83/M
Larynx
T4 N0
5
43/M
Tongue base/tonsil
T4 N2c
6
61/F
Tonsil
T2 N3
7
55/M
Piriform sinus
T2 N2b
8
43/M
Tonsil
T2 N2b
9
57/M
Nasopharynx
T2 N2b
10
60/M
Tongue base
T3 N0

Status
NED
LF
LF/RF/DF
LF
DF
RF
Unknown
DF
NED
NED

Survival (mo)
75.4
3.5
10.3
2.0
4.6
66.1
33.5
18.9
56.4
64.9

Outcome
Survivor
Nonsurvivor
Nonsurvivor
Nonsurvivor
Nonsurvivor
Survivor
Survivor
Nonsurvivor
Survivor
Survivor

Note:—NED indicates no evidence of disease; LF, local failure; RF, regional failure; DF, distant failure.

tion are considerable in the early postradiotherapy period.10
While such an approach is valuable in monitoring treatment response, the delay between initiation of therapy and assessment of
response precludes early treatment modification (eg, radiation
therapy intensification for poorly responding tumors).11 A tool
that accurately predicts outcome soon after treatment initiation
would allow initiation of alternative treatment regimens, reduce
unnecessary treatment-related toxicity, and reduce the unnecessary expense of ineffective treatment regimens.
In 2005, the functional diffusion map was introduced, currently termed the parametric response map (PRM).12,13 The PRM
is a voxel-based approach to analyzing MR imaging data that allows segmentation of a tumor volume on the basis of regional
intratumoral changes in the MR signal.12-14 The tool was initially
applied to ADC maps, but PRM can be applied to any imaging
study. PRM analysis may uncover regional intratumoral signal
changes that could be masked in whole-tumor mean signalchange calculations.
Dynamic contrast-enhanced (DCE) MR imaging and dynamicsusceptibility contrast MR imaging are techniques capable of estimating tumor vascular permeability, blood volume, blood flow,
and extracellular extravascular space. The aims of this study were
to prospectively collect DCE MR imaging data from patients with
locoregionally advanced HNSCC before and during treatment
and to examine the value of PRM analysis and whole-tumor mean
change of perfusion parameters in predicting survival.

were excluded after MR imaging for unacceptable susceptibility
artifacts that were not anticipated by CT, 1 patient was excluded
because of an incomplete treatment course, and 7 patients were
excluded due to incomplete or corrupt datasets at the time of
analysis. Datasets of 10 patients were analyzed for this study. Table 1 details patient demographics, disease characteristics, and
survivorship.

Treatment
Each patient underwent definitive treatment with fractionated
radiation therapy and concurrent chemotherapy. Radiation therapy involved 70 Gy to the primary gross tumor volume and involved lymph nodes for 7 weeks by 3D conformational or intensity-modulated radiation therapy. Initial chemotherapy regimens
for the analyzed patients were as follows: 5 patients received
weekly carboplatin (area under the curve of 1) and paclitaxel (20
mg/m2 or 30 mg/m2), 2 patients received cisplatin (40 mg/m2)
weekly, 1 patient received cisplatin (12 mg/m2) daily for 5 days
and 5-fluorouracil (600-mg/m2 continuous infusion) for 5 days
on weeks 1 and 5 of radiation therapy, 1 patient received carboplatin (area under the curve of 4) every 3 weeks, and 1 patient
received cetuximab with a loading dose of 400 mg/m2 followed by
a weekly dose of 250 mg/m2. Follow-up involved clinic visits every
6 weeks for the first 24 months, every 3 months for months 25–36,
and every 6 months from month 37 onward.

Perfusion MR Imaging Acquisition

MATERIALS AND METHODS
Patients
All adult patients (18 years of age or older) presenting to the
University of Michigan Health System for treatment of unresectable, locoregionally advanced, biopsy-proved, primary HNSCC
for whom radiation therapy was recommended were eligible for
inclusion.15 Patients were enrolled during a 2-year period under
the supervision of a faculty member of the department of radiation oncology. Informed consent was obtained from all patients,
and the study was approved by the internal review board at our
institution. Patients who were pregnant at the time of diagnosis or
who had known contraindications to MR imaging (eg, ferromagnetic prostheses) were excluded from the study. Patients with dermal or subcutaneous HNSCC involvement were also excluded
due to potential susceptibility effects at air-tissue interfaces. Of
the 24 patients initially considered for this study, 4 were excluded
because of metallic dental hardware noted on CT that was expected to result in unacceptable susceptibility artifacts, 2 patients
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Using a 3T Philips Achieva magnet (Philips Healthcare, Best, the
Netherlands), we obtained MR images at 2 time points for each
participant— before treatment (t0) and 2 weeks after initiation of
chemoradiation (t1). Sequences included DCE T1-weighted, preand postcontrast axial T1-weighted, axial T2-weighted FLAIR,
axial T2-weighted with fat saturation, and diffusion-weighted.
Each DCE acquisition included 32 dynamic volumes acquired by
a 3D gradient-echo pulse sequence following the intravenous administration of 0.1 mL/kg of gadopentetate dimeglumine. DCE
data were acquired in the sagittal plane to include the entire primary tumor volume and suspected metastatic lymph nodes in the
same FOV, while minimizing the acquisition time and the FOV
itself. We used the following acquisition parameters: TR ⫽ 5.1 ms,
TE ⫽ 1.1 ms, flip angle ⫽ 20°, voxel size ⫽ 2 ⫻ 2 ⫻ 2 mm.

Deﬁning Tumor Volumes
Primary gross tumor volumes of interest were manually defined
on t0 DCE MR imaging data by using masking software developed

the primary tumor, and samples without
clear arterial waveforms were manually
excluded from the calculation. The
modified Tofts model was used to extract perfusion parameters from the
DCE MR imaging data at both t0 and t1
time points.16 For the purposes of this
study, parameters of interest include the
volume transfer constant (Ktrans), the
normalized area under the contrast-enhancement time curve at 60 seconds
(NAUC60), and blood plasma volume
(Vp).

Whole-Tumor Change in Perfusion
Parameters

FIG 1. Unregistered sequences of a representative subject acquired before treatment (t0, top
row) and 2 weeks after initiation of therapy (t1, bottom row). Acquisitions include postcontrast
T1-weighted with fat-saturation (A and D), T2-weighted with fat-saturation (B and E), and DCE MR
imaging (C and F). Manually deﬁned primary gross tumor volumes are depicted for each time point
(yellow lines). The images above are those of subject 10, a survivor at follow-up.

Signal values were extracted from each
voxel of the primary gross tumor volume, and averaging these provided
whole-tumor mean signal values. The
percentage signal change was then calculated by subtracting the whole-tumor
mean signal of t0 and t1 and dividing by
that of t0. This process was completed
for each perfusion parameter (Ktrans,
NAUC60, and Vp) of each patient. With
the parameter Ktrans as an example, the
resulting whole-tumor mean signal
change was reported as a percentage increase (%⌬Ktrans⫹) or percent decrease
(%⌬Ktrans⫺).

Parametric Response Mapping
Coregistration of DCE MR imaging
data from t0 and t1 time points was executed by using the Mutual Information for Automatic Multimodality
Image Fusion software package developed at our institution. In brief, t0 and
t1 DCE MR imaging data for each patient were spatially aligned by using
thin-plate splines as the deformable
registration interpolant. Registration
FIG 2. Unregistered sequences of a representative subject acquired before treatment (t0, top
was initiated by manually defined conrow) and 2 weeks after initiation of therapy (t1, bottom row). Acquisitions include postcontrast
T1-weighted with fat-saturation (A and D), T2-weighted with fat-saturation (B and E), and DCE MR trol points in the t1 dataset that correimaging (C and F). Manually deﬁned primary gross tumor volumes are depicted for each time point sponded to regions within the primary
(yellow lines). The images above are those of subject 3, a nonsurvivor at follow-up.
tumor volume as defined on the t0 daat our institution. Lymph nodes and major vascular structures
taset. The automatic algorithm then iteratively optimized the
solution by using mutual information as the objective
were excluded from the volumes of interest. Postcontrast T1function.
weighted fat-saturated and T2-weighted fat-saturated sequences
Following coregistration, the temporally resolved DCE MR
were referenced to assist in defining the primary tumor volumes
imaging data occupy the same 3D space, with each voxel consist(Figs 1 and 2). For volume-of-interest definition and for comparing of a pair of parameter values at the 2 discrete time points.
ison with conventional MR images, the DCE MR imaging volIndividual voxels were classified on the basis of the change in the
umes were reformatted into the axial plane.
voxel parameter values. Those voxels with a significant increase in
parameter X, which may be Ktrans, NAUC60, or Vp, were colorExtraction of Perfusion Parameters
To determine the arterial input function, we sampled the DCE
coded red, voxels with a significant decrease were blue, and those
without a significant change in X were green. Global PRM meaMR imaging signal from the internal carotid artery ipsilateral to
AJNR Am J Neuroradiol 36:757– 62
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Table 2: Statistical signiﬁcance of analysis type and perfusion
parameter in predicting survival
Ktrans
Vp
NAUC60
%
%
%
PRM− Change PRM− Change PRM− Change
.308
.068
.022a .024a
Overall survival .002a .041a
a

Statistically signiﬁcant at ␣ ⫽ .05.

64.9 months (range, 33.5–75.4 months); for nonsurvivors, median survival duration was 4.6 months (range, 2.0 –18.9 months).
Table 2 details the statistical significance of each analysis type
for each metric in predicting overall survival. For the parameter
Ktrans, both PRM analysis (PRMKtrans⫺, P ⫽ .002) and percentage
change analysis (%⌬Ktrans⫺, P ⫽ .04) were predictive of survival.
Similar results were observed for NAUC60 (PRMNAUC60⫺, P ⫽
.02; %⌬NAUC60⫺, P ⫽ .02). Irrespective of analytical technique,
Vp was not found to be predictive of survival (PRMVp⫺, P ⫽ .31;
%⌬Vp⫺, P ⫽ .07). The sample size was insufficient to determine
whether PRM analysis or percentage change in perfusion parameters provided a stronger predictor of survival. Figure 4 depicts
sample sections from PRMKtrans in a representative survivor and
nonsurvivor.

DISCUSSION

FIG 3. ROC curves for PRMKtrans⫺ (blue line) and PRMKtrans0 (green
line) at 2 weeks after treatment initiation (A). Kaplan-Meier survival
plots for overall survival as a function of stratiﬁcation by PRMKtrans⫺
(the perfusion parameter most predictive of survival) at 2 weeks after
treatment initiation (B). The blue line represents PRMKtrans⫺ ⱕ the
cutoff. The green line represents PRMKtrans⫺ ⬎ the cutoff.

sures were determined by summing all parameter voxels within a
classification and normalizing by the total tumor volume. These
measures are presented in PRMX⫹ for increasing, PRMX⫺ for
decreasing, and PRMX0 for unchanged.

Statistical Analysis
Outcome was defined as overall survival, the duration of which was
calculated from the day of pretreatment MR imaging to the time of
data analysis. An optimal “responder cutoff” was identified by using
a receiver operating characteristic analysis for each parameter (Ktrans,
NAUC60, and Vp), analyzed by using either PRM or the percentage
change in the mean, and the parameter value most predictive of outcome was identified. Overall survival was estimated by the log-rank
test and Kaplan-Meier survival curve (Fig 3).

RESULTS
At the time of analysis, 5 patients were survivors (50%) and 5 were
nonsurvivors (50%). For survivors, median survival duration was
760
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Recently, PRM analysis of perfusion data has been examined as a
surrogate biomarker for early cancer treatment response. In 2009,
Galbán et al17 compared PRM analysis with whole-tumor mean
percentage analysis of CBV and CBF in predicting treatment response in high-grade gliomas. Results indicated that PRM analysis
of CBV and CBF within the tumor were highly predictive of survival after 1 week of treatment, whereas percentage change analysis was not predictive. Furthermore, PRM of CBV was more
predictive of overall survival than baseline CBV. In 2010, Tsien et
al18 examined PRM analysis of perfusion data to distinguish between disease progression and pseudoprogression in high-grade
gliomas undergoing concurrent chemoradiation therapy. The
study found that at week 3 of therapy, patients with progressive
disease had a significant decrease in PRM of CBV compared with
patients with pseudoprogression. In 2012, Wang et al19 evaluated
an analysis method known as “fuzzy clustering” to identify
HNSCC tumor subvolumes in DCE MR imaging data related to
treatment outcomes. Results suggested that tumor subvolumes
with low blood volume that persisted from pretreatment to intratreatment (week 2 of concurrent chemoradiation therapy) time
points were greater in patients with local treatment failure than in
those with local control.
In our study, both PRMKtrans⫺ and %⌬Ktrans⫺ were predictive
of survival when measured early after treatment initiation. Patients with a large percentage of the primary gross tumor volume that
decreased in Ktrans (ie, a measure of endovascular permeability) were
more likely to have significantly reduced survival. Similarly, findings
suggest that patients with a large percentage of the primary gross
tumor volume that decreased in NAUC60 (a general measure of perfusion) were more likely to have significantly reduced survival. These
findings are consistent with those previously described.
The clinical implication of our findings is that PRM is feasible
and may identify, early into definitive treatment, those patients
whose primary tumors will have an unfavorable response to stan-

subject to volume averaging in the analysis, we used conservative margins in defining the volumes of interest. This use
likely resulted in undersampling signal
in the periphery of the primary tumor
volumes.
Data collection for this study was
part of a larger investigation involving
conventional and diffusion MR images.
The perfusion technique had motion in
some individuals, was incomplete in
others due to scanner failure, and was
corrupted in others likely during transfer to network storage. These issues were
addressed and are not anticipated in
planned future trials.
Finally, measuring the arterial input
function remains a substantial source of
error in the estimation of perfusion parameters with DCE-MR imaging. The
optimal method of reproducibly estimating the arterial input function (eg,
cohort average versus measured patient-specific) remains the subject of
debate.20

CONCLUSIONS
The results of this retrospective analysis
of prospectively collected data suggest
that PRM analysis of perfusion biomarkers could potentially guide early
modification of chemoradiation treatment regimens. Specifically, subvolumes of tumors with predicted treatment failure may benefit from radiation therapy intensification
early in the treatment course. A prospective investigation is currently taking place at our institution to examine targeted radiation
therapy intensification with the application of our technique.
Larger studies are also needed to validate these findings and to
determine whether PRM analysis or whole-tumor percentage signal change analysis provides a stronger predictor of survival.

FIG 4. Representative patients with HNSCC stratiﬁed by PRMKtrans⫺ as survivor (top row, median
survival time, 64.9 months) or nonsurvivor (bottom row, median survival time, 10.3 months) at the
time of analysis. PRMKtrans color-coded ROIs are superimposed on pretreatment T1-weighted
gadolinium contrast-enhanced images (A and C). The scatterplots illustrate the distribution of
changes in Ktrans throughout the entire volumes of interest (B and D). The 95% conﬁdence
intervals within the scatterplots are represented by the black lines. Voxels with signiﬁcantly
increasing, decreasing, or unchanged Ktrans are coded as red, blue, and green dots, respectively.

dard chemoradiation regimens. Perhaps even more useful, PRM
provides spatial information regarding the location of unresponsive tumor subvolumes, which may aid in selecting targets for
radiation therapy intensification. The converse may also be
true—tumor subvolumes with a predicted favorable response to
standard radiation doses may have a similarly favorable response
to a reduced dose.

Study Limitations
The processing requirements of the PRM metric are not trivial,
and the modeling of DCE MR imaging data has yet to be standardized. A critical question when considering implementation of
such an analysis is whether the PRM metric provides a stronger
predictor of survival than percentage whole-tumor mean signal
change, a simpler and less time-consuming analysis. The sample
size of this feasibility study is insufficient for the multivariate analysis needed to determine which analysis type produces a stronger
predictor of outcome.
A 128 ⫻ 128 in-plane matrix size was used for the DCE MR
imaging acquisition in this study because using large matrices in
the 32-phase sequence is inherently time-consuming. The resulting low spatial resolution may have compromised accurate manual definition of primary gross tumor volumes of interest, particularly for smaller lesions. To avoid inclusion of voxels that were
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Quantitative Diffusion-Weighted MRI Parameters and Human
Papillomavirus Status in Oropharyngeal Squamous
Cell Carcinoma
C.S. Schouten, P. de Graaf, E. Bloemena, B.I. Witte, B.J.M. Braakhuis, R.H. Brakenhoff, C.R. Leemans, J.A. Castelijns, and R. de Bree

ABSTRACT
BACKGROUND AND PURPOSE: Patients with human papillomavirus–positive oropharyngeal squamous cell carcinomas have a better
survival rate than those with human papillomavirus–negative oropharyngeal squamous cell carcinomas. DWI characterizes biologically
relevant tumor features, and the generated ADC may also provide prognostic information. We explored whether human papillomavirus
status and ADC values are independent tumor characteristics.
MATERIALS AND METHODS: Forty-four patients with oropharyngeal squamous cell carcinomas underwent pretreatment DWI. ADC
values for the primary tumors were determined by using 3 b-values in an ROI containing the largest area of solid tumor on a single section
of an axial DWI image. Human papillomavirus status was determined with p16 immunostaining, followed by high-risk human papillomavirus
DNA detection on the p16-positive cases.
RESULTS: Twenty-two patients were human papillomavirus–positive (50.0%). ADC values were not signiﬁcantly different between
human papillomavirus–negative (ADCmean ⫽ 1.56 [1.18 –2.18] ⫻ 103 mm2/s) and human papillomavirus–positive tumors (ADCmean ⫽
1.46 [1.07–2.16] ⫻ 103 mm2/s).
CONCLUSIONS: No signiﬁcant association between ADC and human papillomavirus status was found in oropharyngeal squamous cell
carcinomas. In our study population, differences in genetic and histologic features between human papillomavirus–positive and human
papillomavirus–negative oropharyngeal squamous cell carcinomas did not translate into different ADC values. Long-term follow-up
studies are needed to establish whether ADC has prognostic value and whether this is independent of the human papillomavirus status.
ABBREVIATIONS: HNSCC ⫽ head and neck squamous cell carcinoma; HPV ⫽ human papillomavirus; OPSCC ⫽ oropharyngeal squamous cell carcinoma

H

ead and neck squamous cell carcinoma (HNSCC) is the sixth
most common cancer worldwide.1 During the past decades,
it has been well-established that besides tobacco smoking and
alcohol consumption, human papillomavirus (HPV) is an important etiologic factor in the development of HNSCC, in particular
squamous cell carcinomas in the oropharynx (OPSCC). HPVpositive and HPV-negative OPSCCs are different disease entities.2
Patients with HPV-positive OPSCC show higher response rates to
treatment and have a better overall survival compared with those
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with HPV-negative OPSCC, despite the more often regionally
advanced disease presentation in patients with HPV-positive
OPSCC.3,4 In addition, the genetic route to cancer is different for
HPV-positive OPSCC,5,6 and HPV-related tumors have distinct
histologic features.7,8 In this context, traditional prognostic factors such as tumor size and lymph node invasion may be insufficient to fully classify patients into risk groups. Identification of
other prognostic tumor characteristics may lead to an improved
patient selection and, as a result, higher responses to treatment
and probably less treatment-induced morbidity.
DWI is a noninvasive functional technique that characterizes
tissue on the basis of the random motion of water molecules,
which is mainly influenced by the volume of extracellular space
and the presence of cell membranes. Differences in water mobility
can be quantified with the ADC: Hypocellular or necrotic tissue or
both are characterized by a high ADC, whereas hypercellular tissue is characterized by a low ADC. Hence, parameters from DWI,
such as ADC, could indicate biologic dissimilarities among tumors.
Furthermore, studies in breast cancer have demonstrated that the
ADC value significantly correlates with the expression of specific biAJNR Am J Neuroradiol 36:763– 67
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ologic markers of disease, such as estrogen receptor and progesterone
receptor.9,10 ADC is a possible prognostic factor in HNSCC; several
studies have shown that HNSCC with relatively low pretreatment
ADC values responds better to chemoradiotherapy than tumors with
higher pretreatment ADC values.11-14 Additionally, HPV-positive
OPSCC often has a different histology from HPV-negative OPSCC,
characterized by ovoid-to-spindle-shaped hyperchromatic cells
without keratinization and without a stromal response,15 and it can
by hypothesized that these histologic characteristics translate into
low pretreatment ADC values; if so, this hypothesis would support
the general notion that low ADC correlates with a better response to
chemoradiotherapy. Limited information is available on the relation
between HPV involvement and ADC values.16
In this study, we investigated the possible association between
ADC values derived from DWI and the presence of biologically
active HPV in patients with OPSCC.

MATERIALS AND METHODS
Patients and Study Design
The study was approved by the institutional review board of VU
University Medical Center. We identified patients with a histopathologically proved OPSCC who had undergone DWI for diagnosis and treatment planning between January 2010 and December 2013. Patients with T1 oropharyngeal tumors were excluded
because a reliable ROI could not be drawn. Fifty-seven patients
could be evaluated. Medical records were reviewed for clinical
characteristics, including smoking and alcohol intake, tumor
node metastasis stage, and oropharyngeal subsite. Three patients
were excluded due to insufficient quality of the DWI. In 2 other
patients, the primary tumor was outside the range of obtained MR
diffusion images; therefore, they were excluded. Eight more patients were excluded because DWI was performed with only 2
b-values. Thus, 44 patients were enrolled in the DWI analysis.

oteric acid; Guerbet, Aulnay-sous Bois, France) or Gadovist (0.1
mL/kg of gadobutrol; Bayer Schering Pharma, Berlin, Germany).
DWI by using a PROPELLER technique was performed for 16
sections at the same section positions as the axial STIR and T1WI.
Parameters for PROPELLER DWI were the following: TR/TE ⫽
3500/83.87 ms; in-plane pixel size ⫽ 2 ⫻ 2 mm; and b-values ⫽ 0,
750, and 1000 s/mm2 (3 averages). ADC maps were calculated online or off-line, respectively, by using the software of the scanner.
DWI scans were analyzed with AEGIS (Aegis Web, Version
3.2.4; Hologic, Bedford, Massachusetts), which allowed viewing
of multiple MR images. The primary tumors were first identified
on conventional MR images. ADC values were measured by drawing
an ROI on a single section of an axial high-b-value DWI containing
the largest area of solid tumor, excluding any necrotic regions with
the aid of postcontrast MR images. If artifacts within the lesion were
present, a smaller ROI was placed only over the undistorted area of
the lesion. Subsequently, the ROIs were copied to the corresponding
ADC maps. ADC was obtained as ADCminimum (lowest tumor
voxel value within the ROI) and ADCmean (mean ADC within the
ROI). The ROIs were outlined by C.S.S. (MD, PhD candidate)
and confirmed by a board-certified head and neck radiologist
with 5 years of experience in head and neck radiology (P.d.G).
Clinical information about the tumor node metastasis stage was
known, but the interpreters were blinded to HPV status.

Statistical Analysis
Statistical analyses were performed by using the SPSS software package (Version 20.0; IBM, Armonk, New York). The level of significance was set at P ⬍ .05, and hypotheses were tested 2-sided. Analyses
for differences in patient characteristics between the HPV-positive
and HPV-negative groups were performed with the Pearson 2 test
for categoric data and the Fisher exact test when appropriate. A Bonferroni correction was used to compare subgroups. The Mann-Whitney U test was used to compare continuous data.

HPV Analysis

RESULTS

HPV testing was performed on all tumors by using a previously
defined and validated algorithm for HPV detection.17,18 In short,
formalin-fixed and paraffin-embedded tumor tissue was stained
by immunohistochemistry for p16 (the product of the cyclindependent kinase inhibitor 2A); and on the p16-immunopositive
cases, high-risk HPV DNA was detected with general primer
5⫹/6⫹ polymerase chain reaction. Only the cases that were positive in the latter assay were classified as HPV-positive.

The total study group consisted of 33 men and 11 women, with a
mean age at the time of diagnosis of 58.8 years (range, 45–78).
Patient characteristics by HPV status are shown in Table 1. Patients who were HPV-positive were more likely to present with a
T2 primary tumor and N-positive disease. Patients who were
HPV-negative were more likely to have a history of heavy smoking and excessive alcohol consumption.
With DWI, ROI areas for OPSCC ranged from 20.0 to 770.0
mm2. The median ROI area for HPV-positive and HPV-negative
OPSCCs was 165.0 mm2 (range, 40 – 450 mm2) and 160.0 mm2
(range, 20 –770 mm2), respectively. The ROI area did not significantly differ between patients who were HPV-positive and those
who were HPV-negative (P ⫽ .77). Examples of a DWI scan from
a patient who was HPV-negative and one who was HPV-positive
are shown in Figs 1 and 2, respectively. The results did not
demonstrate significant differences between ADCmean and
ADCminimum in the HPV-negative and HPV-positive groups:
ADCmean and ADCminimum were 1.46 (1.07–2.16)⫻ 10⫺3 mm2/s
(median [range]) and 1.01 (0.62–1.55) ⫻ 10⫺3 mm2/s for patients
who were HPV-positive and 1.56 (1.18 –2.18) ⫻ 10⫺3 mm2/s and
1.07 (0.62–1.51) ⫻ 10⫺3 mm2/s for patients who were HPV-negative (P ⫽ .51 and P ⫽ .67, respectively) (Table 2).

DWI
All MR imaging examinations were performed by using a 1.5T
MR imaging system (Signa HDx; GE Healthcare, Milwaukee,
Wisconsin) with a head coil combined with a phased array spine
and neck coil. After an axial STIR series with 7-mm sections covering the entire neck area, subsequent images were centered on
the area of interest containing the primary tumor and enlarged
lymph nodes. Axial images (22 sections of 4-mm section thickness
and 0.4-mm gap) were obtained with STIR (TR/TE/T1 ⫽ 6600/
60/160 ms, 2 averages, in-plane pixel size of 0.7 ⫻ 1.1 mm) and
T1WI spin-echo (TR/TE ⫽ 500/14 ms, 2 averages, no fat saturation, in-plane pixel size of 0.5 ⫻ 0.5 mm) before and after the intravenous injection of contrast material: Dotarem (0.2 mL/kg of gad764
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Table 1: General patient characteristics
HPV-Positive HPV-Negative
P
(n = 22) (50%) (n = 22) (50%) Value
Sex
.30
Male
18 (81.8%)
15 (68.2%)
Female
4 (18.2%)
7 (31.8%)
Age at diagnosis (yr)
.92
Median (range)
57 (47–78)
60.5 (45–71)
Oropharyngeal subsite
.29
Tonsil
12 (54.4%)
10 (45.5%)
Base of tongue
8 (36.4%)
6 (27.3%)
Oropharynx nos
2 (9.1%)
6 (27.3%)
Smokinga
.01
Never (0–5 pack years)
8 (36.4%)
0 (0%)
Moderate (6–24 pack years)
5 (22.7%)
5 (22.7%)
Heavy (⬎24 pack years)
9 (40.9%)
17 (77.3%)
Alcohol consumptionb
.02
Never (0)
3 (13.6%)
0 (0%)
Moderate (1–149 U years)
15 (68.2%)
10 (45.5%)
Heavy (⬎149 U years)
4 (18.2%)
12 (54.5%)
T-stage
.03
T2
12 (54.5%)
5 (22.7%)
T3–4
10 (45.5%)
17 (77.3%)
N-stage
.04
N0
0 (0%)
5 (22.7%)
N1–3
22 (100%)
17 (77.3%)
M-stage
NA
M0
22 (100%)
22 (100%)
M1
0 (0%)
0 (0%)
Characteristic

Note:—NA indicates not applicable; Oropharynx nos, oropharynx not otherwise
speciﬁed.
a
Smoking was deﬁned in pack years (1 pack year ⫽ 20 cigarettes a day during 1 year).
b
Alcohol consumption was deﬁned in unit years (1 U year ⫽ 1 alcohol-containing
consumption a day during 1 year).

DISCUSSION
OPSCCs may have a heterogeneous response to treatment, and
survival varies among different groups of patients.3,4,19 Tobacco
smoking, alcohol consumption, and HPV play a role in this heterogeneity, and in particular, an HPV infection is a strong independent prognostic factor for survival in OPSCC.4 Because traditional prognostic factors such as tumor size and lymph node
involvement may be inadequate to classify patients into risk
groups, identification of new prognostic tumor characteristics
that may select patients for more or less aggressive treatment regimens becomes of interest. DWI may have prognostic value in
HNSCC.11-14 It is not known, however, whether the relatively low
pretreatment ADC values, which are associated with better response to chemoradiotherapy in these studies, could be attributed
to HPV status. This study shows that imaging parameters derived
from DWI are not significantly associated with the OPSCC HPV
status. Therefore, HPV status and ADC values may be factors that
independently determine the prognosis of a patient with OPSCC.
HPV-related OPSCC is a clinically and histopathologically
distinct disease entity.20,21 In this study, we also found significant
differences in clinical presentation, depending on HPV status;
HPV-patients were more likely to have a T2 primary tumor but
positive N-stage. Histopathologically, HPV-related tumors often
have distinct features, characterized by a nonkeratinizing morphology and showing excessive mitoses and comedo-type necrosis, while
HPV-negative OPSCC shows large polygonal cells and typical
keratin formation.8,15,20-22 In general, HPV-positive OPSCC is
more poorly differentiated.23 Characteristics of poorly differentiated squamous cell carcinomas, such as a higher cell attenuation

FIG 1. Axial MR images of an HPV-positive OPSCC. A 48-year-old
patient was diagnosed with an OPSCC in the right palatine tonsil. A,
STIR MR image shows a hyperintense mass in the palatine tonsil (arrow). A b⫽750 diffusion-weighted image (B) and an ADC map (C)
show decreased ADC. An ROI was drawn on the b⫽750 diffusionweighted image and copied to the ADC map. In this ROI, ADCminimum
measured 0.992 ⫻ 10⫺3 mm2/s.

and an increased nuclear-to-cytoplasmic ratio, reduce extracellular space and thereby the diffusion space of water protons, which
could result in relatively low ADC values.24,25 Indeed, Wang et
al24 found lower ADC values in poorly differentiated carcinomas
AJNR Am J Neuroradiol 36:763– 67

Apr 2015

www.ajnr.org

765

Table 2: Imaging DWI parameters in relation to HPV statusa
ADCmin
ADCmean
No. (×103 mm2/s) P Value (×103 mm2/s) P Value
HPV
.67
.51
Positive 22 1.01 (0.62–1.55)
1.46 (1.07–2.16)
Negative 22 1.07 (0.62–1.51)
1.56 (1.18–2.18)
Note:—min indicates minimum.
a
Values are presented as median (range).

FIG 2. Axial MR images of an HPV-negative OPSCC. A 54-year-old
patient was diagnosed with an OPSCC in the right palatine tonsil. A,
STIR MR image shows a large hyperintense mass in the oropharynx
(arrow). A b⫽750 diffusion-weighted image (B) and an ADC map (C)
show decreased ADC. An ROI was drawn on the b⫽750 diffusionweighted image and copied to the ADC map. In this ROI, ADCminimum
measured 0.826 ⫻ 10⫺3 mm2/s.

compared with well- or moderately differentiated carcinomas. It
can be hypothesized that the distinct histologic features of HPVpositive and HPV-negative OPSCC may translate in different pretreatment ADC values. If this is the case, it would support the
766
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general opinion that low ADC values correlate with a better response to chemoradiotherapy.11-14 Apparently, viable cells in a
highly proliferating tumor (with low pretreatment ADC values)
respond more favorably to chemoradiotherapy, probably related
to the better vascularization that increases the exposure to chemotherapeutic agents.12,26 This response is in contrast to tissues
with high levels of necrosis (with high ADC values), leading to a
detrimental effect on treatment efficacy.27
In previous studies,11-14 an association was reported between
treatment response and pretreatment ADC values. This reported
association could partly or even completely be attributed to the
HPV status because patients with an HPV-positive OPSCC respond better to chemoradiotherapy than those who are HPVnegative. Unfortunately, the HPV status of the OPSCC studied
was not included in the analyses. As outlined before, HPV-positive
OPSCC has a different histology, and HPV involvement could translate into different ADC values. We found no association between
pretreatment ADC and HPV status, and this finding suggests that
ADC value and HPV status are independent characteristics in patients with OPSCC, each with their own prognostic value.
Currently, limited data are available regarding the association
between HPV status and ADC in patients with OPSCC. Our data
are in contrast to those of Nakahira et al,16 who found significant
lower pretreatment mean and minimum ADC values for HPVpositive than for HPV-negative OPSCCs. In their series of 26 patients, they used p16 protein overexpression as a surrogate marker
for HPV infection. However, p16 immunohistochemistry is not
an ideal surrogate marker for an HPV infection because a considerable percentage of patients are p16-positive but HPV-negative.17,28 The application of p16 protein overexpression as a surrogate marker for HPV infection could have affected their results. In
our institution, we use a validated algorithm for HPV detection: p16
immunostaining, followed by a general primer 5⫹/6 polymerase
chain reaction on the p16-immunopositive cases. This algorithm
showed an accuracy of 98%.18 In addition, the conflicting data may
also be explained by DWI factors; the choice of DWI-technique, the
use of different b-values, and pulse sequences.
We acknowledge several limitations to this study. First, due to
the retrospective study design that only included patients with an
MR imaging with PROPELLER DWI, selection bias may have
occurred. Second, the number of patients included was relatively
small, and the study was performed in a single center. Finally,
DWI studies were performed with a PROPELLER technique.
DWI studies in HNSCC are most commonly performed with an
echo-planar imaging sequence.11,29,30 DWI of the head and neck
area is particularly difficult, because this region is very inhomogeneous and susceptible to artifacts. If artifacts are too detrimental, a non-EPI technique, such as PROPELLER, may be a better
alternative. Nevertheless, in some primary lesions, artifacts were
present. Consequently, a smaller ROI was placed over only the
undistorted area of the lesion.

CONCLUSIONS
Patients with HPV-positive OPSCC have a better survival rate
compared with HPV-negative OPSCC. ADC values of DWI may
also have prognostic value. In this study, we investigated a possible association between HPV status and ADC values in OPSCC.
No significant associations were found between quantitative imaging parameters from DWI and HPV status in OPSCC. The differences in histologic features between HPV-positive and HPVnegative OPSCC did not translate into different pretreatment
ADC values in our study cohort. Long-term follow-up studies are
needed to investigate whether ADC values and HPV status are
independent prognostic factors in patients with OPSCC treated
by chemoradiotherapy.
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MRI Findings in Patients with a History of Failed Prior
Microvascular Decompression for Hemifacial Spasm:
How to Image and Where to Look
M.A. Hughes, B.F. Branstetter, C.T. Taylor, S. Fakhran, W.T. Delfyett, A.M. Frederickson, and R.F. Sekula Jr

ABSTRACT
BACKGROUND AND PURPOSE: A minority of patients who undergo microvascular decompression for hemifacial spasm do not improve
after the ﬁrst operation. We sought to determine the most common locations of unaddressed neurovascular contact in patients with
persistent or recurrent hemifacial spasm despite prior microvascular decompression.
MATERIALS AND METHODS: Eighteen patients with a history of a microvascular decompression presented with persistent hemifacial
spasm. All patients underwent thin-section steady-state free precession MR imaging. Fourteen patients underwent repeat microvascular
decompression at our institution. Images were evaluated for the following: the presence of persistent vascular compression of the
facial nerve, type of culprit vessel (artery or vein), name of the culprit artery, segment of the nerve in contact with the vessel, and
location of the point of contact relative to the existing surgical pledget. The imaging ﬁndings were compared with the operative
ﬁndings.
RESULTS: In 12 of the 18 patients (67%), persistent vascular compression was identiﬁed by imaging. In 11 of these 12 patients, the culprit
vessel was an artery. Compression of the attached segment (along the ventral surface of the pons) was identiﬁed in most patients (58%,
7/12). The point of contact was proximal to the surgical pledget in most patients (83%, 10/12). The imaging interpretation was
concordant with the surgical results regarding artery versus vein in 86% of cases and regarding the segment of the nerve contacted
in 92%.
CONCLUSIONS: In patients with persistent hemifacial spasm despite microvascular decompression, the unaddressed vascular compression is typically proximal to the previously placed pledget, usually along the attached segment of the nerve. Re-imaging with highresolution T2-weighted MR imaging will usually identify the culprit vessel.
ABBREVIATIONS: AICA ⫽ anterior inferior cerebellar artery; HFS ⫽ hemifacial spasm; MVD ⫽ microvascular decompression; PICA ⫽ posterior inferior cerebellar
artery; SSFP ⫽ steady-state free precession

H

emifacial spasm (HFS) is characterized by unilateral spasms
of the facial musculature.1 While not life-threatening, the
disease can profoundly reduce quality of life. It has an annual
incidence of approximately 1 in 100,000 people per year.2 HFS is
most commonly the result of vascular compression of the facial
nerve.3 Microvascular decompression (MVD) of the facial nerve
is a well-established treatment for HFS with success rates exceed-
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ing 90% for the initial operation.4 Patients who have persistent
HFS despite undergoing MVD pose a challenge for both neuroradiologists and neurosurgeons. However, many patients with
unabated HFS despite prior MVD can and do benefit from repeat
operations.5,6 Failure to identify persistent vascular compression of the facial nerve can discourage reoperation and potential cure. The purpose of this article was to determine whether
MR imaging could identify unaddressed neurovascular contact
in patients with ongoing HFS despite prior MVD and to report
the frequency and most common locations of this residual
neurovascular contact.

MATERIALS AND METHODS
Study Population
This retrospective review was approved by the institutional review
board at the University of Pittsburgh Medical Center and was
Health Insurance Portability and Accountability Act– compliant.

MVD imaging protocola

nerve emerges from the brain stem
within the pontomedullary sulcus at the
Sequence and
Flip
FOV
Spacing
root exit point. The facial nerve then
Plane
Angle (cm)
TR/TE (ms)
(mm)
Matrix
adheres to the ventral surface of the
SSFP-axial
65°
18
Default to minimum
0.5
384 ⫻ 256
pons for 8 –10 mm, which is called the
SSFP-coronal
65°
18
Default to minimum
0.5
384 ⫻ 256
attached segment. It then separates
SSFP-sagittal
65°
20
Default to minimum
0.5
384 ⫻ 256
from the pons at the root detachment
a
Also includes routine whole-brain sagittal T1-weighted, axial FLAIR, and diffusion sequences.
point. The next segment is the transition
zone of the facial nerve, which is an approximately 4-mm segment
of the facial nerve where the central glial myelin transitions into
the peripheral myelin created by Schwann cells. The central glial
myelin does not exceed a point 4-mm distal to the root detachment point of the facial nerve.8 After the transition zone, the cisternal portion of the nerve extends anterolaterally to the porous
acusticus. The component of the nerve within the internal auditory canal is the canalicular segment. These anatomic/histologic segments can be approximated on thin-section SSFP MR
imaging (Fig 1). The relevant facial nerve segments are also
depicted in Fig 2.
Section
Thickness
(mm)
1
1
1

Neurosurgical Clinical Evaluation
All patients were evaluated by a neurosurgeon (R.F.S.) who
has 9 years of experience specializing in cranial nerve disorders
and has performed ⬎500 MVD operations for HFS. The diagnosis of persistent HFS was based on history and clinical evidence of persistent HFS on examination and was supported by
electromyography.
FIG 1. Facial nerve anatomy. Coronal SSFP image shows the expected
locations of the root exit point (RExP, white arrow), the attached
segment (AS) along the undersurface of the pons, and the root detachment point (RDP, black arrow). The transition zone (TZ) extends
for approximately 3– 4 mm anterolateral to the root detachment
point. The cisternal portion of the facial nerve (CP) extends laterally
toward the porous acusticus.

Patients presenting with persistent HFS despite prior MVD between January 2011 and December 2013 to a single neurosurgeon
specializing in cranial nerve disorders were included in this study.
Inclusion criteria were the following: history of a prior MVD,
persistent HFS, availability of a thin-section steady-state free precession (SSFP) MR imaging performed after the date of the unsuccessful prior MVD, and having undergone a repeat MVD at
our institution.

MR Imaging Technique
Patients with HFS who are being considered for repeat MVD undergo MR imaging at our institution tailored to delineate the facial nerve and adjacent vessels.7 Studies are performed on either
1.5T or 3T MR imaging scanners (Optima and Discovery; GE
Healthcare, Milwaukee, Wisconsin) and include whole-brain
sagittal T1, axial FLAIR, and DWI sequences. Thin-section axial, coronal, and sagittal SSFP images through the brain stem
are obtained. The imaging protocol is summarized in the
Table.

Anatomic Terms
We used anatomic terms initially proposed by Tomii et al8 in 2003
and expanded by Campos-Benitez and Kaufmann.9 The facial

Image Interpretation
Blinded to the surgical results, a single Certificate of Added
Qualification–certified neuroradiologist (M.A.H.) reviewed
the imaging to identify the following: the presence of a vessel
contacting the facial nerve; whether the contacting vessel was an
artery, vein, or both; which artery was responsible; which segment
of the nerve was contacted; and whether this point of contact was
proximal or distal to the existing pledget. A single neurosurgeon
(R.F.S.) performed all repeat MVDs, and the imaging results were
compared with his operative notes and detailed drawings performed after each case. Descriptive statistics were tabulated.

Surgical Technique
MVD was performed in the manner previously described.10,11
In brief, the cerebellopontine angle was accessed through a
retromastoid craniectomy measuring approximately 2 ⫻ 1.5 cm
without the use of fixed retraction. The centrally myelinated portion of the facial nerve, from the root exit point to 4 mm distal to
the root detachment point, was inspected for residual compression. Monopolar stimulation was used to assist in identifying the
nerve along the attached segment. Any vascular compression found
along this portion of the facial nerve was decompressed by using
shredded Teflon (Dupont, Wilmington, Delaware) pledgets of
varying sizes. On occasion, the previously achieved decompression was bolstered with additional pledgets. Of note, the presence
of scarring and adhesions typically makes operative exposure of
the facial nerve more difficult in repeat MVD operations, sometimes adding an additional hour to the operative time.
AJNR Am J Neuroradiol 36:768 –73
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underwent a repeat MVD at our institution. Twelve of the 14 patients had their
initial operation at an outside institution. The age range of patients at the
time of the operation was 27– 65 years;
mean, 49 years. Ten patients were
women and 4 were men. The persistent
HFS was right-sided in 9 patients and
left-sided in 5 patients.
Of the 14 patients included in our
study, 12 (86%) had imaging evidence of
persistent vascular compression of the facial nerve. The posterior inferior cerebellar
artery (PICA) was the sole culprit vessel in
5 patients (42%, 5/12), the anterior inferior cerebellar artery (AICA) was the sole
culprit vessel in 5 patients (42%, 5/12),
and both the AICA and PICA contacted
the facial nerve in 1 patient (8%, 1/12). A
FIG 2. Coronal drawing demonstrates the facial nerve exiting the brain stem at the root exit point
(RExP) in the pontomedullary sulcus. The attached segment (AS) of the nerve then runs along the vein was identified contacting the facial
pons until the nerve separates from the brain stem at the root detachment point (RDP). The nerve in 1 patient (8%, 1/12). No neurotransition zone (TZ) is the 3- to 4-mm segment of the facial nerve where the central glial myelin vascular contact was seen on MR imaging
transitions into the peripheral myelin. The cisternal portion (CP) of the facial nerve is noted
in 2 patients. Of the patients with vascular
laterally. Black circles demonstrate common points of arterial compression of the facial nerve.
contact, the location was the following: the
attached segment in 7 patients (58%,
7/12), the root detachment point in 1 patient (8%, 1/12), and the transition zone in
4 patients (33%, 4/12). The point of contact was proximal to the pledget in 10 patients (83%, 10/12) and distal to the
pledget in 2 patients (17%, 2/12). Thus,
persistent neurovascular contact was
along the more proximal portion of the
facial nerve in most patients. Imaging examples demonstrating proximal unaddressed vascular compression of the facial
nerve following the first MVD are presented in Figs 3 and 4.
Three patients without imaging evFIG 3. A, Axial SSFP image demonstrates the low-signal Teﬂon pledget (white arrowheads) in
the right cerebellopontine angle, indicating a prior surgical decompression of the cisternal idence of arterial compression on retportion of the facial nerve. The right PICA is located medial to the pledget in the pontomed- rospective imaging review underwent
ullary sulcus (white arrow). B, On a coronal SSFP image, the right PICA is noted to contact and
deform the undersurface of the pons along the attached segment of the facial nerve (white repeat surgical decompression. Intraoparrow). This culprit vessel was conﬁrmed and treated surgically, with complete resolution of eratively, only small arterioles were
facial spasms.
noted contacting the attached segment
of the facial nerve in 2 of these patients
Clinical Follow-Up
(Fig
5).
In
the
third
patient,
the AICA was identified contacting
Patients were contacted postoperatively via phone by a disinterthe
attached
segment
intraoperatively,
but only a vein was identiested observer (A.M.F.). He administered a detailed questionfied
contacting
the
facial
nerve
on
imaging.
naire that addressed the presence or absence of HFS. Patients were
Four patients were not offered repeat decompression. Three of
asked to characterize their outcome after each procedure as comthese
patients had no evidence of persistent vascular compression,
plete spasm relief, ⬎75% spasm relief, ⬎50% spasm relief, or
and
1
patient had arterial contact of the cisternal portion (periph⬍50% spasm relief. To better assess quality of life following repeat
erally
myelinated
segment) of the facial nerve, distal to the existing
MVD for HFS, patients were asked, “Would you elect to undergo
pledget.
the same procedure again if you found yourself in similar
The imaging interpretation was concordant with the surgical
circumstances?”12
results regarding artery versus vein in 12 patients (86%, 12/14). In
1 patient, a vein contacting the transition zone was identified by
RESULTS
imaging, but intraoperatively, the AICA was noted to contact the
Eighteen patients with a history of a prior MVD presented with
persistent HFS. Fourteen patients were offered and subsequently
attached segment. In the other patient, the AICA was noted con770
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where the centrally myelinated portion of
the nerve transitions into the more resistant peripherally myelinated portion, and
the other patient had only venous contact
of the facial nerve identified by imaging
and was also 1 of the 2 patients in whom
the imaging and surgical results regarding
artery versus vein were discordant.

DISCUSSION
MVD is the only permanent treatment
of HFS and has a high success rate of
approximately 90% for the initial surgery in experienced hands.5,13-15 Reasons for an unsuccessful MVD include
not identifying the true culprit vessels
and incomplete vascular decompression.16 Additionally, a subpopulation of
⬍10% of patients do not improve despite undergoing a technically successfully procedure, possibly due to a central
mechanism.5,13-16 The existing literature regarding surgical success rates for
repeat MVD in the setting of persistent
HFS is less extensive. The anatomic location along the facial nerve where persistent vascular compression was identified in repeat MVD surgeries has not
FIG 4. A, Preoperative axial image demonstrates 2 points of arterial contact of the facial nerve: been well-described in the existing literThe right AICA contacts the transition zone of the facial nerve (black arrow) and the right PICA ature. Engh et al6 performed 41 repeat
contacts the attached segment of the nerve (white arrowhead). B, Postoperative axial image
following the initial MVD demonstrates a Teﬂon pledget (white arrow) lateral to the pons, which MVDs for HFS and reported a favorable
decompressed the AICA from the transition zone of the facial nerve. Note that the PICA along outcome in 82.4% of patients; however,
the attached segment (white arrowhead) remains unaddressed. The patient had no signiﬁcant the sites of persistent compression of the
reduction in spasms following this operation. C and D, Postoperative axial images following the
second MVD demonstrate an additional pledget (white arrow, C) decompressing the attached facial nerve relative to the prior surgical
segment of the nerve and displacing the PICA inferiorly (white arrowhead, D). The patient was decompression site were described in
spasm-free following the second MVD.
only 2 cases. Zhong et al13 reported results on 30 patients who underwent retacting the transition zone but intraoperatively only venous conpeat MVD for persistent HFS, with all patients demonstrating
tact of the facial nerve was noted. In the 11 patients with arterial
improvement postoperatively. The authors reported that the
contact of the facial nerve identified by imaging who underwent
failed first MVD was because the true culprit vessel was more
repeat MVD, the radiologist’s naming of the vessel was concorproximal than expected. The authors further described the culprit
dant with the surgeon’s findings in 7 patients (63% 7/11). In the
artery as rostral to the facial nerve in 9 patients, between the sev12 patients with neurovascular contact identified by imaging (eienth and eighth nerve in 9 patients, along the cisternal portion in
ther arterial or venous), the imaging findings regarding the seg7 patients, and in the pontomedullary fissure in 15 patients. Wang
ment of the nerve contacted were concordant with the surgical
et al16 reported the surgical outcome of 33 patients who underfindings in 11 patients (92%, 11/12).
went repeat MVD, with 85% of patients experiencing long-term
Of the 14 patients who underwent repeat MVD, 12 were sucrelief, but they did not delineate the sites of persistent
cessfully contacted via phone and questioned regarding contincompression.
ued symptoms. The follow-up range was 4.0 –35.9 months followUnknown by many physicians and of critical importance is
ing the repeated MVD, with a median follow-up duration of 12.7
that
the location of neurovascular contact resulting in HFS is ofmonths. Nine of 12 patients were either spasm-free (7 patients) or
ten
along
the attached segment of the facial nerve along the ventral
had ⬎75% reduction in their spasm frequency (2 patients). Two
surface
of
the pons. In a study of 115 patients undergoing their
patients had no improvement in the frequency of their spasms, and 1
first
MVD
for HFS, the contact location in most patients (64%)
patient reported a ⬍50% reduction, specifically a 20% reduction in
was
the
attached
segment.9 In our study, persistent neurovascular
spasms. Ten patients (83%, 10/12) contacted said that they would
contact along the attached segment was identified by imaging in
repeat the operation if they found themselves in similar circum50% (7/14) of all patients and in 58% (7/12) of patients with
stances. Of the 2 patients with no improvement in spasms, 1 had
radiologically identifiable culprit vessels. Thus, the attached segarterial contact along the most distal aspect of the transition zone
AJNR Am J Neuroradiol 36:768 –73
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single neuroradiologist reviewed the images retrospectively; the
original reports of the studies were not used because as neuroradiologists, our understanding of the proximal facial nerve anatomy and in particular the more susceptible centrally myelinated portions of the nerve has increased rapidly during the past 2 years after a
neurosurgeon specializing in cranial nerve disorders joined our institution. Many of the initial reports described vascular contact of the
facial nerve only along its cisternal portion. Finally, preoperative
SSFP imaging before the initial MVD was not available in most of our
patients (86%, 12/14). This fact limits our ability to definitively confirm the original point of neurovascular contact.

CONCLUSIONS

FIG 5. Coronal SSFP image demonstrates a large pledget (white arrow) along the attached segment of the facial nerve. No residual
vascular compression of the nerve was identiﬁed by imaging. Intraoperatively, the previously placed pledget was removed and a small
arteriole was identiﬁed contacting the attached segment of the
nerve. The arteriole was addressed, and the patient was spasm-free
postoperatively. This case illustrates how difﬁcult it can be to interpret these imaging studies in the setting of prior pledget placement.

ment of the facial nerve extending along the ventral surface of the
pons must be carefully scrutinized in all patients with HFS, including those who have undergone prior MVD. With improved
MR imaging techniques, there is increasing reliance on imaging to
identify vascular compression before both the first MVD and on
any subsequent repeat operations. If a radiologist does not identify a site of persistent compression when present and instead
reports that the facial nerve is well-decompressed, a patient may
not be offered surgery and thus be denied a potential cure.
Historically, neurosurgeons have used MR imaging in the
evaluation of patients with HFS to rule out confounding diagnoses such as neoplasms, vascular malformations, and multiple sclerosis.14 However, improvements in MR imaging have led to an
increased interest in its use for evaluating vascular compression of
the cranial nerves.17-20 The use of SSFP imaging has been shown
to predict vascular compression of the facial nerve with sensitivities of 75%–93% and specificities of 29%–75% for blinded observers.21 In light of this higher sensitivity and lower specificity,
the decision to operate is supported by imaging, but imaging results are never the sole factor in determining whether to offer
MVD to a patient. Specifically, at our institution, an operation is
typically not offered to a clinically unfavorable candidate even if
imaging demonstrates vascular compression of the facial nerve.
However, a clinically favorable candidate will be warned that
MVD has a lower chance of success if imaging does not clearly
demonstrate a compressive vessel.
This study was limited by being a single-center retrospective
study with a small number of patients. HFS is a rare disease that
has a high surgical cure rate with initial surgeries, so the potential
number of patients with persistent HFS following MVD is low. A
772
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Patients with persistent HFS despite prior MVD often have identifiable persistent neurovascular compression along the centrally
myelinated susceptible portion of the facial nerve when imaged
with dedicated thin-section SSFP sequences. In most patients, this
compression occurs proximal to the existing surgical pledget. The
attached segment of the facial nerve must be closely scrutinized to
identify persistent neurovascular contact and thus guide the surgical
management of these patients.
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Association of Superior Oblique Muscle Volumes with the
Presence or Absence of the Trochlear Nerve on HighResolution MR Imaging in Congenital Superior Oblique Palsy
H.K. Yang, D.S. Lee, J.H. Kim, and J.-M. Hwang

ABSTRACT
BACKGROUND AND PURPOSE: Congenital superior oblique palsy is known to relate to trochlear nerve absence and a variable degree of
superior oblique muscle hypoplasia. The purpose of this study was to determine whether superior oblique muscle volume predicts
trochlear nerve absence in congenital superior oblique palsy.
MATERIALS AND METHODS: A retrospective study of high-resolution MR imaging to evaluate the presence of the trochlear nerve and
to measure superior oblique muscle areas and volumes with the image analysis tools of a PACS was performed in 128 consecutive patients
with unilateral congenital superior oblique palsy and 34 age-matched healthy controls.
RESULTS: Of the 128 patients with congenital superior oblique palsy, 88 had an ipsilateral trochlear nerve absence (absent group) and 40
had both trochlear nerves (present group). In patients with congenital superior oblique palsy, the paretic side superior oblique muscle
volume was signiﬁcantly smaller compared with the normal side only in the absent group (P ⬍ .001). The left and right side superior oblique
muscle volumes were not signiﬁcantly different in controls (P ⫽ .750), and the paretic and normal side superior oblique muscle volumes
were not signiﬁcantly different in the present group (P ⫽ .536). The cutoff value of the paretic/normal side superior oblique muscle volume
ratio for diagnosing trochlear nerve absence was ⱕ0.75 (sensitivity 98.9%, speciﬁcity 95.0%) in patients with congenital superior oblique
palsy.
CONCLUSIONS: The ratio of paretic/normal side superior oblique muscle area and volume has an excellent predictability in diagnosing
trochlear nerve absence in congenital superior oblique palsy.
ABBREVIATIONS: AUC ⫽ area under the receiver operating characteristic curve; SO ⫽ superior oblique muscle; SOP ⫽ superior oblique palsy

A

dvanced imaging modalities and functional anatomy have
helped us understand the etiology and pathophysiology of
superior oblique palsy (SOP).1-12 Previous studies of SOP by us-

Received August 30, 2014; accepted after revision October 26.
From the Departments of Ophthalmology (H.K.Y., D.S.L., J.-M.H.) and Radiology
(J.H.K.), Seoul National University College of Medicine, Seoul National University
Bundang Hospital, Seongnam, Korea.
H.K. Yang and D.S. Lee contributed equally to this work.
This work was supported by the Basic Science Research Program through the National Research Foundation of Korea funded by the Ministry of Education, Science
and Technology (2013R1A1A2010606) and the Interdisciplinary Research Initiatives
Program by College of Engineering and College of Medicine, Seoul National University (2012).
Please address correspondence to Jeong-Min Hwang, MD, Department of Ophthalmology, Seoul National University College of Medicine, Seoul National University Bundang Hospital, 166 Gumiro, Bundang-gu, Seongnam, Gyeonggi-do 463-707,
Korea; e-mail: hjm@snu.ac.kr; and Jae Hyoung Kim, MD, Department of Radiology,
Seoul National University College of Medicine, Seoul National University Bundang
Hospital, 166 Gumiro, Bundang-gu, Seongnam, Gyeonggi-do 463-707, Korea; e-mail:
jaehkim@snubh.org
Indicates open access to non-subscribers at www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A4202

774

Yang

Apr 2015

www.ajnr.org

ing MR imaging have consistently shown a variable degree of hypoplasia of the paretic superior oblique muscle (SO) and variable
trochlear nerve absence.1-5 In our recent study of patients with
congenital SOP, 73% had ipsilateral trochlear nerve absence and a
variable degree of SO hypoplasia, while the remaining 27% had a
normal-appearing SO and trochlear nerve on both sides, suggesting a different etiology.3
Consistent identification of the trochlear nerve, however, requires high-resolution MR imaging with at least a 3T system,
0.25-mm section thickness, a scanning plane set to an oblique
axial direction parallel to the course of the trochlear nerve, and
experienced interpretation. Thus, it may not be practical to perform high-resolution MR imaging in many institutions. On the
other hand, the cross-sectional area of the SO is easily determined
in the coronal plane of the most commonly used orbital MR imaging sequences, or CT. Therefore, it would be useful to be able to
predict trochlear nerve absence by the degree of SO hypoplasia.
Nevertheless, a quantified volumetric evaluation of the SO and its
relationship to the presence or absence of the trochlear nerve has

FIG 1. MR imaging in a patient with right superior oblique muscle palsy. A, The optic nerve– globe junction was deﬁned as the standard plane
(plane “0”), and SO areas were measured in the coronal sections of 5 contiguous planes, including the standard plane and planes that were 2 and
4 mm anterior or posterior to the standard plane. B, T2-weighted coronal image of the orbit and SO. The right SO is hypoplastic compared with
the left. The area surrounded by the curvilinear line was measured in 5 different planes, by using DTU-710 (Wacom) and PACS software, which
provides automatic measurements for area. The volume of the SO was deﬁned as the sum of SO areas at the 5 planes multiplied by 2 mm.

not yet been determined, to our knowledge. In this study, we
measured the cross-sectional areas and volume of the SO by using
MR imaging and determined the ability of SO volumetry to predict trochlear nerve absence in patients with congenital SOP.

MATERIALS AND METHODS
A retrospective review of medical records was performed for 128
consecutive patients diagnosed with unilateral congenital SOP
and 34 age-matched controls who had undergone thin-section
MR imaging at the brain stem level at Seoul National University
Bundang Hospital between August 2009 and June 2012. Patients
were included if they showed the typical signs of congenital SOP,
including apparent underdepression and overelevation in adduction on the affected side, positive head tilt test results, large fusional amplitudes of vertical deviation, and a history or photographic evidence of long-standing strabismus or anomalous head
posture dating to infancy. Patients who had primary overaction of
the inferior oblique muscle on the affected side, any evidence of
acquired disease, a history of head or ocular trauma, or other
potential causes, such as plagiocephaly, skew deviation, myasthenia gravis, or the ocular tilt reactions, were excluded. Subjects
without strabismus and patients with simple horizontal strabismus without oblique muscle dysfunction were enrolled as the
control group. Patient characteristics noted included sex, age at
examination, and laterality of the paretic side. Approval to conduct this study was obtained from the institutional review board
of Seoul National University Bundang Hospital.

the orbit. The optic nerve– globe junction was defined as the standard plane (plane “0”), and SO areas were measured in 5 contiguous coronal image planes, including the standard plane and
the planes that were 2 mm and 4 mm anterior or posterior to
the standard plane (Fig 1). We measured the area of the SO by
using DTU-710 (Wacom, Saitama, Japan) and PACS software,
which provides automatic measurement for area. The volume of
the SO was defined as the sum of SO areas at the 5 planes multiplied by 2 mm. Measurement of the SO area on the 5 planes, SO
volume, ratios of paretic/normal side SO area, and volume (left/
right for controls, paretic/nonparetic for those with SOP) were
investigated. Three individual interpreters measured the data,
blinded to the patient’s clinical status and trochlear nerve image.
Measurements were repeated 3 times for each examiner, and the
average of the 9 values was used for the comprehensive analysis.

Statistical Analyses
Statistical analyses were performed by using SPSS software for
Windows, Version 18.0 (IBM, Armonk, New York). We compared groups by using the ANOVA with a Bonferroni post hoc test
and the Pearson 2 test. The sensitivity and the specificity of SO
area and SO volume for predicting trochlear nerve absence were
determined by receiver operating characteristic curves and area
under the receiver operating characteristic curves (AUCs). The
interobserver intraclass correlation coefficients and their 95%
confidence intervals were calculated among the measurements.

RESULTS
Superior Oblique Muscle Volumetry

Patient Characteristics

MR imaging was performed by using a 3T system (Intera Achieva;
Philips Healthcare, Best, the Netherlands) with an 8-channel sensitivity encoding head coil, initially with T2-weighted imaging of
the entire brain and the orbit and subsequently with high-resolution imaging of cranial nerves and the brain stem.3 The initial
orbital imaging to evaluate the extraocular muscles was performed, without the use of visual targets for fixation, with the
turbo spin-echo technique. The sequence protocol was same as
that in our previous studies.3,4
The SO area was measured on T2-weighted coronal images of

Of the 128 consecutive patients diagnosed with unilateral congenital SOP (88 patients with an ipsilateral trochlear nerve absence
and 40 patients with normal anatomy of the trochlear nerve on
both sides), 3 were excluded due to poor quality of MR images,
with obscured SO margins in the midst of surrounding soft tissues
and motion artifacts, or with an SO tendon extending more posteriorly than the optic nerve– globe junction in both eyes. Hence,
MR imaging measurements of the SO were performed on 125
patients with unilateral congenital SOP and 34 age-matched
healthy controls. Of the 125 patients with unilateral congenital
AJNR Am J Neuroradiol 36:774 –78

Apr 2015

www.ajnr.org

775

Patient characteristics and the superior oblique muscle area and volume measured in controls and patients with congenital superior
oblique palsy without (absent group) and with (present group) an ipsilateral trochlear nerve
Control
Absent Group
Present Group
(n = 34)
(n = 87)
(n = 38)
P Value
Age at time of imaging (yr)
16.1 ⫾ 20.7 (1–69)
15.2 ⫾ 17.9 (1–64)
11.5 ⫾ 13.0 (1–58)
.896a
Age of onset (yr)
10.8 ⫾ 16.9 (0–63)
7.7 ⫾ 13.4 (0–58)
.317b
Interval between onset and imaging (yr)
3.8 ⫾ 6.4 (0–44)
3.8 ⫾ 4.8 (0–23)
.967b
Male sex
16 (47.0%)
55 (63.2%)
21 (55.3%)
.283c
Paretic side
Right
48 (55.2%)
17 (44.7%)
.085c
Left
39 (44.8%)
21 (55.3%)
SO area “0” (P)
4.58 ⫾ 1.05 (2.68–6.89)
2.12 ⫾ 0.96 (0.34–4.59)
5.01 ⫾ 1.02 (3.39–7.78)
⬍.001a
SO area “0” (N)
4.43 ⫾ 1.23 (2.41–8.53)
5.34 ⫾ 1.31 (2.17–10.45)
4.87 ⫾ 1.11 (3.11–8.17)
.001a
SO area “0” ratio (P/N)d
1.06 ⫾ 0.18 (0.78–1.42)
0.40 ⫾ 0.15 (0.05–0.75)
1.04 ⫾ 0.10 (0.86–1.21)
⬍.001a
SO volume (P)e
41.57 ⫾ 8.15 (27.03–61.17)
21.53 ⫾ 8.69 (3.92–40.12)
46.99 ⫾ 9.50 (28.52–75.99)
⬍.001a
SO volume (N)f
40.94 ⫾ 9.87 (24.16–73.10)
49.31 ⫾ 11.15 (27.93–94.04)
46.76 ⫾ 9.60 (30.95–76.00)
.001a
SO volume ratio (P/N)d
1.03 ⫾ 0.15 (0.84–1.54)
0.44 ⫾ 0.15 (0.07–0.74)
1.03 ⫾ 0.10 (0.79–1.20)
⬍.001a
Note:—P indicates paretic side; N, normal side; “0”, measured at the optic nerve-globe junction (standard plane).
a
P value by ANOVA.
b
P value by independent t test.
c
P value by Pearson 2.
d
Left-to-right ratio for controls and paretic side to normal side ratio for patients with congenital SOP in the absent and present group.
e
Left side for controls.
f
Right side for controls.

SOP, 87 (69.6%) were found with an ipsilateral trochlear nerve
absence (absent group) and 38 (30.4%) had normal anatomy of the
trochlear nerve on both sides (present group). Controls without SOP
had normal anatomic features of the trochlear nerves on both sides
(control group). The mean age and sex distribution were not significantly different among the groups (P ⫽ .896, 0.283, respectively).
There was no significant difference in the laterality of SOP between
the absent and present group (P ⫽ .085) (Table).

Superior Oblique Muscle Area and Volume
In patients with congenital SOP with an absent trochlear nerve,
the paretic side SO areas at all 5 contiguous coronal image planes
and SO volume were significantly smaller compared with the normal side SO (P ⬍ .001 by a paired t test). However, there was no
significant difference between the paretic and normal side SO
areas and volume in the present group (P ⫽ .536), and there was
no difference in both sides of SO areas and volume in controls
(P ⫽ .750). The paretic/normal side ratios of SO areas and SO
volume were significantly smaller in the absent group compared
with other groups (P ⬍ .001) (Table and Fig 2). The calculated
interobserver intraclass correlation coefficient of the measured
SO area was 0.770 (95% CI, 0.747– 0.790, P ⬍ .001).
The paretic side SO areas in the absent group were smaller than
those of the present group and those of the left sides in the controls in all 5 planes (P ⬍ .001 by ANOVA, post hoc Bonferroni
correction). The paretic side SO areas in the present group were
not significantly different from those of the left sides in the controls (P ⬎ .05 for all 5 planes). The normal side SO areas and
volume in congenital SOP were larger than those in controls (P ⬍
.001 by ANOVA), but those of the absent group and present
group did not show a significant difference (P ⬎ .05 by ANOVA,
post hoc Bonferroni correction).

Predictability of Trochlear Nerve Absence by SO Area
and Volume
Among the receiver operating characteristic curves for predicting
trochlear nerve absence (paretic side SO areas, paretic side SO
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FIG 2. Boxplots of the superior oblique muscle volume ratio of the
paretic-to-normal side in patients with congenital superior oblique
palsy without (absent group) and with (present group) an ipsilateral
trochlear nerve compared with controls. The SO volume ratio was
signiﬁcantly smaller in the absent group (P ⬍ .001) compared with
controls. There was no signiﬁcant difference of the SO volume ratio
between controls and the present group.

volume, ratios of paretic/normal side SO areas and volume), AUC
was largest for the paretic/normal side ratio of SO volume and SO
area at the optic nerve– globe junction (AUC ⬎ 0.950) (Fig 3). The
cutoff value of the ratio of paretic/normal side SO volume and SO
area at the optic nerve– globe junction for diagnosing trochlear
nerve absence was ⱕ0.75 (sensitivity 98.9%, specificity 95.0%) in
patients with congenital SOP.

DISCUSSION
In this study, a strong relation was found between the quantitative
evaluation of SO volume and the presence or absence of the trochlear nerve in patients with clinically diagnosed congenital SOP.
The main findings are as follows: First, the cross-sectional area
and volume of the paretic side SO were significantly smaller com-

FIG 3. Receiver operating characteristic curves of paretic side SO areas, SO volume, paretic/normal side ratios of the SO area and SO volume
for predicting trochlear nerve absence. The area under the receiver operating characteristic curves was largest for the paretic/normal side ratios
of SO volume and SO area at the optic nerve– globe junction, with an AUC value of ⬎0.950. AUCs of the paretic side SO areas were much smaller
at the anterior planes (⫹4, ⫹2) compared with the standard plane (0) or posterior planes (⫺2, ⫺4).

pared with the normal side in the absent group of congenital SOP.
Second, the ratio of paretic/normal side SO volume and area near
the optic nerve– globe junction was ⱕ0.75 in patients with SOP
without the trochlear nerve. Finally, SO area and volume of the
contralateral normal side were larger in both groups of patients
with congenital SOP than in controls.
Hypoplasia of the ipsilateral SO has been the major finding on
MR imaging of patients with congenital or idiopathic SOP.1-5
However, the extent of SO hypoplasia compared with the contralateral side varied widely from 0% to 100% in previous reports.1-3 Sato1 stated that in congenital SOP, there were 2 peaks in
the distribution of the percentage volume of muscle size compared with the contralateral normal side: one between 20% and
40% and the other between 90% and 100%. These 2 groups correspond well to the absent group and present group of congenital
SOP in our study because the mean ratio of paretic/normal side
SO volume was 43% in the absent group and 103% in the present
group—that is, the paretic side SO volume was abnormally small
only in the patients with an absent trochlear nerve. As we have
demonstrated in our previous study, the 2 groups classified by the
absence or presence of the trochlear nerve in congenital SOP account for the 2 main etiologies of congenital SOP.3 The first is
based on abnormalities of the muscle and its innervations associated with SO hypoplasia and trochlear nerve absence and the
other is based on the pathologic features of the tendon or heterotopic muscle pulleys.1,13
The ratio of paretic/normal side SO volume and SO area at the
optic nerve– globe junction demonstrated excellent predictability
for trochlear nerve absence. On the basis of the quantitative results of our study, we may expect that patients with congenital
SOP with a significant SO hypoplasia of ⱕ75% compared with the
contralateral normal side are likely to have trochlear nerve absence. As the coronal image plane moved anterior from the optic
nerve– globe junction (plane ⫹2, ⫹4), however, the predictability
of the SO area and the ratio of paretic/normal side SO area significantly decreased compared with the optic nerve– globe junction
(plane “0”) or posterior planes (plane ⫺2, ⫺4) (Fig 3)—that is,
SO hypoplasia of the paretic side compared with the normal side

was less apparent in the anterior planes. This difference can be
inferred from the fact that the anterior part of the SO ends in a
rounded tendon, which acts in a fibrocartilaginous pulley attached to the trochlear fovea of the frontal bone. On the other
hand, the predictability of the posterior planes (⫺2, ⫺4) was also
lower than that of the optic nerve– globe junction, probably owing to the fusiform structure of the SO. Considering the individual
variations in orbital depth and position of the SO muscle/tendon
transition, the best plane for evaluating SO hypoplasia should be
adjusted to the image plane having the greatest cross-sectional
area of the SO.14 Previous studies have shown that despite the
individual variation, the coronal section at the nearest location
posterior to the globe and optic nerve junction may be suitable for
evaluating hypoplasia of the extraocular muscles.2,7 This finding
was consistent with our results, because SO hypoplasia and associated trochlear nerve absence were best predicted by the crosssectional area of the SO near the optic nerve– globe junction. The
SO volume and the sum of the SO areas at 5 planes also demonstrated good predictability of SO hypoplasia and trochlear nerve
absence. However, the cross-sectional area of the SO in the plane
nearest the optic nerve– globe junction was sufficient for this
purpose.
The SO area and volume of the contralateral normal side were
larger in patients with congenital SOP than in controls. Although
it has been reported that the average maximum SO cross-section
for the fellow eyes was not significantly different from those in
healthy controls,14 more recent reports showed a larger size and
supernormal contractility of the normal contralateral SO compared with that in controls in patients with SOP.7 Contralateral
SO hypertrophy corresponds to the clinical finding of contralateral overdepression in adduction and may be suggestive of an
adaptive change, change of fiber type distribution, or innervational change.7 On the other hand, because we did not control
fixation during imaging, variable positions of the eyeball could
have affected the muscle size. The normal fellow eye of patients
with congenital SOP may show a relatively downward displacement compared with that in healthy controls, and downward disAJNR Am J Neuroradiol 36:774 –78
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placement leads to a larger cross-section of the SO and inferior
rectus muscle.14
The results of our study should be limited to congenital SOP
and cannot be applied to acquired or idiopathic SOP. Acquired
SOP may also show variable atrophy of the SO muscle, as in the
absent group of congenital SOP.15 A significant volume loss of the
SO muscles in acquired trochlear nerve palsies has also been reported, and the nerve may also “regress” and die back, becoming
severely hypoplastic.16 The trochlear nerve may regress or become
hypoplastic after perinatal injury or, in older patients, from diabetes or a developing small mass along the tentorial incisura.17
Thus, just because the volume of the SO is significantly decreased,
we cannot conclude that the etiology is from nerve absence. In
addition, variable degrees of SO muscle atrophy can be found in
both congenital and acquired cases with no significant difference
in the appearance of the SO muscle between acquired and congenital SOP groups.15 Moreover, the Bielschowsky head tilt test is
not specific and may lead to erroneous results.17 The presence of
large vertical fusional amplitudes does not necessarily imply a
congenital etiology because vertical fusional vergence may increase in adults within weeks or months after an acquired vertical
strabismus.17 Therefore, the diagnosis of congenital or acquired
SO palsy cannot be concluded solely by imaging or ocular motor
examination, but a thorough history and clinical examination are
necessary. In these cases, the clinical features are quite different,
such as the age of onset, facial asymmetry, and trochlear nerve
status. Congenital SOP would be diagnosed mostly in early childhood with significant head tilt or with facial asymmetry in adulthood. In patients with severe SO muscle atrophy, trochlear nerve
imaging with high-resolution MR imaging revealing an absent
nerve would favor a congenital etiology, while a relatively normal
trochlear nerve would suggest acquired SOP.3
There are certain limitations to our study. First, this is a retrospective study, not free of unintended confounding issues and a
bias toward selecting severely affected patients in a tertiary referral
center. Second, patients were excluded if they had poor-quality
MR images: motion artifacts, obscured SO margins, or SO tendons extending more posteriorly than the optic nerve– globe
junction, applicable to 3 patients of the total 162 study participants. Third, variable positions of the eyeball could have affected
the muscle size. MR imaging sequences with higher resolutions by
using fixation targets during imaging could overcome these
problems.

CONCLUSIONS
The ratio of paretic/normal side SO area near the optic nerve–
globe junction and SO volume has an excellent predictability for
diagnosing trochlear nerve absence in congenital SOP. SO hypoplasia of ⱕ75% compared with the contralateral normal side suggests trochlear nerve absence as the etiology of congenital SOP.
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Open-Angle Glaucoma and Paraoptic Cyst: First Description of
a Series of 11 Patients
A. Bertrand, C. Vignal, F. Laﬁtte, P. Koskas, O. Bergès, and F. Héran

ABSTRACT
SUMMARY: We report 11 patients who were referred to our institution for severe open-angle glaucoma who had a paraoptic cyst on MR
imaging. All cysts were extraoptic and retrolaminar; most were deforming the adjacent optic nerve. Cysts had a high signal on T2 and FLAIR
sequences, and a variable signal on T1 and variable echogenicity, suggesting different proteinaceous content. Arterial vascularization of the
optic nerve was normal. Cyst volumes were inversely correlated with the severity of glaucoma on the same eye (P ⬍ .01–.05, Spearman
correlation coefﬁcient). We hypothesized that such cysts may reﬂect a valve mechanism, which would allow preservation of the translamina cribrosa pressure and thus could preserve visual function. The rarity of this association, together with the frequent mass effect of
the cyst on the optic nerve, stresses the necessity of long-term follow-up in these patients.
ABBREVIATIONS: MD ⫽ mean deviation; OCT ⫽ optical coherence tomography; PSD ⫽ pattern standard deviation; US ⫽ ultrasound

P

rimary open-angle glaucoma, a chronic optic neuropathy
characterized by a progressive excavation of the optic nerve
and an associated loss of visual field sensitivity, affects approximately 2% of the population older than 40 years of age and represents a leading cause of irreversible blindness worldwide.1 The
pathogenic mechanisms of open-angle glaucoma are still a matter
of debate.2-4 Until the 1970s, primary open-angle glaucoma was
considered the consequence of a single cause, the increase in intraocular pressure; but it is now recognized that approximately
one-third of patients with glaucomatous neuropathy have normal
intraocular pressure.5 Recently, some authors have proposed that
open-angle glaucoma may be driven not by the increased intraocular pressure but by an increased translamina cribrosa pressure
gradient (ie, an increased difference of pressure between the intraocular compartment and the retrobulbar compartment [CSF
compartment]).6 This hypothesis is supported by recent experimental and clinical data showing an association between the oc-
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currence of normal-pressure glaucoma and decreased CSF
pressure.6-9
In this work, we present 11 patients referred to our institution
for severe open-angle glaucoma in whom MR imaging demonstrated the presence of a retrolaminar paraoptic cyst at the head of
the optic nerve. We collected the ophthalmologic reports of these
patients, together with the results of MR imaging of the optic
nerves and, when available, high-resolution MR imaging and
Doppler ultrasound (US) examination of the optic nerves. We
describe the morphologic characteristics of these cysts and discuss
associated morphologic, vascular, and/or functional signs of optic
neuropathy to determine their pathophysiologic significance.

MATERIALS AND METHODS
Case Series
Patients. We retrospectively collected the cases of 11 patients
who were referred to our institution for severe open-angle glaucoma who were diagnosed on MR imaging of the optic nerves as
having a paraoptic cyst from 2005 to 2011. We estimate that during this period, approximately 200 patients underwent brain MR
imaging for the same indication. This retrospective study was approved by our institutional review board. Explicit informed consent was waived according to French legislation because all imaging and clinical data were generated during routine clinical
work-up and were retrospectively extracted for this study.
Ophthalmologic Examinations. For 9 patients (10 cysts), we collected the results of visual field tests (24 –2) on both eyes; the 2
other patients had no records in our institution. Defects on visual
AJNR Am J Neuroradiol 36:779 – 82
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field tests were retrospectively analyzed qualitatively by an ophthalmologist (C.V.) with 20 years’ experience and quantitatively
by using the values of mean deviation (MD) and pattern standard
deviation (PSD). MD is the mean difference in decibels between
the patient’s measured field of vision and a normal reference field
model. PSD is the sum of the deficits in decibels on the patient’s
measured field of vision; an impairment of the visual field corresponds to decreased MD and an increased PSD. Seven patients (8
cysts) also underwent an optical coherence tomography (OCT)
on both eyes. OCT is a noninvasive optical imaging technique that
allows the measurement of the nerve fiber thickness at the head of
the optic nerve.10
MR Imaging Examinations. All patients had a standard MR imaging examination of the optic nerves. Standard MR imaging was
performed on a 1.5T Gyroscan ACS-NT scanner (Philips Healthcare, Best, the Netherlands) with an 8-channel head coil and always included a 2-mm-thick coronal T2-weighted sequence
perpendicular to the optic nerves. Seven patients also had highresolution MR imaging of the optic nerves. High-resolution MR
imaging was performed on the same magnet by using a surface
coil placed on the eyes and comprised a 3D driven equilibrium
sequence acquired in the axial plane (TR/TE ⫽ 1500/250 ms,
voxel size ⫽ 0.51 ⫻ 0.65 ⫻ 1.6 mm3), a coronal T1-weighted
sequence (TR/TE ⫽ 500/20 ms, voxel size ⫽ 0.69 ⫻ 0.87 ⫻ 2
mm3), a coronal T2-weighted sequence (TR/TE ⫽ 2975/100 ms,
voxel size ⫽ 0.59 ⫻ 0.81 ⫻ 2 mm3), and a coronal turbo-FLAIR
sequence (TR/TE/inversion recovery time ⫽ 11,000/155/2800
ms, TSE factor ⫽ 50, voxel size ⫽ 0.59 ⫻ 0.75 ⫻ 2 mm3). Cyst
volumes were measured on coronal 2D-T2 in all 11 patients and
on 3D driven equilibrium in the 7 patients who underwent highresolution MR imaging. Volume measurement was done by
image-by-image manual delineation, by using OsiriX Imaging
Software, Version 5.5.2 (http://www.osirix-viewer.com).
US and Doppler Examinations. US and Doppler examination of
the optic nerves were available in 9 patients (10 cysts). Doppler
examination included the bilateral measurement of the resistance
index in the ophthalmic, central retinal, nasal short posterior ciliary, and temporal short posterior ciliary arteries of both eyes. For
every patient, the radiologist performing the Doppler US examination (O.B., F.L., or P.K.) was guided by the MR images of the
patient’s cyst.
Statistical Analysis. Data gathering and analysis were performed
by A.B. Given our small sample size, only nonparametric tests
were used in this study. MD, PSD, and OCT values were compared between the side of the cyst and the opposite side in the 8
patients with unilateral cysts; and available visual field tests and
OCT, by using the Wilcoxon matched pair test. Arterial resistance
indices were compared between the side of the cyst and the opposite side in the 7 patients who had a unilateral cyst and available
US imaging, by using the Wilcoxon matched pair test. Correlation between the size of the cysts on the one hand and the
indicators of glaucoma severity on the side of the cyst on the
other hand (MD and PSD on visual field, thickness of the nerve
fiber layer on OCT) was assessed by using the Spearman correlation coefficient.
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FIG 1. High-resolution MR images of a paraoptic cyst. The cyst is
superolateral, causing a mass effect on the optic nerve, which is displaced inward and inferiorly. The content of the cyst appears hyperintense on T2WI and moderately hyperintense on FLAIR and T1WI.

RESULTS
Patient Characteristics
Patients were 4 men and 7 women, 48 – 82 years of age (median,
70 years). All patients were previously diagnosed with open-angle
glaucoma; 4 had normal-pressure glaucoma (On-line Table).

Cyst Morphology
All cysts were located at the level of the optic nerve head in the
retrolaminar area. In 5 patients, the cyst was located on the right
optic nerve; in 5 patients, on the left optic nerve; and 1 patient had
bilateral cysts. All cysts were located outside the optic nerve, and
all except 2 were associated with a mass effect on the adjacent optic
nerve. Cysts were located inferior (n ⫽ 1), inferolateral (n ⫽ 3),
superolateral (n ⫽ 2), or superior (n ⫽ 6) to the optic nerve
(On-line Table). All cysts were hyperintense on T2WI. On highresolution MR images, the signal of the cysts was always high on
T2WI, always high on FLAIR-weighted imaging, and variable on
T1WI (hyperintense in 1 case, hypointense in 1 case, and of mixed
intensities in the remaining cases) (Fig 1). Cyst volume ranged
from 4 to 54 mm3 on coronal T2 sequences (median, 18) and from
10 to 58 mm3 on 3D-CISS sequences (median, 21). Among the 8

patients who underwent US imaging, 5 cysts were visible, either as a
simple enlargement of the optic nerve (n ⫽ 3) or as an iso- to slightly
hyperechoic formation, with a location and shape similar to those
observed on MR imaging (n ⫽ 2) (Fig 2).

Doppler US
No hemodynamic perturbation of the blood supply to the optic
nerve head was observed on Doppler examination. There was no
statistically significant difference between the resistance indices
measured on the side of the cyst and those on the opposite side, for
the ophthalmic, central retinal, nasal short posterior ciliary, and
temporal short posterior ciliary arteries (Table).

Correlation between Cyst Characteristics and Optic
Neuropathy
Absence of Correlation between Cyst Location and Topography
of Optic Neuropathy. One ophthalmologist (C.V.) qualitatively
assessed the correlation between the location of the cyst on MR
images and the location of visual field defects on the retina. This
correlation could only be qualitative because the examiner needed
to take into account the uneven spatial distribution of optic fibers
from the head of the optic nerve toward the retina. In 2 cases,
there was complete correlation between the location of the cyst
and the visual field defects; in 5 cases, this correlation was only

partial; and in the last 3 cases, there was no correlation between
the location of the cyst and the visual field defects (On-line Table).
Moreover, there was no statistical difference in MD and PSD values in the eye with the cyst and the eye without a cyst (paired t test,
P ⫽ .38 and .47, respectively; data not shown). We also quantitatively assessed the correlation between the location of the cyst and
the severity of nerve fiber loss on OCT. This correlation was unbiased and quantitative because the OCT technique gives a direct
estimation of the number of fibers at the head of the optic nerve,
where the cysts are located. We calculated the percentage of fiber
loss on OCT in the 4 quadrants (nasal, temporal, superior, and
inferior). For 4 cysts, the location of the cyst matched the quadrant of greatest fiber loss; in the 4 other cysts, the location of the
cyst was in another quadrant. There was no statistical difference
between fiber thickness in the quadrant where the cyst was located
and in the same quadrant on the contralateral eye (Wilcoxon
signed rank test, P ⫽ .44; data not shown).
Correlation between Cyst Size and Severity of the Optic
Neuropathy. We quantitatively correlated the volume of the
cysts and the severity of the glaucomatous neuropathy in the 6
patients (7 cysts) who underwent high-resolution MR imaging
and for whom ophthalmologic reports were available. There was
no correlation between the volume of the cyst in 3D-CISS and the
thickness of the optic nerve fibers on OCT (Spearman correlation
coefficient: r ⫽ ⫺0.25, P ⫽ .59; Fig 3A). However, we noted a
statistically significant correlation between the volume of the cyst
in 3D-CISS and the severity of visual impairment in the same eye,
estimated by the MD and PSD: The more voluminous the cyst
was, the less impaired the visual field was (Fig 3B, -C). As estimated by linear regression, we would expect a PSD ⫽ 0 for a cyst
measuring 82 mm3 on 3D driven equilibrium; similarly, we would
expect an MD ⫽ 0 for a cyst measuring 67 mm3 on 3D driven
equilibrium. No significant correlation was observed between the
volume of the cyst estimated on 2D-T2 and the MD or the PSD
(On-line Table).

DISCUSSION

FIG 2. Axial image on US (A) shows a lateral paraoptic cyst, welllimited and isoechogenic. Axial-reformatted 3D-CISS in the same patient (B) shows a similar image of an oval hyperintense cyst.

MR imaging examination of the orbit is not typically integrated
into the systemic work-up in patients with open-angle glaucoma,
but it is recommended when visual deficits are severe and/or rapidly increasing, to rule out a compressive tumor or other structural pathology of the anterior visual pathways.5 We report the
association between open-angle glaucoma and paraoptic cysts.

Comparison of arterial resistance index values between the side of the cyst and the contralateral eye (Wilcoxon matched pair test)
Central Retinal Artery
Temporal Short Ciliary Artery
Nasal Short Ciliary Artery
Ophthalmic Artery
Case No.
1
3
4a
4b
6
8
9
10
11
Mean (SD)
Paired t test

Cyst Side
Contra.
0.59
0.67
0.59
0.6
0.62
NA
0.63
NA
0.64
0.71
0.54
0.69
0.64
0.61
0.77
0.77
0.6
0.58
0.62 (0.06)
0.66 (0.3)
P ⫽ .18

Cyst Side
0.65
0.53
0.64
0.56
NA
0.59
0.64
0.69
0.48
0.6 (0.21)

Contra.
0.58
0.56
NA
NA
NA
0.52
0.6
0.77
0.44
0.58 (0.3)
P ⫽ .49

Cyst Side
Contra.
0.52
0.48
0.61
0.5
0.65
NA
0.5
NA
0.59
0.63
0.55
0.56
0.61
0.61
0.74
0.75
0.48
0.53
0.58 (0.08)
0.58 (0.27)
P ⫽ .79

Cyst Side
Contra.
0.76
0.75
0.66
0.68
0.62
NA
0.67
NA
0.66
0.74
0.66
0.66
0.77
0.82
0.75
0.73
0.7
0.7
0.69 (0.05) 0.73 (0.32)
P ⫽ .25

Note:—Contra. indicates contralateral.
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FIG 3. Correlation between cyst volumes on 3D-CISS and optic nerve ﬁbers on OCT (A), MD (B), and PSD (C).

This association remains quite rare: We estimate that approximately 200 patients were referred to our institution for brain MR
imaging because of severe open-angle glaucoma during a 6-year
period; thus, we estimate the prevalence of these cyst to be at
approximately 5% in patients with severe open-angle glaucoma.
Other differential diagnoses of a paraoptic mass would include
arachnoid cyst, coloboma, and pilocytic astrocytoma; however,
the high signal of the cysts on FLAIR images was not in favor of a
subarachnoid cyst, and the cyst location, distinct from both the
optic nerve and the ocular globe, was not in favor of a tumor
arising from the optic nerve, nor of a coloboma.
In our series of 11 patients, the presence of a cyst was not
associated with a greater fiber loss in the head of the optic nerve,
but it was associated with relatively preserved visual function.
This goes against a mechanism of compression of the optic nerve
by the cyst and does not suggest that surgical removal of the cyst
would be of any benefit. Instead, it would suggest that for a given
level of fiber loss, the cyst has some protective effect on visual
function. It has been recently proposed that primary open-angle
glaucoma could be driven not only by increased ocular pressure
but, more generally, by an increase in translamina cribrosa pressure, either caused by elevated intraocular pressure or a diminished CSF pressure. In light of this pathogenic hypothesis,
paraoptic cysts may represent a valve mechanism, by which a
leakage of fluid from the ocular compartment to the optic nerve
compartment would allow stabilization of the translamina cribrosa pressure and, consequently, relative preservation of visual
function. However, this hypothesis remains speculative. The observed mass effect of the cyst on the optic nerve does not favor the
idea that such cysts are purely protective. In addition, given the
rarity of this association, our findings may not be generalized to all
forms of open-angle glaucoma. It is also conceivable that distinct
mechanisms underlie open-angle glaucoma with elevated pres-
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sure and open-angle glaucoma with normal pressure. In our small
series, we did not observe different characteristics in these 2
groups, but this feature may simply be related to the small sample
size. Consequently, long-term follow-up is warranted in patients
with this MR imaging finding, to evaluate the long-term effects of
these paraoptic cysts on visual function.
Disclosures: Catherine Vignal—UNRELATED: Consultancy: GenSight.
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Susceptibility-Weighted Imaging in Pediatric Arterial Ischemic
Stroke: A Valuable Alternative for the Noninvasive Evaluation
of Altered Cerebral Hemodynamics
R.M. Polan, X A. Poretti, T.A.G.M. Huisman, and T. Bosemani

ABSTRACT
BACKGROUND AND PURPOSE: SWI provides information about blood oxygenation levels in intracranial vessels. Prior reports have
shown that SWI focusing on venous drainage can provide noninvasive information about the degree of brain perfusion in pediatric arterial
ischemic stroke. We aimed to evaluate the inﬂuence of the SWI venous signal pattern in predicting stroke evolution and the development
of malignant edema in a large cohort of children with arterial ischemic stroke.
MATERIALS AND METHODS: A semiquantitative analysis of venous signal intensity on SWI and diffusion characteristics on DTI was
performed in 16 vascular territories. The mismatch between areas with SWI-hypointense venous signal and restricted diffusion was
correlated with stroke progression on follow-up. SWI-hyperintense signal was correlated with the development of malignant edema.
RESULTS: We included 24 children with a conﬁrmed diagnosis of pediatric arterial ischemic stroke. Follow-up images were available for
14/24 children. MCA stroke progression on follow-up was observed in 5/6 children, with 2/8 children without mismatch between areas of
initial SWI hypointense venous signal and areas of restricted diffusion on DTI. This mismatch showed a statistically signiﬁcant association
(P ⫽ .03) for infarct progression. Postischemic malignant edema developed in 2/10 children with and 0/14 children without SWI-hyperintense venous signal on initial SWI (P ⫽ .07).
CONCLUSIONS: SWI-DTI mismatch predicts stroke progression in pediatric arterial ischemic stroke. SWI-hyperintense signal is not useful
for predicting the development of malignant edema. SWI should be routinely added to the neuroimaging diagnostic protocol of pediatric
arterial ischemic stroke.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; AIS ⫽ arterial ischemic stroke; ASL ⫽ arterial spin-labeling; CMRO2 ⫽ cerebral metabolic rate of oxygen; mIP ⫽
minimum intensity projection; OEF ⫽ oxygen extraction fraction; PAIS ⫽ pediatric arterial ischemic stroke; PSI ⫽ prediagnostic symptomatic interval

A

cute arterial ischemic stroke (AIS) affects 2–5/100,000 children every year and is associated with high mortality and
morbidity.1 The mortality rate is estimated at 5%–13%, and moderate-to-severe neurologic deficits or epilepsy occur in ⬎50% of
children after AIS.2,3 The Chest and American Heart Association
guidelines support the use of anticoagulation in acute pediatric
arterial ischemic stroke (PAIS) despite of the absence of largescale clinical trials.4,5 Antithrombotic therapy aims to prevent
early propagation of the thrombus, inhibit the formation of new
Received September 9, 2014; accepted after revision October 13.
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thrombus, and promote early recanalization to save hypoperfused
tissue at risk of irreversible ischemic infarction. However, the diagnosis of PAIS should be made first, and tissue at risk for infarction should be detected. The diagnosis of PAIS is frequently delayed or missed.6 DWI/DTI is a highly sensitive MR imaging
sequence in detecting early ischemic regions and is the diagnostic
criterion standard for imaging acute PAIS.7 Neuroimaging techniques that allow early, reliable, noninvasive identification of potentially salvageable hypoperfused brain tissue—the so called
ischemic penumbra—are imperative to guide treatment.
SWI is a high-spatial-resolution, gradient-echo MR imaging
sequence that accentuates the magnetic properties of various substances such as blood, blood products, nonheme iron, and calcification.8 In addition, SWI accentuates magnetic susceptibility
differences between deoxygenated hemoglobin in the vessels and
adjacent oxygenated tissues. A few previous reports have shown
that SWI-hypointense signals in veins draining hypoperfused
brain areas provide indirect evaluation of critically perfused tissue
by focusing on venous drainage.9-12 In addition, SWI-hyperinAJNR Am J Neuroradiol 36:783– 88
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MATERIALS AND METHODS

acquisition technique ⫽ 2 with generalized autocalibrating partially parallel acquisition reconstruction was used. Diffusion trace
and ADC maps were automatically calculated by the vendor-specific software on the MR imaging scanners.
For the SWI sequence, we used the following parameters:
TR ⫽ 48 ms, TE ⫽ 40 ms, flip angle ⫽ 15°, bandwidth ⫽ 80 kHz,
section thickness ⫽ 1.2 mm with 128 sections per slab, FOV ⫽
146 ⫻ 180 mm, and matrix size ⫽ 256 ⫻ 512. Integrated parallel
acquisition technique factor 2 was used. Minimum intensity projection (mIP) images were automatically reconstructed by the
vendor-specific software on the MR imaging scanners. An effective mIP thickness of 8 mm was used for neonates, and 16 mm, for
older patients. The smaller effective mIP thickness of 8 mm was
used in neonates to limit partial volume effects due to small brain
size and any subsequent anatomic misregistration of vessels that
might masquerade as pathology.

This retrospective study was approved by our institutional review
board.

Image Analysis

tense signal was reported to detect regions of hyperperfusion and
to be associated with an increased risk of developing postischemic
malignant edema.13 SWI may consequently serve as a valuable
alternative sequence to evaluate the hemodynamics of brain tissue
in PAIS.
The aims of this retrospective study were to evaluate the potential of acute SWI to identify potentially salvageable brain tissue
and to predict the development of postischemic malignant edema
in the largest cohort of PAIS reported so far, to our knowledge.
We hypothesized that hypointense venous signal on acute SWI
may identify brain tissue at risk of infarction progression by focusing on venous drainage and that the presence of SWI-hyperintense venous signal may predict the development of postischemic malignant edema.

Patients
The inclusion criteria for this study were the following: 1) a confirmed diagnosis of PAIS (clinical and acute neuroimaging findings including DWI/DTI); 2) the availability of at least 1 MR imaging study of diagnostic quality including at least 3D-T1WI, axial
T2WI, FLAIR images, DWI/DTI, and SWI; 3) a prediagnostic
symptomatic interval (PSI) of ⬍8 days; and 4) age at MR imaging
of 18 years or younger. Children with hemorrhagic or metabolic
stroke and children with acute outside neuroimaging who were
transferred to our hospital were excluded from this study. Data
from eligible patients were obtained through an electronic search
of our pediatric neuroradiology data base covering January 1,
2009, through June 1, 2014.
Clinical histories of patients were reviewed for stroke etiology,
symptoms, and clinical findings on admission; PSI; time between
diagnosis and neuroimaging follow-up; development of postischemic malignant edema; and acute thrombolytic therapy. PSI was
defined as the time interval between onset of symptoms and the
neuroimaging diagnosis of PAIS. The presence of a postischemic
malignant edema was defined by the presence of neurologic deterioration within 48 –72 hours after acute PAIS and uncal or transtentorial herniation on neuroimaging and/or the need for neurosurgical decompression.

Image Acquisition
All MR imaging studies were acquired on a 1.5T clinical MR imaging scanner (Avanto; Siemens, Erlangen, Germany) by using
our standard departmental protocol for PAIS, including 3D isotropic T1WI, axial T2WI, FLAIR images, DTI, SWI, arterial spinlabeling (ASL), and MRA.
A single-shot spin-echo echo-planar imaging axial DTI sequence with diffusion gradients along 20 noncollinear directions
was performed. An effective high b-value of 1000 s/mm2 was used
for each of the 20 diffusion-encoding directions. An additional
measurement without diffusion-weighting (b ⫽ 0 s/mm2) was
also performed. Acquisition parameters were the following: TR ⫽
7100 ms, TE ⫽ 84 ms, section thickness ⫽ 2.5 mm, FOV ⫽ 240 ⫻
240 mm, and matrix size ⫽ 192 ⫻ 192. An integrated parallel
784
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Analysis of all images was performed in consensus by R.M.P., a
medical student, A.P., a pediatric neurologist with vast experience
in pediatric neuroimaging research, and T.B., a pediatric neuroradiology attending physician. For each cerebral hemisphere, we
defined the following vascular territories: anterior cerebral artery
(ACA) territory, posterior cerebral artery territory, and 6 cortical
regions of the MCA territory (M1–3 at the level of the basal ganglia and M4 – 6 at the level rostral to the ganglionic structures)
according to the Alberta Stroke Program Early CT Score.14
Diffusion was graded for each arterial territory as normal or
restricted on the basis of ADC maps. SWI signal intensity of the
sulcal veins for each arterial territory was graded as hyperintense,
isointense, mildly hypointense, or markedly hypointense. In
addition, SWI signal intensity of the intramedullary veins in
the MCA territories was evaluated and graded in a manner
similar to the grading of the sulcal veins. mIP SWI were used
for the evaluation. Finally, perfusion in each vascular territory
was graded as normal, decreased, or increased. Perfusion was
evaluated on relative CBF maps for ASL. The final extent of
infarction was evaluated on follow-up neuroimaging as the
absence or presence of gliosis or encephalomalacia in each vascular territory.
To identify brain tissue at risk of infarction, mismatch was
determined between the number of vascular territories showing
restricted diffusion and the number of vascular territories showing mildly and markedly SWI-hypointense venous signal. The
number of territories with SWI-hypointense venous signal was
graded as greater than, equal to, or less than the number of territories with restricted diffusion. In addition, the number of territories with SWI-hypointense venous signal was compared with
the number of territories with abnormal (increased or decreased)
perfusion.
To identify infarct progression, the number of vascular territories with restricted diffusion on the initial MR imaging study
was compared with the number of vascular territories with gliosis
or encephalomalacia on the follow-up neuroimaging study. Infarct progression was defined as a higher number of involved territories with gliosis or encephalomalacia on follow-up imaging

Table 1: SWI, DWI/DTI, and PWI ﬁndings in 24 children with AIS
SWI Findings (n = 24)
ACA
MCA
M1
M2
M3
M4
M5
M6
IMV
PCA

DWI/DTI Findings (n = 24)

ASL Findings (n = 7)

R
L

Iso
18
16

Hyper
4
5

Mildly Hypo
1
2

Markedly Hypo
1
1

Normal
20
20

Decreased
4
4

Normal
6
7

Perfusion 2
1
0

Perfusion 1
0
0

R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L

16
15
14
14
18
20
17
15
13
13
18
19
17
20
15
12

2
4
2
2
2
2
2
4
3
2
3
2
0
0
4
6

4
4
6
6
2
1
3
3
6
5
1
2
6
2
3
5

2
1
2
2
2
1
2
2
2
4
2
1
1
2
2
1

17
17
17
15
20
16
16
16
13
13
16
18

7
7
7
9
4
8
8
8
11
11
8
6

7
6
6
6
6
7
6
6
6
5
6
7

0
1
1
1
1
0
1
0
1
0
1
0

0
0
0
0
0
0
0
1
0
2
0
0

20
18

4
6

5
4

2
1

0
2

Note:—IMV indicates intramedullary veins; Iso, isointense; Hyper, hyperintense; Hypo, hypointense; 1, increased; 2, decreased; R, right; L, left; PCA, posterior cerebral artery.

compared with the initial DTI. For each patient, the extent of the
infarcted tissue on follow-up imaging was graded as progression
or none.

Statistical Analysis
The Pearson 2 test was used to compare the ability of the DTISWI hypointense venous signal mismatch to predict stroke progression within the 6 cortical regions of the MCA territory and the
ability of SWI-hyperintense venous signal to predict the development of malignant edema. ASPECTS vascular territories were
used to better define the extent of MCA stroke on initial imaging
and to detect progression on subsequent imaging. Analyses were
performed by using STATA software, Version 12.1 (StataCorp,
College Station, Texas). Observed differences were considered
statistically significant if the P value was ⬍.05.

RESULTS
Twenty-four children (10 girls) were included in our study (Online Table 1). The median age of patients at acute stroke presentation was 4.7 years (range, 2 days to 17 years). Risk factors
for PAIS were present in 18 children (75%). The most common
risk factors were congenital heart disease in 5 (21%) and Moyamoya syndrome in 4 (17%) children. The average PSI was 2
days (range, 0 –7 days). None of the patients had acute thrombolytic therapy.
The results of the semiquantitative evaluation of acute DTI,
SWI, and ASL data are shown in Table 1. ASL data were available
for 7 children. Follow-up neuroimaging studies were available for
15 children (63%) and were performed, on average, 47 days after
acute neuroimaging (range, 1 day to 8 months). Areas of gliosis or
encephalomalacia were seen in 14/24 children, including all vascular territories. In the acute neuroimaging studies, a mismatch
between SWI and DWI/DTI was found in 22 patients (92%). The
number of vascular territories with SWI-hypointense venous signal was greater than the number of vascular territories with restricted diffusion in 15 children (63%) and smaller in 7 children

Table 2: SWI/DWI mismatch in the MCA territories predicts
stroke evolution on follow-up imaging in 14 children with AISa
No Stroke Progression Stroke Progression
SWI/DWI
on Follow-Up
on Follow-Up
Total
SWI ⫽ DWI
6
2
8
SWI ⬎ DWI
1
5
6
Total
7
7
14
a

Pearson 2 test ⫽ 0.03.

(29%). In 2 children (8%), the vascular territories with SWI-hypointense venous signal and restricted diffusion matched. A mismatch between SWI and ASL was found in 6/7 patients (86%).
The vascular territories with SWI-hypointense venous signal were
greater than the vascular territories with abnormal perfusion in 3
children and smaller in 3 children. In 1 child, the vascular territories with SWI-hypointense venous signal and reduced perfusion
matched perfectly.
The results of the semiquantitative evaluation of acute DTI,
SWI, and ASL data of 14 children with a stroke within at least 1 of
the 6 cortical regions of the right or left MCA territory are shown
in On-line Table 2. Follow-up images were available for all 14
children included in the statistical analysis. A mismatch between
SWI hypointense veins with vascular territories greater than those
on DTI was found in 6 children (Table 2), of which 5 children
showed infarct progression. This mismatch between SWI and DTI
was significantly associated with stroke progression on follow-up
imaging (P ⫽ .03) (Figs 1 and 2).
Malignant edema developed in 2 of 24 children (8%). In both
patients, brain edema was diffuse and SWI-hyperintense venous
signal involved the right ACA and MCA territories in the first
patient (Fig 3) and the bilateral MCA and left posterior cerebral
artery territories in the other. In both patients, ASL data were not
available. SWI-hyperintense venous signal was found in 8 children with AIS who did not develop postischemic malignant
edema. The presence of SWI-hyperintense venous signal was not
significantly associated with the development of postischemic
malignant edema (P ⫽ .07) (Table 3).
AJNR Am J Neuroradiol 36:783– 88
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FIG 1. An 8-year-old boy with elevated lipoprotein A and AIS involving the right MCA territory. Trace of diffusion (A) and ADC (B) maps
show areas of restricted diffusion in the right basal ganglia and part of
the subcortical white matter and cortical gray matter in the right MCA
territory, representing acute ischemia. C, mIP-SWI map shows markedly hypointense sulcal and intramedullary veins within the larger
right MCA territory (arrows). D, Follow-up axial T2-weighted image 6
days after AIS shows hyperintense signal in the infarcted brain tissue
that extends beyond the vascular territories with restricted diffusion
and matches the area with SWI-hypointense veins on acute
neuroimaging.

FIG 3. A 7-year-old boy with AIS involving the right ACA and partial
bilateral MCA territories. A, ADC map shows areas of restricted diffusion in the right ACA, M1, M2, M4, and M5 territories as well as the
left M2, M4, and M5 territories. B, mIP-SWI shows markedly hyperintense sulcal veins in the right ACA, M1, M2, M4, and M5 territories and
hypointense sulcal veins in the left M1, M2, M4, and M5 territories. C
and D, Follow-up axial CT image 2 days after AIS shows stroke evolution in the right ACA, M1, M2, M4, and M5 as well as in the left M2, M4,
and M5 territories. In addition, there is increasing mass effect with
effacement of both frontal horns of the lateral ventricles, the third
and fourth ventricles, and prepontine cistern, compatible with malignant edema.
Table 3: SWI hyperintense venous signal does not predict the
occurrence of postischemic malignant edema in 24 children with
AISa
Venous Signal
No Malignant
Malignant
Intensity on SWI
Edema
Edema
Total
Hypointense (only)
14
0
14
Hyperintense
8
2
10
Total
22
2
24
a

Pearson 2 test ⫽ 0.07.

DISCUSSION

FIG 2. Fused axial ADC and mIP-SWI map images for the same child
as in Fig 1 show that markedly hypointense sulcal and intramedullary veins on SWI are draining an area that extends beyond the
region of restricted diffusion on the ADC map in the right MCA
territory.
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SWI has been increasingly shown to be a useful non-contrastenhanced imaging sequence in the evaluation of AIS.9-13,15 SWI
may do the following: 1) detect hemorrhagic components within
infarcted tissue with higher sensitivity than other MR imaging
sequences or imaging modalities,16 2) demonstrate hypointense
signals in the veins draining hypoperfused areas and evaluate the
ischemic penumbra by focusing on the venous drainage,9-12 3)
show hyperintense signal in the veins draining regions of hyperperfusion or luxury perfusion indicating an increased risk of developing postischemic malignant edema,13 4) detect acute occlusive arterial thromboemboli,17,18 5) quantify microhemorrhages
and predict hemorrhagic transformation before thrombolytic

therapy is initiated,19 and 6) detect early hemorrhagic complications after intra-arterial thrombolysis.17 Currently, most studies
focus on adults, and literature on the role of SWI in PAIS is scant,
based mostly on case reports or small case series. This is the largest
study on SWI in PAIS to date.
Ischemic penumbra is characterized by hypoperfused brain
tissue with the potential for functional recovery without morphologic damage.20 This is possible if local blood flow can be reestablished at a sufficient level within a certain time interval. The
identification of the ischemic penumbra is important because it
represents tissue that could potentially be salvaged with the use of
thrombolytic therapy. Although the benefit of thrombolytic therapy in PAIS has yet to be demonstrated in prospective clinical
trials, retrospective studies show that at least a subset of children
with AIS may potentially benefit from it.21,22 Several tertiary pediatric centers have developed standardized systematic strategies
to diagnose and treat PAIS, for participation in the ongoing
Thrombolysis in Pediatric Stroke trial.21,22 Ischemic penumbra
can be depicted as a mismatch between reduced perfusion and
normal diffusion by combining PWI and DWI/DTI.23 In children, however, the routine application of PWI outside research
protocols and tertiary care centers is still limited. DSC-PWI requires a rapid bolus injection of intravenous paramagnetic contrast agents that may delay acute antithrombotic therapy. ASL is a
non-contrast-enhanced PWI method capable of measuring tissue
perfusion by using blood as an endogenous “contrast” agent. ASL
is not routinely performed in the acute setting because of the low
SNR and limited spatial resolution. In addition, changes in signal
intensity on ASL may be determined by factors other than reduced flow or ischemia, and knowledge of ASL-related artifacts is
crucial for accurate interpretation.
The relationship between CBF and the oxygen extraction fraction (OEF) has been shown in both animal stroke models and
humans by using PET, and 4 patterns have been observed in focal
brain ischemia.24,25 In the first pattern, an increase in CBV was
observed to maintain CBF in response to physiologic conditions
or demands (autoregulation). The second pattern is an increase of
OEF to maintain a stable cerebral metabolic rate of oxygen
(CMRO2) in response to a reduction of CBF. The third pattern is
characterized by an increase of OEF in brain regions with reduction of both CBF and CMRO2 and represents ischemic penumbra.
The fourth pattern represents the infarct core and is characterized
by very low CBF and CMRO2 with poor OEF. SWI accentuates the
magnetic susceptibility differences between deoxygenated hemoglobin in the vessels and adjacent oxygenated tissues and is an
ideal MR imaging sequence to depict changes in OEF noninvasively. In a retrospective study including 15 adult patients with
nonlacunar ischemic stroke, Kao et al10 showed that both SWIDWI and PWI (MTT)-DWI mismatches were significantly associated with a higher incidence of infarct progression and had a
similar ability to predict stroke evolution. In addition, they
showed that semiquantitative evaluation of SWI patterns and
MTT values correlated best in the MCA territories. The authors
concluded that SWI is an alternative to PWI to assess ischemic
penumbra and predict stroke evolution. In children, the role of
SWI in depicting the ischemic penumbra was previously shown
only in a small case series and a few case reports.9,12,26 In our

present study, we found a mismatch between vascular territories
with SWI-hypointense venous signal and restricted diffusion in 6
children. In 5 of them, stroke progression was observed at followup. By contrast, stroke progression on follow-up was found in
only 2 of 8 children without SWI-DTI mismatch. Our results
show that a mismatch between vascular territories with SWI-hypointense venous signal and restricted diffusion is significantly
associated with infarct progression in PAIS.
Postischemic malignant edema is a life-threatening early complication of PAIS and is defined as a space-occupying AIS with
severe brain swelling and mass effect, which may cause transtentorial herniation and brain death.27,28 Impaired autoregulation in
patients with stroke has been shown to lead to a rise in regional
CBF followed by increased extravasation of fluid into the brain
tissue and edema.29 This process is enhanced by disruption of the
blood-brain barrier.30 The increase in CBF results in reduction of
OEF and subsequently in a higher concentration of oxygenated
hemoglobin and SWI-hyperintense venous signal. In 1 child with
AIS, SWI was shown to determine regions of hyperperfusion or
luxury perfusion, which contributed to an increased risk of developing malignant edema.13 To test our second hypothesis, we
compared the occurrence of postischemic malignant edema in
children with and without hyperintense venous signal on acute
SWI. Our results show that hyperintense venous signal on acute
SWI is not significantly associated with the development of malignant edema in PAIS.
Although this is the largest cohort of PAIS studied by SWI
published to date, we are aware of several limitations of our study:
the retrospective nature of the study resulting in the absence of
follow-up neuroimaging studies in 10 children; the availability of
ASL data in only 7 children; the semiquantitative analysis of the
images, which is investigator-dependent though performed by
consensus; differences in section thickness between ADC maps
and mIP-SWI possibly having caused partial misregistration of
some images; and no attempt to adjust for potential confounders
with multiple logistic regression due to the rather small number of
patients.

CONCLUSIONS
Our study shows that a mismatch between vascular territories
with SWI-hypointense venous signal and restricted diffusion predicts infarct progression in PAIS, while hyperintense venous signal on acute SWI does not predict the development of malignant
edema. SWI provides valuable information in PAIS and may
guide early treatment options to prevent infarct progression and
should be added to the neuroimaging diagnostic protocol of PAIS.
Prospective studies with a larger cohort of children, a standardized follow-up interval, and ASL as part of the acute neuroimaging protocol are needed to further validate the value of SWI in
PAIS.
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Computer-Assisted Volumetric Measurement of Core Infarct
Volume in Pediatric Patients: Feasibility for Clinical Use and
Development of Quantitative Metrics for Outcome Prediction
C.G. Filippi, A.M. El-Ali, V.Z. Miloushev, D.S. Chow, X. Guo, and B. Zhao

ABSTRACT
BACKGROUND AND PURPOSE: Infarct volume may predict clinical outcome in acute stroke, but manual segmentation techniques limit
its routine use. We hypothesized that computer-assisted volumetric analysis to quantify acute infarct volume will show no difference
compared with manual segmentation but will show increased speed of performance and will correlate with outcome.
MATERIALS AND METHODS: Patients with acute stroke younger than 18 years were included. Infarct volume on diffusion-weighted
imaging was quantiﬁed by using computer-assisted volumetric and manual techniques. The Pediatric Stroke Outcome Measure scored
clinical outcome. Computer-assisted volumetric and manual techniques were compared with correlation coefﬁcients. Linear regression
analysis compared Pediatric Stroke Outcome Measure with core infarct volume and percentage volume of brain infarction.
RESULTS: Twenty-three patients were analyzed (mean age, 4.6 years). Mean infarct volume from computer-assisted volumetric and
manual approaches was 65.6 and 63.7 mL, respectively (P ⫽ .56). Concordance correlation between methods was 0.980, and between users,
0.968. The mean times for segmentation between computer-assisted volumetric and manual techniques were ⬍1 minute and 7.3 minutes
(P ⬍ .001). The mean infarct volumes for good and poor outcome groups were 7.4 and 75.7 mL (P ⬍ .007). The mean percentages of
infarcted brain parenchyma for good and poor outcome groups were 0.6% and 10.4% (P ⬍ .006). Volumes of 32 mL and 3% for infarcted
brain were associated with poor outcome in all patients.
CONCLUSIONS: Computer-assisted volumetric quantiﬁcation of infarct volume is reproducible, is signiﬁcantly faster than manual techniques, and may have important applications for future clinical workﬂow. Core infarct volumes and infarct percentage correlated with
outcome severity.
ABBREVIATIONS: CAV ⫽ computer-assisted volumetry; PSOM ⫽ Pediatric Stroke Outcome Measure

S

troke in the pediatric population is occurring at increasingly
younger ages with an increasing incidence estimated at 3–5
per 100,000 according to the US Nationwide Inpatient Sample
(http://www.healthdata.gov/data/dataset/hcup-nationwideinpatient-sample-nis), which showed annual increases in acute ischemic stroke admissions from 1995 to 2008.1-6 However, pediatric
stroke remains under-recognized among health care providers; a lack
of evidence-based treatment and management guidelines specific to
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the pediatric population further complicates this problem.7,8 This
represents a critical health care problem, given the potential cost to
society in terms of life-years of disability and life-years lost in the face
of increasing incidence of acute ischemic arterial infarction of
children.6,7,9,10
Recent studies support infarct volume quantification as a potential tool in the pediatric population for predicting clinical outcome.11-13 For example, Ganesan et al14 observed that infarcts of
⬎10% parenchymal volume on T2-weighted imaging were associated with poor outcomes. Additionally, Domi et al15 reported
that reduced diffusion in the corticospinal tract was a predictor of
motor outcomes. Furthermore, investigations in adults have suggested that core infarct volume quantification correlates best with
long-term outcome; this finding lends credibility to a similar approach in pediatric stroke.16-19
Currently, the criterion standard for volumetric assessment
involves manual segmentation, which can be time-consuming
and technically challenging. These impediments may limit its use
AJNR Am J Neuroradiol 36:789 –94
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in the emergency setting, where time is critical for management.
For these reasons, computer-assisted volumetry (CAV) applied to
diffusion-weighted imaging may represent a potential tool to aid
in the detection of core infarct volume in the pediatric population.
With regard to neuroimaging, CAV has recently been used in the
examination of recurrent glioblastoma with high reproducibility and
speed compared with conventional manual approaches.
The purpose of this study was to describe a novel CAV technique for assessment of core infarct volume within the pediatric
population. Specifically, we describe the reliability and feasibility
of this technique compared with traditional manual approaches
in patients with acute stroke. Additionally, the relationship between infarct volume and clinical outcomes by using the Pediatric
Stroke Outcome Measure (PSOM) scale will be obtained.20,21

MATERIALS AND METHODS
Subjects
After institutional review board approval of this Health Insurance
Portability and Accountability Act– compliant retrospective study, a
query of the neuroradiology department data base for pediatric patients with acute arterial ischemic infarct at our institution from January 2011 to November 2012 was conducted. Acute arterial ischemic
infarct was defined as an acute neurologic deficit in a patient with an
MR imaging abnormality on DWI consistent with infarction and
corresponding hypointense signal on the apparent diffusion coefficient map. Inclusion criteria were pediatric patients defined as
younger than 18 years of age. Imaging inclusion criteria were MR
imaging with DWI performed within 72 hours of admission to the
hospital. Exclusion criteria were hypoxic-ischemic encephalopathy,
intraparenchymal hemorrhage, prior infarcts, incomplete imaging,
or poor image quality (motion degradation) and incomplete followup. Additionally, patients without medical records sufficient to obtain PSOM scores were also excluded.

Imaging Techniques
All imaging was performed on a 1.5T MR imaging system (Signa;
GE Healthcare, Milwaukee, Wisconsin) with an 8-channel headarray coil (Signa HDxt; GE Healthcare). We performed the following sequences: sagittal T1-weighted (TR, 450 ms/TE, 6.5 ms;
5-mm thickness; echo-train length, 4; FOV, 24 cm; 256 ⫻ 224
matrix); axial T1-weighted (TR, 433 ms/TE 6.5 ms; 5-mm thickness; echo-train length, 4; FOV, 24 cm; 256 ⫻ 224 matrix); axial
T2-weighted (TR, 5000 ms/TE, 90 ms; 5-mm thickness; echotrain length, 28; FOV, 24 cm; 320 ⫻ 320 matrix); and axial FLAIR
imaging (TR, 8800 ms/TE, 120 ms; TI, 1650 ms; echo-train length,
1.0; 5-mm thickness; FOV, 24 cm; 256 ⫻ 192 matrix). Axial diffusion-weighted imaging (TR, 8000 ms/TE 88 ms; echo-train
length, 1.0; 5-mm thickness; 128 ⫻ 128 matrix; FOV, 24 cm) was
performed by using 2 b-values (0 and 1000 s/mm2) and 3 diffusion-encoding gradient directions. Corresponding ADC maps
were generated by commercial scanner software (FuncTool software; GE Healthcare).

Core Infarct Volume Segmentation
Two radiologists, including 1 with a Certificate of Added Qualification in neuroradiology, performed CAV analysis. The boundary of acute infarct was delineated on DWI sequences by using a
790
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FIG 1. A, Reduced diffusivity within the right putamen consistent with
an area of acute infarction. B, The contour derived from the semiautomated computer segmentation software that is used to derive infarct volume.
Table 1: Demographics of patients
Variable
Sex
Male
Female
Ethnicity (No., %)
White
Black
Asian
Hispanic
Other
Stroke risk factors (No., %)
No risk factors
Single risk factors
Multiple risk factors
Risk factor distributiona (No., %)
Hematologic
Vascular
Cardiac
Infection
Ingestion
Metabolic
Therapy (No., %)
Anticoagulation
Antiplatelet
Anticonvulsant
Surgery
a

No. (%)
12 (52.2)
11 (47.8)
4 (17.4)
2 (8.7)
0 (0.0)
2 (8.7)
15 (65.2)
5 (21.7)
11 (47.8)
7 (30.4)
9 (39.1)
7 (30.4)
4 (17.4)
3 (11.1)
1 (4.3)
1 (4.3)
4 (17.4)
9 (39.1)
14 (60.9)
3 (13.0)

Patients may have ⬎1 risk factor.

proprietary segmentation algorithm developed in the Laboratory
for Computational Image Analysis in the Department of Radiology, Columbia University Medical Center.22,23 The computerassisted algorithm was originally developed for liver lesions and
has since been adapted for different applications, including, most
recently, the volume of enhancing tumor in glioblastoma multiforme.24-26 For the first step of the volume measurement, the
entire infarct volume was separated from surrounding anatomic
structures by using a segmentation algorithm that combines the
image analysis techniques of active contours and a level set approach. Once the segmentation was completed on an image, the
infarct contour was propagated to its neighboring images, serving
as an initial region of interest for subsequent segmentations on the
neighboring images. This process was continued iteratively until
all the infarct images were segmented. Once the segmentation was
finalized, infarct volumes were automatically calculated (Fig 1).

For brain volume, we determined the contour of the brain cortical
surface from which ventricular volume is subtracted by contouring the ventricular lining.
The same 2 radiologists, both of whom were blinded to the
patients’ prior CAV volumes and clinical outcomes, performed
manual segmentation of infarct volume. Segmentation was perTable 2: Patient outcomes and stroke characteristics
Outcome Measures
Gooda
Poorb
Mortality
Infarct circulation
Anterior circulation only
Posterior circulation only
Both circulations
Infarct involvement
Bilateral
ACA
MCA
PCA
Basal ganglia

(No.) (%)
5 (21.7)
18 (78.3)
5 (21.7)
20 (87.0)
0 (0)
3 (13.0)
11 (47.8)
8 (34.8)
23 (100.0)
12 (52.2)
9 (39.1)

Note:—ACA indicates anterior cerebral artery; PCA, posterior cerebral artery.
a
“Good outcome” deﬁned as healthy or mild disability using the Pediatric Stroke
Outcome Measure.
b
“Poor outcome” deﬁned as moderate or severe disability using the Pediatric Stroke
Outcome Measure or death.

Table 3: Stroke characteristics and patient outcomes
95% Conﬁdence
Interval
Lower
Category
Mean
Range
Limit
Total brain volume (mL) 936.6 392.0–1387.0 815.7
Stroke volume (mL)
60.9
0.1–229.0
31.7
Stroke volume (%)
8.2
0.1–48.4
3.6
a
Good outcome
Stroke volume (mL)
7.4 0.08–31.63
0.97
Stroke volume (%)
0.6 0.01–2.64
0.05
Poor outcomeb
Stroke volume (mL)
75.7 0.40–229.00 47.28
Stroke volume (%)
10.4 0.05–48.42
6.35
a

Upper Standard
Limit
Error
1057.5
61.67
90.0
14.88
12.9
2.35
26.12
2.12

5.48
0.45

115.43
17.57

16.80
2.71

“Good outcome” deﬁned as healthy or mild disability using the Pediatric Stroke
Outcome Measure.
“Poor outcome” deﬁned as moderate or severe disability using the Pediatric Stroke
Outcome Measure or death.

formed by manual tracing of regions of reduced diffusion on DWI
sequences. All manual segmentations were performed at a dedicated workstation (Advantage Workstation, Version 4.3; GE
Healthcare). To reduce bias from prior CAV analysis, we performed manual measurements 3 months after the initial CAV
analysis. All measurements were recorded in milliliters, and the
time required to perform CAV and manual segmentation for core
infarct volume was noted.

Correlation with Clinical Outcomes
Clinical outcome was scored by using the PSOM, which uses neurologic evaluation to examine sensorimotor function bilaterally,
productive and receptive language, and cognitive and behavioral
development.20,21 The PSOM is typically scored as good (healthy
or mild deficit) and poor (moderate or severe), and validity of the
PSOM is not significantly affected when performed retrospectively.20 Clinical data and PSOM were determined from chart
review by using the examination findings of a pediatric neurologist. All patients were evaluated by a neurology attending physician following stroke, which was confirmed through chart review.
Two neuroradiologists performed chart review.

Statistical Analysis
Mean manual and semiautomated volumetric measurements and
segmentation times were compared by using a paired t test. Concordance correlation coefficients with corresponding confidence
intervals between semiautomated and manual volumetric measurements were obtained. For analysis of clinical outcomes, core
infarct volumes and the percentage of infarcted parenchymal volumes were compared among patients with good and poor outcomes by using the Wilcoxon rank sum test. Linear regression
analysis was performed comparing the PSOM with core infarct
volume and percentage volume of brain infarction. All statistical
analysis was performed by using MedCalc for Windows, Version
12.2.1.0 (MedCalc Software, Mariakerke, Belgium). For this
study, a P value of ⬍ .05 was considered statistically significant.

a

FIG 2. Graphic representation of the correlation of core infarct volume and percentage brain infarction with the Pediatric Stroke Outcome
Measure. TBV indicates total brain volume.
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RESULTS
Subjects
In total, 29 patients were identified, of which 79.3% (23/29) met
the inclusion criteria. Patient demographics are listed in Table 1.
These included 12 male and 11 female patients (age range, 0 –17.6
years; mean age, 4.6 years) presenting with acute stroke. Clinical
follow-up ranged from 0.8 to 19.3 months (mean, 5.1 months).
Six patients were excluded. One had hypoxic-ischemic encephalopathy rather than acute stroke, 1 had marked intraparenchymal
hemorrhage and prior infarcts, 1 had incomplete imaging with
poor image quality (motion degradation), and another had incomplete clinical follow-up. An additional 2 patients did not have
all test items in their medical records to calculate a PSOM score
and were excluded.

lation between the methods was 0.980 (95% CI, 0.956 – 0.991).
The concordance correlation for CAV measurements between 2
users was 0.968 (95% CI, 0.935– 0.985). The concordance correlation for manual segmentation between 2 users was 0.978 (95%
CI, 0.964 – 0.989). The concordance for mild and large infarcts
with CAV measurements was 0.999 (95% CI, 0.994 –1.000) and
0.962 (95% CI, 0.915– 0.983), respectively. The concordance for
mild and large infarcts with manual measurements was 0.976
(95% CI, 0.943– 0.990) and 0.976 (95% CI, 0.953– 0.983),
respectively.
The mean times for segmentation between computer-assisted
and manual techniques (including times for opening and saving
images) were ⬍1 minute and 7.3 minutes, respectively (P ⬍ .01).

Correlation with Clinical Outcomes
Comparison between Manual and CAV Analysis
The mean core infarct volumes obtained for CAV and manual
approaches were 65.6 and 63.7 mL, respectively (P ⫽ .56). The
mean total brain volume was 936.6 mL. The concordance correTable 4: Infarct volume versus Pediatric Stroke Outcome
Measure
Regression
Standard
Coefﬁcienta
Error
P Value
Infarct by percentage
0.150
0.067
.039
Infarct by absolute volume
0.028
0.010
.011
a

Coefﬁcient calculated with linear regression.

Patient outcomes and stroke territory involvement are listed in
Table 2, and patient outcomes with respect to stroke characteristics, including corresponding confidence intervals, are listed in
Table 3. With regard to outcomes, 78.3% (18/23) had poor outcomes, and 21.7% (5/23) had good outcomes by the PSOM
scores. Mortality was observed in 21.7% (5/23) cases. Mean core
infarct volumes for the good and poor outcome groups were 7.4
and 75.7 mL, respectively (P ⬍ .007). Mean percentages of infarcted brain parenchyma for the good and poor outcome groups
were 0.6% and 10.4%, respectively (P ⬍ .006). There was a significant correlation between PSOM and infarct volume (P ⬍ .01)
and percentage of brain parenchymal
infarction (P ⬍ .04). This is displayed
graphically in Fig 2 and summarized in
Table 4. Core infarct volumes of ⬎32
mL and percentage of infarcted brain
parenchyma of ⬎3% had poor outcomes in all cases. Examples of segmentation results from CAV and manual approaches for infarcts in poor and good
outcome cohorts are provided in Fig 3.

DISCUSSION

FIG 3. A and B, CAV segmentation results from patients in good and poor outcome groups,
respectively. C and D, Manual segmentation results from the same respective patients.
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Quantification of core infarct volume
within the pediatric stroke population
may provide assistance in clinical decision-making and prognostic information. However, challenges in manual
segmentation currently limit its utility in
an acute stroke setting because it can be
prohibitively time-consuming. Additionally, while the present study did not
find significant variability for manual
measurements, prior work has suggested that manual determination of
core infarct volume is a source of variance.27 In the present study, we compared the quantification of infarct volume and the percentage of infarcted
brain parenchyma by using a semiautomated, computer-assisted approach
with a traditional, manual approach and
observed no significant difference in

measured infarct volumes. CAV assessment showed high correlation between users, but the CAV was significantly faster compared
with the manual approach, taking seconds to perform. The rapidity
of computer-assisted quantification of infarct volume allows its
real-time integration into a routine, clinical workload and its use
in investigative research.
The development of quantitative neuroimaging biomarkers is
needed to inform treatment planning, management, and prognostication in the setting of acute ischemic infarct in children as
well as clinical trials, which need objective metrics for the assessment of clinical outcomes and cost effectiveness. Several prior
studies have shown a correlation between final infarct volume and
worse neurologic outcome. Zecavati et al11 observed that core
infarct volumes in pediatric patients, as determined on DWI, that
exceed 10% of brain parenchymal volume were associated with
poor neurologic outcome at 30 days; however, the authors used
the Glasgow Outcome Score, which, unlike the PSOM, has not
been specifically validated in the pediatric population. The PSOM
is based on a standardized, neurologic examination; is currently
the best validated outcome measure; and has shown excellent interobserver correlation and validity and reproducibility when
used retrospectively to analyze neurologic examinations or in
prospective longitudinal research.20,21,28 In our study, we assessed
the correlation between core infarct volume and clinical outcome
by using the Pediatric Stroke Outcome Measure and observed that
both infarct volume and the percentage of infarcted brain parenchyma correlated significantly with outcome. Specifically, cutoff
values above 32 mL for core infarct volume and 3% for percentage
of infarcted brain parenchymal volume were always associated
with a bad outcome.
The CAV approach is robust; it is applicable to cases of solitary
and multiple lesions and may represent an advance over qualitative vascular territory-based stroke scales. In addition, the software easily delineates total brain parenchymal volume excluding
extra-axial CSF so that the percentage of infarcted brain parenchyma can be easily quantified. Beyond its utility in normalizing
the infarct volume, CAV can be used independently for assessing
total parenchymal or ventricular volume and may have additional
applications in pediatric neuroradiology. Incorporation of CAV
methods in standard clinical workflow has profound implications
for the relevance of the radiologic consultation. In the context of
pediatric stroke, CAV may identify children who would benefit
from more aggressive therapy. CAV may quantify volumetric
thresholds that could be used as end points for future clinical trials
in pediatric stroke, and semiautomated methods may facilitate
translation of these results from clinical trials into clinical
practice.
When considering our results, several limitations should be
kept in mind. First, we conducted a retrospective study, and our
cohort of 23 patients is modest in size, which limits evaluation for
confounders. Second, inclusion of neonates could be an additional confounder because longer follow-up may be needed because there may be a delay in the appearance of deficits after neonatal stroke, given that subtle sequelae may be difficult to
delineate on neurologic examination in an incompletely myelinated, immature brain.20,28 However, the average age in our study
was almost 5 years. Because our study was based at a tertiary
referral center, the poor outcome category could have been over-

represented. Children with associated neurologic disorders are
included because stroke occurs with increased incidence in this
group and gives the results wider applicability, and other investigators have validated the inclusion of children with neurologic
disorders.28 Additionally, our study is based on calculation of
infarct volume on DWI sequences in the acute setting within 72
hours of diagnosis. However, Ebinger et al12 have shown that
subacute reduced diffusion volume in adults tightly correlated
with final neurologic outcome assessed with the National Institutes of Health Stroke Scale, but most studies have shown stable
DWI lesion evolution from 36 hours to 2 weeks.12,29

CONCLUSIONS
CAV quantification of core infarct volume in acute arterial ischemic infarct in pediatric patients provides a reproducible and significantly faster result comparable with manual techniques, which
allows its easy integration into routine, clinical workflow. In our
study, cutoff values above 32 mL for core infarct volume and 3%
for percentage of infarcted brain parenchymal volume were associated with a poor outcome in all patients.
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Normal Fetal Posterior Fossa in MR Imaging:
New Biometric Data and Possible Clinical Signiﬁcance
R. Ber, O. Bar-Yosef, C. Hoffmann, D. Shashar, R. Achiron, and E. Katorza

ABSTRACT
BACKGROUND AND PURPOSE: Posterior fossa malformations are a common ﬁnding in prenatal diagnosis. The objectives of this study
are to re-evaluate existing normal MR imaging biometric data of the fetal posterior fossa, suggest and evaluate new parameters, and
demonstrate the possible clinical applications of these data.
MATERIALS AND METHODS: This was a retrospective review of 215 fetal MR imaging examinations with normal ﬁndings and 5
examinations of fetuses with a suspected pathologic posterior fossa. Six previously reported parameters and 8 new parameters were
measured. Three new parameter ratios were calculated. Interobserver agreement was calculated by using the intraclass correlation
coefﬁcient.
RESULTS: For measuring each structure, 151–211 MR imaging examinations were selected, resulting in a normal biometry curve according to
gestational age for each parameter. Analysis of the ratio parameters showed that vermian lobe ratio and cerebellar hemisphere ratio
remain constant with gestational age and that the vermis-to-cisterna magna ratio varies with gestational age. Measurements of the 5
pathologic fetuses are presented on the normal curves. Interobserver agreement was excellent, with the intraclass correlation coefﬁcients
of most parameters above 0.9 and only 2 parameters below 0.8.
CONCLUSIONS: The biometry curves derived from new and existing biometric data and presented in this study may expand and deepen
the biometry we use today, while keeping it simple and repeatable. By applying these extensive biometric data on suspected abnormal
cases, diagnoses may be conﬁrmed, better classiﬁed, or completely altered.
ABBREVIATIONS: ICC ⫽ intraclass correlation coefﬁcient; CHR ⫽ cerebellar hemisphere ratio; CMS ⫽ cisterna magna cross-sectional area; PF ⫽ posterior
fossa; TCD ⫽ transcerebellar diameter; VCMR ⫽ vermis-to-cisterna magna ratio; VLR ⫽ vermian lobe ratio; VP ⫽ vermian perimeter; VS ⫽ vermian crosssectional area

T

he posterior cranial fossa is located between the foramen magnum, which forms its caudal boundary, and the tentorium
cerebelli, which form its cephalad boundary. It includes the 3
parts of the brain stem: medulla oblongata, pons, and midbrain;
the cerebellum with its vermis; and the fluid-filled spaces: the
fourth ventricle and cisterna magna. The structures of the posterior fossa (PF) develop from the mesencephalon of the neural
tube (midbrain and vermis), the metencephalon part of the
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rhombencephalon (pons and cerebellar hemispheres), and the
myelencephalon part of the rhombencephalon (medulla oblongata), starting at the fourth gestational week. Normally, by the
18th gestational week, the PF consists of a developed vermis and
cerebellum, a developed pons, and a fourth ventricle fully covered
by the caudal part of the vermis, and the fluid-filled spaces are
connected by the foramina of Luschka and Magendie.1,2
During the development of the structures and fluid-filled
spaces of the PF, a wide spectrum of malformations of these structures is often observed. The variety of these malformations, isolated or part of a syndrome, and of their outcomes makes it difficult to classify the different pathologies.3,4 During the past decade,
attempts to classify the PF malformations have been made, to help
physicians and radiologists diagnose and give an accurate prognosis for fetuses with a pathologic PF.5-7
The different classifications and the possible diagnoses are
mainly on the basis of the morphology of the fetal PF and its
biometric data. Formerly, normal biometric data were taken
AJNR Am J Neuroradiol 36:795– 802
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FIG 1. New parameters measured. A, Sagittal section of the PF: 1) vermian anterior lobe
cross-sectional area, 2) vermian posterior lobe cross-sectional area, 3) pontine height, 4)
pontine cross-sectional area, 5) cisterna magna cross-sectional area, 6) brain stem cross
sectional area. B, Axial section of the PF: 1) cerebellar cross-sectional area and perimeter, and
2) cerebellar hemisphere cross-sectional areas.

uating the vermis and better contrast
resolution, which enable evaluation of
the brain stem.13,14 Therefore, during
the past 2 decades, MR imaging has become an important tool to prenatally
evaluate the morphology of the PF,
and many studies have been published
to supply valid MR imaging biometric
data.15-17 However, because using MR
imaging prenatally is still not a common
procedure and is usually performed on
suspected abnormal fetuses, re-evaluation
is still needed. In addition, the high resolution of MR images makes it possible to
measure structures that could not be measured before.
In this study, we re-evaluated existing normal MR imaging biometric
data of PF structures in a large cohort.
In addition, we suggest new biometric
data, that, to our knowledge, were not
measured in previous studies, to help
correctly diagnose suspected pathologic fetuses. We demonstrate the potential clinical use of these data by retrospectively evaluating 5 different
suspected pathologic cases.

MATERIALS AND METHODS
Population
We performed a retrospective review of
215 fetal MR imaging examinations in the
Chaim Sheba Medical Center between
2007 and 2013. The included examinations were selected according to the following criteria: 25th–39th gestational
week (the distribution of the number of
fetuses examined by gestational week is
presented in On-line Fig 1), no PF findings, and mild-to-no cerebral findings.
Examinations of fetuses with isolated extracranial anomalies or maternal cytomegalovirus infection with no intracranial
anomalies were also included. Eighty percent of the fetuses had no abnormal findings, and 20% had a mild lateral ventricular asymmetry or ventriculomegaly. The
list of examination indications and findings is presented in On-line Table 1. For
each structure measured, only satisfactory
images in terms of quality and alignment
were selected to be measured.
FIG 2. Percentile curves for new parameters. A, Vermian anterior lobe cross-sectional area. B,
In addition, 5 fetuses with a susVermian posterior lobe cross-sectional area.
pected pathologic PF were selected for
re-evaluation according to the new reference data generated in this study. The same structures were
mainly from studies of PF biometry in ultrasonographic imagmeasured for these fetuses with the same procedure performed
ing.8-12 However, MR imaging has advantages over sonografor healthy fetuses and detailed below.
phy when assessing fetal PF, such as better accuracy when eval796
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FIG 2. Continued. C, Pontine height. D, Pontine cross-sectional area.

MR Imaging Technique
In our institution, we perform fetal brain MR imaging by using a
1.5T system (Optima; GE Healthcare, Milwaukee, Wisconsin).
Single-shot fast spin-echo T2-weighted sequences in 3 orthogonal
planes were performed by using a half Fourier technique (NEX ⫽
0.53) with the following parameters: section thickness, 3– 4 mm;
no gap; flexible coil (8-channel cardiac coil); matrix, 320/224; TE,
90 ms; and TR, 1298 ms. The FOV was determined by the size of
the fetal head: 24 cm for the smaller fetuses and up to 30 cm for the
larger fetuses. T1 fast-spoiled gradient-echo sequences were performed only in the axial plane with a larger FOV (400 mm); section thickness, 4 mm; gap, 0.5 mm; TR, 160 ms; and TE, 2.3 ms.
The in-plane resolution of the T1 fast-spoiled gradient-recalled
images was the following: sagittal—matrix, 256 ⫻ 160; FOV,
30 ⫻ 30; voxel, 1.17 ⫻ 1.875 mm; and coronal: matrix, 256 ⫻ 160;
FOV, 36 ⫻ 36; voxel, 1.4 ⫻ 2.25 mm.
MR imaging was followed by a DWI sequence performed with
a 40-cm FOV and b-values of 0 and 1000 or 700 ms. The ADC
calculation map was added.18

Measurements
All measurements were performed manually by a single operator (R.B.) on a PACS reading workstation. Twenty-five ran-

dom fetuses were remeasured by another operator (E.K.) to evaluate
interobserver agreement for each
structure. For each examination, 9 parameters were measured in the midsagittal section and 5, in the axial section. Axial section parameters were
measured slightly above the base of
skull in the plane of the following
landmarks: the fastigium of the fourth
ventricle, pons, anterior part of the
temporal lobes, and eyeballs, with a
symmetric presentation of the temporal lobes and eyeballs. Previously reported parameters measured in the
midsagittal section included the anteroposterior diameter of the vermis,
vermian height, vermian perimeter
(VP), vermian cross-sectional area
(VS), and pontine anteroposterior diameter. Previously reported parameters measured in the axial section
included transcerebellar diameter
(TCD). New parameters measured in the
midsagittal section are presented in Fig 1A
and included the vermian anterior lobe
cross-sectional area, vermian posterior
lobe cross-sectional area, pontine height,
pontine cross-sectional area, brain stem
cross-sectional area, and cisterna magna
cross-sectional area (CMS). New parameters measured in the axial section are
presented in Fig 1B and included the cerebellar perimeter and cerebellar cross-sectional area.
We calculated the following additional parameter ratios:
the ratio between the cross-sectional areas of the vermian lobes
(VLR), the ratio between the VS and CMS (VCMR), and the
ratio between the cross-sectional areas of the cerebellar hemispheres (CHR). Previously reported biometric parameters (anteroposterior diameter of the vermis, vermian height, VS, VP,
pontine anteroposterior diameter, TCD) were measured according to common methodology.15,19 New parameters introduced in this study were measured as follows.
Sagittal Section Measurements. Vermian anterior lobe crosssectional area and vermian posterior lobe cross-sectional area
were measured as the cross-sectional area of the corresponding
lobe of the vermis, with a separation line between the fourth
ventricle fastigium and the vertex of the primary fissure of the
vermis (Fig 1A). The posterolateral fissure, which separates the
vermis from the nodule, is difficult to recognize in most images; therefore, the nodule of the vermis was included in the
vermian posterior lobe cross-sectional area (Fig 1A).
Pontine height was measured as the height between the upper
notch created between the pons and the cerebral peduncle and the
lower notch created by the pontomedullary angle (Fig 1A).
The pontine cross-sectional area was measured as the area beAJNR Am J Neuroradiol 36:795– 802
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our study, the model for centile q at
gestational age t was C q ⫽  t ⫹  t Z q ,
where  t and  t were the mean and SD
at age t, measured in days, and Z q was
the q centile of the standard normal
distribution. The functions  t and  t
were estimated and smoothed by using
the Rigby and Stasinopoulos algorithm20 with a cubic spline smoothing.
The normality assumption was slightly inadequate, but the resulting curves were almost identical to those achieved by assuming the Box-Cox t distribution (with 4
parameters) recommended.21 In addition, we found the skewness and
kurtosis parameters of the Box-Cox t
distribution to be nonsignificant for
all response variables; this finding
supports our decision to simply use
the normal distribution without any
transformation.
For the ratio variables (VCMR, VLR,
CHR), we examined the hypothesis t ⫽
, to assess the independence of the ratios with gestational age. The hypothesis
was tested by using the Generalized Additive Models for Location, Scale and
Shape.
Intraclass correlation coefficient
(ICC) and limit of agreement were
used to study the reliability of measurements across measurers, and 25
subjects were measured by 2 measurFIG 2. Continued. E, Cisterna magna cross-sectional area. F, Brain stem cross-sectional area.
ers for this purpose. Results were detween 2 lines stretched from the pontopeduncular notch and the
fined as poor for ICC ⬍ 0.6, satisfactory for 0.6 ⬍ ICC ⬍ 0.8,
pontomedullary notch described above to the posterior boundary
good for 0.8 ⬍ ICC ⬍ 0.9, and excellent for ICC ⬎ 0.9.
of the brain stem and orthogonal to its axis (Fig 1A).
CMS was measured as the area whose boundaries were the
Ethics Approval
tentorium cerebelli, the posterior boundary of the brain stem, and
The research was approved by the hospital research ethics board.
the foramen magnum. The vermis, the fourth ventricle, and the
cisterna magna were included in the CMS (Fig 1A).
RESULTS
Brain stem cross-sectional area was measured as the crossNormal Biometric Reference Data
sectional area of the medulla, the pons, and the midbrain with the
Two hundred fifteen MR imaging examinations were selected
tectum of the midbrain included (Fig 1A).
for measurement, of which 151–211 images were selected as
adequate for measuring in terms of quality and alignment, for
Axial Section Measurements. The cerebellar perimeter and cereeach structure. The number of images per structure is prebellar cross-sectional area were measured as the perimeter and area,
sented in On-line Table 2. Normal percentile curves of biometrespectively, encircling the cerebellum and the pons (Fig 1B).
ric reference data previously reported (anteroposterior diamCross-sectional areas of the cerebellar hemispheres were meaeter of the vermis, vermian height, VS, VP, pontine
sured as the area of right and left hemispheres of the cerebellum
anteroposterior diameter, TCD) are presented in On-line Fig
alone, excluding the vermis (Fig 1B).
2. Normal percentile curves of new biometric reference data
(vermian anterior lobe cross-sectional area, vermian posterior
Statistical Analysis
lobe cross-sectional area, pontine height, pontine cross-secAll statistical analysis was performed by using R, Version 3.0.1
tional area, CMS, brain stem cross-sectional area, cerebellar
(R statistical computing software; http://www.r-project.org).
perimeter, cerebellar cross-sectional area) are presented in Fig
The reference intervals were estimated by using the General2. Normal percentiles for each parameter by gestational age are
ized Additive Models for Location, Scale, and Shape model,20
the suggested method of the World Health Organization.21 In
presented in On-line Tables 3–16.
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measurements of images are presented
on the normal curves in On-line Fig 2
and Fig 2 and are labeled according to
their case number in the Table.

Normal Parameter Ratios
For VCMR, we obtained a highly significant result (P ⬍ 10⫺10), implying that
VCMR is not constant with gestational
age. The normal percentile curves for
VCMR are presented in On-line Fig 3,
and the normal percentiles for VCMR
are presented in On-line Table 17. For
VLR and CHR, we obtained P ⫽ .09 and
P ⫽ .59, respectively, and concluded that
these ratios are constant with gestational
age. Normal percentiles for VLR and
CHR are presented in On-line Table 18.

Interobserver Agreement
Agreement between the 2 operators for
each structure showed excellent correlation (ICC ⬎ 0.9) between measurers in 8
parameters, good correlation (0.8 ⬍
ICC ⬍ 0.9) in 4 parameters, and satisfactory correlation in only 2 parameters,
VP and pontine height. The results are
presented in On-line Table 19.

DISCUSSION
Malformations of the posterior fossa are
a common finding in prenatal diagnosis
and include a wide variety of pathologies
FIG 2. Continued. G, Cerebellar perimeter. H, Cerebellar cross-sectional area.
and a wide spectrum of prognoses.1,11,22
Abnormal measurements of pathologic cases
Therefore, the exact diagnosis and accuGestational
rate prognosis given to the soon-to-be
Case
Age (weeks)
Indication for MRI
Abnormal Measurements
parents are crucial for the their underA
31.0
Cerebellar asymmetry
CHR, TCD, CS, and CP below
standing of the consequences of these
3rd percentile
malformations. The establishment of a
B
31.6
Enlarged cisterna magna
No abnormal measurements
C
32.0
Suspected abnormal vermis
VS, VPLS, and VCMR below
diagnosis of PF malformation is based
3rd percentile; CMS and VLR
on several parameters, including anatabove 97th percentile
omy, morphology, and biometry.7 InD
34.0
Suspected abnormal vermis
APDV, VH, VS, VP, VALS, and VPLS
sufficient
biometry and reliance on exbelow 3rd percentile
aminers’
subjective
assessments may
E
32.0
Low TCD measurements
TCD, CS, and CP below
and suspected abnormal
3rd percentile
lead to a wrong diagnosis and wrong
brain stem
prognosis, including under- or overdiNote:—APDV indicates anteroposterior diameter of the vermis; VH, vermian height; VALS, vermian anterior lobe
agnosis of different pathologies.23,24
cross-sectional area; CP, cerebellar perimeter; CS, cerebellar cross-sectional area; VPLS, vermian posterior lobe crossExisting 2D MR imaging biometric
sectional area.
data of the PF are limited to only a few
parameters, which reduce the ability to
Pathologic Cases Biometry
analyze
dynamic
components
such as the PF structures. Thus,
We obtained abnormal measurements for cases A, C, D, and E,
the physician evaluating the fetus must rely on his or her subjecaccording to new and previously reported biometric data. Case B
tive evaluation with limited objective tools. Furthermore, some
had no abnormal measurements according to the parameters
previously reported studies showed no benefit in diagnosing PF
measured in this study. A list of the pathologic cases, their indicamalformations by using MR imaging compared with ultration for MR imaging examination, and their abnormal biometry
sound.4,22,25 However, the increasing use of fetal MR imaging
findings (measurements exceeding 2 SDs) is presented in the Table. The images of these fetuses are presented in Fig 3, and the
examinations after ultrasound screening to diagnose cerebral paAJNR Am J Neuroradiol 36:795– 802
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tool for diagnosing PF malformations.
We performed measurements on a large
cohort of 215 fetuses from the 25th to
39th gestational week. We measured 6
previously reported parameters15,19
(anteroposterior diameter of the vermis,
vermian height, VS, VP, pontine anteroposterior diameter, TCD) that are routinely used as biometric data. These parameters, together with morphologic
analysis by the physician, support the diagnosis of PF malformations. To these
existing data, we added 8 new biometric
parameters and 3 new ratio parameters.
We provided normal curves of these parameters and third, 15th, 50th, 85th, and
97th percentiles. We also showed the
reproducibility of these measurements
by evaluating interobserver agreement.
Only 2 parameters, VP and pontine
height, showed a satisfactory agreement.
This could be explained by the difficulty
in recognizing small fissures of the vermis in the case of VP and the difficulty in
determining the location of the pontomedullary angle in the case of pontine
height. The rest of the parameters measured showed good-to-excellent interobserver agreement. These expanded
biometric data may replace the subjective morphologic assessment and allow
further objective investigation of the
pathologies.
Case A is an example of the possible
clinical significance of the new parameters. Cerebellar asymmetry is a pathology
diagnosed by the physician by morphologically evaluating the fetal cerebellum,
along with measuring a small TCD. The
FIG 3. Pathologic cases indicated for MR imaging examinations. A, Cerebellar asymmetry. B, cerebellar hemisphere ratio parameter, inEnlarged cisterna magna. C, Suspected abnormal vermis. D, Suspected abnormal vermis. E, Low troduced in this study, may help the phyTCD measurements in axial (left) and saggital (right) planes.
sician determine whether the asymmetry
between lobes is within normal limits. In
this
case,
the
CHR
was
measured
as 1.52, which exceeds normal limthologies enables us to expand our biometric data to finer strucits and validates the subjective diagnosis of cerebellar asymmetry. By
tures such as the vermian lobes and the brain stem. The vermian
these data, we turn subjective analysis into an objective biometryprimary fissure is difficult to recognize by using ultrasound, makbased analysis.
ing it difficult to differentiate between the vermian lobes. The
“Mega cisterna magna” is historically defined as a cisterna
brain stem is considered difficult to depict by using ultrasound
magna diameter exceeding 10 mm.30 Previous studies have retechniques, and only limited biometric data are available.10 MR
ported this definition to be inaccurate, and it has been shown to
imaging allows better evaluation of these structures and possible
vary with gestational age.31,32 The cisterna magna is a fluid-filled
biometric assessment that might reinforce the role of MR imaging
space that is normally continuous with the subarachnoid space of
after ultrasound screening. Recent studies suggest a challenging
the entire PF, between the foramen magnum and the tentorium
approach to this issue by developing the technology to expand to
cerebelli. We measured the cross-sectional area of the entire fluid3D MR imaging biometry.26-29 However, this approach has not
filled space in the midsagittal section (CMS) and the ratio between
matured and is not yet in clinical use.
the vermian cross-sectional area and the CMS. As reported and seen
In this study, we suggest that a more comprehensive yet techin Figs 2, both CMS and VCMR change according to gestational age
nologically simple 2D biometry, including biometric relations between structures, can be a more thorough and accurate objective
but at different rates due to the change in VS. Case B was referred for
800

Ber

Apr 2015

www.ajnr.org

MR imaging due to an enlarged cisterna magna on ultrasound examination; the cisterna magna was measured as ⬎10 mm on MR imaging. However, the new parameters, CMS and VCMR, were normal
for this case. We believe that these curves may suggest a different
approach for diagnosing mega cisterna magna, both isolated and as
part of a more complex PF malformation. Perhaps by redefining the
criteria for mega cisterna magna according to the new parameters,
CMS and VCMR, we may avoid overdiagnosis of mega cisterna
magna.
Cases C and D were both referred for MR imaging examination due to a suspected abnormal vermis on ultrasound. As seen in
Fig 3, both cases present a rotated and small vermis. Indeed, VS
parameters for the 2 cases are below the third percentile. Nevertheless, when we applied the new parameter measurements, a differentiation between those cases could be achieved. Case C presented with an abnormal ratio between the vermian lobes, VLR
above the 97th percentile, with a small posterior lobe. This finding
may imply that the posterior lobe of the vermis either developed
abnormally or experienced mass effect by the fluid below it. This
case also presented with an enlarged cisterna magna with CMS
above the 97th percentile and VCMR below the third percentile.
Case D, on the other hand, presented with a normal VLR, with 2
vermian lobe areas below the third percentile. This case did not
present with an enlarged cisterna magna. The 2 seemingly similar
cases morphologically are now 2 different cases biometrically. This
result may help us avoid misinterpretations and overdiagnoses that
were previously reported among entities such as partial vermian
agenesis, inferior vermian hypoplasia, Blake pouch, and arachnoid
cyst.19 The primary fissure may be difficult to detect in cases of a
rotated vermis, such as in Dandy-Walker malformation, and this is a
limitation of the new measurements. However, in borderline cases
such as C and D, it should be possible to recognize the primary
fissure.
Case E was referred for MR imaging examination due to a
small TCD and a suspected abnormal cerebellum and brain stem.
As seen in Fig 3, one might suspect an asymmetry between cerebellar lobes and the brain stem looks relatively normal. When one
applies the new biometric data, this case presents with a normal
CHR, lowering the suspicion of asymmetry. The brain stem had
relatively small biometric measurements (pontine anteroposterior diameter and brain stem cross-sectional area) below the 15th
percentile. The cerebellum had all measurements (TCD, cerebellar cross-sectional area, and cerebellar perimeter) below the third
percentile. These data help us describe the biometry of the PF
accurately: a cerebellum that is small for gestational age, a brain
stem that is relatively small, and a normal vermis and cisterna
magna. This biometry may help us support or lower the suspicion
of pontocerebellar dysplasia, for example.
The main limitation of this study is that we demonstrated the
possible clinical significance of the new data only by applying it on
selected pathologic cases. We did not compare the diagnoses we
made by using these data with the previous evaluations of the
pathologic cases, postnatal imaging, and their clinical outcomes.
Another limitation is that we evaluated the interobserver agreement on measurements of normal cases. The results of this agreement are not necessarily valid for measurements of abnormal
cases. We also did not assess the sex effect on PF measurements.

This effect was previously reported to be significant statistically
but insignificant clinically.17

CONCLUSIONS
Diagnosis of fetal pathologies of the PF are based mainly on biometry and morphology of the different structures. The expanding usage of MR imaging in prenatal screening enables us to expand the biometry we use in sonography screening. In this study,
we presented comprehensive normative data, including the biometry of previously reported and new parameters and parameter
ratios, in MR imaging, while keeping them simple and repeatable.
We suggest that applying these new data may help further classify
posterior fossa malformations, confirm borderline diagnoses, and
avoid over- and underdiagnoses.
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Characterizing the Location of Spinal and Vertebral Levels in
the Human Cervical Spinal Cord
D.W. Cadotte, A. Cadotte, J. Cohen-Adad, D. Fleet, M. Livne, J.R. Wilson, D. Mikulis, N. Nugaeva, and M.G. Fehlings

ABSTRACT
BACKGROUND AND PURPOSE: Advanced MR imaging techniques are critical to understanding the pathophysiology of conditions involving
the spinal cord. We provide a novel, quantitative solution to map vertebral and spinal cord levels accounting for anatomic variability within the
human spinal cord. For the ﬁrst time, we report a population distribution of the segmental anatomy of the cervical spinal cord that has direct
implications for the interpretation of advanced imaging studies most often conducted across groups of subjects.
MATERIALS AND METHODS: Twenty healthy volunteers underwent a T2-weighted, 3T MRI of the cervical spinal cord. Two experts
marked the C3–C8 cervical nerve rootlets, C3–C7 vertebral bodies, and pontomedullary junction. A semiautomated algorithm was used to
locate the centerline of the spinal cord and measure rostral-caudal distances from a ﬁxed point in the brain stem, the pontomedullary
junction, to each of the spinal rootlets and vertebral bodies. Distances to each location were compared across subjects. Six volunteers had
2 additional scans in neck ﬂexion and extension to measure the effects of patient positioning in the scanner.
RESULTS: We demonstrated that substantial variation exists in the rostral-caudal position of spinal cord segments among individuals and
that prior methods of predicting spinal segments are imprecise. We also show that neck ﬂexion or extension has little effect on the relative
location of vertebral-versus-spinal levels.
CONCLUSIONS: Accounting for spinal level variation is lacking in existing imaging studies. Future studies should account for this variation
for accurate interpretation of the neuroanatomic origin of acquired MR signals.
ABBREVIATION: PMJ ⫽ pontomedullary junction

A

dvanced MR imaging techniques of the human spinal cord
are critical to understanding the pathophysiology of conditions such as traumatic injury, degenerative spondylosis, or neuroinflammatory conditions such as multiple sclerosis. These techniques provide the opportunity to assess subclinical changes in
spinal cord structure and function. For example, diffusion tensor
imaging and magnetization transfer can be used to follow the
integrity of white matter tracts in specific regions of the human
spinal cord1; fMRI can be used to track the spinal response to a
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particular stimulus, reflecting the integrity of specific functional
circuits.2 Recently, the microstructure of the corticospinal motor
pathway was mapped; imaging characteristics of this map correlated with clinical function.3 The ultimate goal of early detection
of subclinical recovery or deterioration should be to personalize
treatment strategies in both the acute and chronic phases of
injury.
A prerequisite to accurate interpretation of advanced imaging
data is appreciating the neuroanatomic origin of the acquired
signal. An imaging atlas brings prior spatial knowledge to an imaging dataset. Advanced brain imaging has benefited from the
design and improvement of brain atlases that allow registration of
various functional and structural imaging studies.4,5 Atlases of the
spinal cord are not as developed. Despite recent initiatives for
creating a generic template of the spinal cord,6 most previous
templates have been created by individual research groups to meet
the objectives of specific studies. For example, manually segmented templates have been created on the basis of specific anatomic information of the nerve rootlet position.2 Perhaps most
common is to infer neuroanatomic positions within the spinal
AJNR Am J Neuroradiol 36:803–10
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cord by counting the adjacent vertebral bodies and stating that,
for example, the C6 spinal cord segment is adjacent to the C5
vertebral body.7 This latter approach coincides with widely
accepted neuroanatomy textbooks, but the error associated
with vertebral body measurements to predict the immediate
caudal spinal cord segment has not been investigated. The diversity of human anatomy offers 2 principal sources of variability: 1) intersubject differences in spinal column anatomy,
and 2) intersubject differences in spinal cord segments relative
to a fixed point in the brain stem. The work presented here
considers these 2 sources of diversity across a cohort of healthy
individuals and presents a unique solution, a “spinal level
map,” which can be applied in advanced MR imaging assessment of the human cervical cord.
In this work, we impart a neuroanatomic context to singlesubject high-resolution images of the cervical spine by delineating the location of vertebral bodies and spinal cord segments down the central axis of the spinal cord. Thus, we
account for the personal anatomy of single subjects. Using
expert markings as ground truth data, we report the distribution of vertebral and spinal cord segments across our cohort of
20 subjects. To the best of our knowledge, this is the first article
that presents a quantitative, accurate solution to delineate the
anatomic variability of the human cervical spinal cord. We
anticipate that this approach will dramatically enhance the accuracy of quantitative MR imaging– based assessment of the
normal and diseased spinal cord.

MATERIALS AND METHODS
Study Design
In this work, we investigated 20 healthy volunteers (7 men; mean
age, 30.5 years; range, 19 –52 years) to delineate the segmental
structural anatomy of the human cervical spine. We describe the
spatial relationships of both intrasubject segmental anatomy and
intersubject differences in relative anatomic locations. Informed
consent was obtained in all cases, and approval to conduct this
work was granted by our institutional ethics review board. Demographic information of participants is listed in Table 1.

MR Imaging Acquisition
All imaging data were acquired on a 3T HDx MR imaging system
(GE Healthcare, Milwaukee, Wisconsin) at the Toronto Western
Hospital by using an 8-channel neurovascular array coil. Subjects
were carefully positioned to limit head movement and were requested not to move. A T2-weighted acquisition was obtained to
optimize visualization of cervical nerve rootlets emerging from the
spinal cord in a segmental fashion. We used a FIESTA-C sequence
(T2-weighted): matrix, 512 ⫻ 512; NEX, 1.0; FOV, 200 mm; section
thickness, 0.3 mm resulting in a voxel size of 0.3906 ⫻ 0.3906 ⫻
0.3000 mm, without interpolation, collected in the coronal plane.
Total scanning time was approximately 12 minutes.
In a subset of individuals (n ⫽ 6), we acquired 3 volumes: 1
in a neutral position, 1 in neck flexion, and 1 in neck extension.
Although neck flexion and extension are limited within the
confines of the imaging environment, we obtained roughly
6°–10° of either flexion or extension by placing extra padding
under the occiput (neck flexion) or under the shoulders (neck exten804
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Table 1: Demographic information of study participants
Participant No.
Age (yr)
Sex
Height (cm)
1
32
F
163
2
44
M
181
3
28
F
168
4
47
M
170
5
23
F
171
6
52
F
170
7
31
F
157
8
29
M
182
9
21
M
179
10
34
F
164
11
25
F
175
12
22
F
186
13
19
M
180
14
27
F
173
15
22
M
162
16
28
F
159
17
34
F
169
18
30
F
168
19
25
F
176
20
36
M
174

sion). This range represents the normal positions that one might expect
in the imaging environment.

Measurements along the Spinal Cord Axis
To accurately measure distances from a common point in the
brain stem, the pontomedullary junction (PMJ), to any set of
nerve rootlets or vertebrae along the spinal cord, we used custom
algorithms written in the Python language. First, the centerline of
the cord was estimated by using manual markings in 3DSlicer
(http://www.slicer.org/). These points were used as the initial
control points of a Catmull-Rom spline, representing the centerline of the spinal cord.8 A 2D template-matching algorithm, by
using ground truth data from several manually segmented spinal
cord images, was used to segment the cervical spinal cord. The
segmented volume was then used to determine a more precise
centerline, which became new control points for the spline. Using
the adjusted/centered spline, we identified the center point of
the spinal cord at all distances from the PMJ to the lower cervical spinal cord, caudal to the C8 spinal cord segment, yielding
the spinal cord centerline. Using this centerline, we then defined the
arc-length axis of each individual’s spinal cord and used this axis to
perform measurements. Briefly, the arc-length axis can be defined as
the longitudinal distance from the pontomedullary junction down
the spinal cord. This reference system is unique in that it avoids the
use of a Cartesian (x, y, z) coordinate system, which would be less
accurate in defining distances down the spinal cord, given the variation in spinal curvature across individuals. The generation of this
arc-length central spinal cord axis is illustrated in Fig 1.

Nerve Rootlet and Vertebral Body Localization
We used the C3 through C8 spinal nerve rootlets as a surrogate
marker for the segmental anatomy of the spinal cord in an individual subject. To determine the distance from the PMJ to each
set of spinal nerve rootlets, 2 individuals with specialized knowledge of spinal cord anatomy manually marked the dorsal nerve
rootlets of segments C3–C8 at the edge of the spinal cord where
the rootlets meet the CSF by using 3DSlicer. To perform these

markings, we visualized the spinal cord and cervical nerve rootlets
in 3 planes (axial, sagittal, and coronal) and followed these nerve
rootlets as they transition into cervical nerve roots and traverse
the respective intervertebral foramen. For example, the C3 nerve
rootlets transition into the C3 nerve root and emerge through
the intervertebral foramen between the C2 and C3 vertebrae.
After we confirmed that specific nerve rootlets had transitioned
from a specific nerve root, individual dorsal nerve rootlets were
marked in 3DSlicer. The most rostral and caudal extents of the
C3–C7 vertebral bodies were also marked on a midsagittal section
of each subject. The selected nerve rootlet and vertebrae points
were then projected onto the spinal cord centerline by orthogonal
projection at the midpoint of the rostral and caudal extents of

either structure. A combination of MR images and artist illustration is used in Fig 2 to show how these markings were performed.

Interobserver Reproducibility in Identifying Cervical
Nerve Rootlets and Vertebral Bodies
The interobserver reliability of both nerve rootlet and vertebral
body measurements was assessed by obtaining the intraclass correlation coefficient values comparing the assessments of 2 independent observers. These coefficients were obtained by using a
2-way mixed-effects model in the SPSS statistics package, Version
21 (IBM, Armonk, New York).

Are Vertebral Bodies a Reliable Surrogate Marker for
Spinal Cord Segments?
To determine whether vertebral bodies are a reliable surrogate
marker for spinal cord segments, we determined the amount of
overlap between the 2. This was accomplished by determining the
most rostral and caudal distances of the vertebrae and spinal cord
segment in question, relative to the PMJ, and calculating the percentage of the spinal cord segment that falls within the vertebral
segment area. For example, for 1 subject, the C6 vertebral body
lies at a distance between 116 and 128 mm from the PMJ. The C7
spinal cord segment for the same individual lies between 110 and 118
mm from the PMJ. The overlap in this case is 2 mm at the rostral end
of the vertebrae and caudal end of the spinal cord segment. The percentage overlap is calculated as overlap divided by the total length of
the vertebral body, in this case 2/12 mm, or 17%.

Does Patient Positioning within the MR Imaging
Environment Exacerbate Differences between Vertebral
and Spinal Cord Segments?

FIG 1. Results of spinal cord centerline extraction in 1 subject. The red
line represents the spinal cord centerline. Distance from the PMJ is
calculated along this centerline (z, in millimeters), for measuring the
absolute location of the vertebral and spinal levels.

Patient positioning for neck flexion and extension is described
above. To calculate the degree of neck flexion or extension, we
compared the tangent of the spinal cord in the sagittal plane at 2
points along the spinal cord. In previous work, the angle was measured as the difference in vertebrae angles at C2 and C7.9,10 The angle
between these 2 vertebrae is calculated by drawing a line parallel to
the posterior edge of the vertebral body, which runs parallel to the
spinal cord, and calculating the angle between those 2 lines.

FIG 2. From left to right: T2-weighted MR image with the PMJ and superior (Sup.) and inferior (inf.) endplates of the C3 vertebral body marked with
dashed white lines. Immediately adjacent to this, an artist’s illustration demonstrates how person-speciﬁc markings are positioned relative to the
individualized arc-length axis of the spinal cord (red line). Thus, distances can be compared across individuals along their personalized spinal cord axes.
The T2-weighted coronal image depicts spinal rootlets (A) and the gap between adjacent segmental rootlets (B), delineated by dashed white lines. The
far right artist’s illustration depicts segmental rootlets and the formation of a spinal nerve root that emerges from the intervertebral foramen. To
accuratelylocalizesegmentalnerverootlets,wefollowedthespinalnerverootthatemergesfromtheintervertebralforamenoftherespectivevertebralbody.
AJNR Am J Neuroradiol 36:803–10
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FIG 3. Nerve rootlet (NR, solid lines) and vertebral body (VB, dashed lines) distributions across our cohort of 20 individuals. The x-axis of this line
graph represents the distance from the PMJ along the spinal cord axis, where zero is the PMJ and the increasing numbers are millimeter distances
down the curved axis of the spinal cord to the midpoint of either the vertebral body or spinal cord segment as demarcated by nerve rootlets.
The y-axis of the line graph represents the probability of ﬁnding either NR (solid line) or VB (dashed line) at a given distance down the curved
spinal cord. The spinal cord segments and vertebral bodies represented by the colored lines are shown in the graph inset as distances in
millimeters to the midpoint of either the vertebral bodies or spinal cord segments (as represented by nerve rootlets), projected orthogonally
onto the spinal cord centerline, SDs, and range. The rostral-caudal extent of nerve rootlets corresponding to each spinal segment was relatively
consistent across all spinal cord segments. The average length of spinal cord segments are the following: C3, 10.5 mm; C4, 9.9 mm; C5, 10.5 mm;
C6, 9.7 mm; C7, 9.4 mm; and C8 9.6 mm.

Our method uses the spinal cord axis of each subject to measure
these angles rather than relying on manually drawing parallel lines.
We measured the angle of the tangent of the spinal cord axis at all
locations relative to an imaginary horizontal line that lies across the
sagittal plane. By subtracting any of these 2 points at different locations along the spinal cord, we are able to attain the relative angle.
To determine whether patient positioning within the MR imaging environment (slight neck flexion or extension) has an effect
on the discrepancy between vertebral and spinal cord segments,
we compared this discrepancy across neutral, flexion, and extension conditions. Vertebral-spinal discrepancy is defined as the
difference between the midpoint of a given spinal and vertebral
segment along the arc length of the spinal cord axis, reported in
millimeters. Taken alone, this measurement is expected to vary
across both segmental level and subject. However, if neck flexion
or extension has no effect on the discrepancy between vertebral
and spinal cord levels, then the difference between flexion and
extension markings should be similar to the difference associated
with independent observers marking vertebral and spinal cord
segments across subjects. To this effect, we report each of the
following: 1) the vertebral-spinal discrepancy reported for each
segmental level, in millimeters, across 2 independent observers; 2)
the vertebral-spinal discrepancy between neutral and flexion positioning; and 3) the vertebral-spinal discrepancy between neutral
and extension positioning. In all cases, the mean and SD across all
study participants are reported.
806
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RESULTS
The adult human spinal cord is roughly the shape of a curved
cylinder that extends from the cervicomedullary junction at the
foramen magnum to approximately the level of the first lumbar
vertebral body. The cervical spinal cord typically follows the slight
lordotic curvature of the bony spinal column (the convexity of the
curve points anteriorly and the concavity points posteriorly), but
this varies among individuals. To account for this variability, we
measured distances (arc length in millimeters) down the spinal
cord from a fixed point in the brain stem, the PMJ, of 20 healthy
volunteers. Figure 1 illustrates the result of spinal cord centerline
extraction, for 1 subject, from the T2-weighted volume.

Imparting Neuroanatomic Context to Spinal Imaging
To provide neuroanatomic context to each individual’s spinal images, we manually marked the position of vertebral bodies and
segmental nerve rootlets as they emerged from the spinal cord;
this is illustrated in Fig 2. The common thread among all individual datasets is the personalized spinal cord axis originating at the
PMJ and continuing down the spinal cord. By conducting measurements along this personalized axis, we could compare the
distribution of vertebral body and segmental rootlet positions
down the rostral-caudal length of an individual’s spinal cord with
others in our cohort.
There are distinct gaps in the position of cervical nerve rootlets
(see the MR image and illustration in Fig 2), a natural boundary

FIG 4. Vertebral body and spinal cord segment location across 10 subjects enrolled in this study. Vertebral bodies are represented for each
subject by light-shaded bars, whereas spinal cord segments are represented by colored bars (see graph inset).

for segmental information before the predominant somatotopic
representation in the brain. The distribution of the C3 through C8
spinal cord segments along the curved spinal cord axis is shown as
solid lines and reported within the graph inset in Fig 3. A second,
independent observer marked a subset of datasets (n ⫽ 15) yielding an interclass correlation coefficient of 1.0, P ⬍ .01, indicating
the high degree of reproducibility with which a qualified individual can identify segmental nerve rootlets.
The distribution of vertebral bodies along the curved longitudinal spinal cord axis is shown as dashed lines and is reported in
the graph inset in Fig 3. A second, independent observer marked a
subset of datasets (n ⫽ 15) yielding an interclass correlation coefficient of 1.0, P ⬍ .01, indicating the high degree of reproducibility
with which a qualified individual can identify the vertebral bodies.
The rostral-caudal extent of nerve rootlets corresponding to
each spinal segment was relatively consistent across the C3
through C8 spinal levels. The rostral-caudal length of rootlet
groups are the following (mean): C3, 10.5 ⫾ 2.2 mm; C4, 9.9 ⫾
1.3 mm; C5, 10.5 ⫾ 1.5 mm; C6, 9.7 ⫾ 1.6 mm; C7, 9.4 ⫾ 1.4 mm;
and C8, 9.6 ⫾ 1.4 mm.

Accounting for Interindividual Differences in Spinal
Anatomy
The results presented above and illustrated in Fig 3 provide a
neuroanatomic context to spinal imaging. The differences among
individuals have implications for imaging studies conducted
across a cohort of subjects; to account for these differences and

improve the accuracy with which interpretations are drawn from
imaging studies, we next considered the effect of using vertebral
bodies as a surrogate for spinal segments and whether patient
positioning within the MR imaging environment can exacerbate
differences between vertebral and spinal cord segments.
Are Vertebral Bodies a Reliable Surrogate Marker for Spinal Cord
Segments? Given the heterogeneity in spinal column and spinal
cord anatomy across even a small sample of the human population, we illustrate how this might affect the spatial interpretation
of imaging data by using the vertebral bodies as a rough indication
of spinal cord segmental anatomy; this is illustrated in Fig 4,
showing a subset of 10 subjects. As a first approximation, we illustrate the effect of assuming that a certain vertebral body is
immediately adjacent to the corresponding spinal cord segment
(eg, the C7 vertebral body is adjacent to the C7 spinal segment). If
we apply this methodology to all 20 subjects in this study, then 0%
of the C7 spinal cord segment volume is captured in the selected
range. The root-mean-square error between locations of the superior endplate of the vertebral bodies and their corresponding
spinal cord segments, averaged over 20 subjects and 5 groups of
nerve rootlets (C3–C7), is 20.33 mm.
Neuroanatomic textbooks suggest that a more accurate landmark for predicting spinal cord segments is using the vertebral
body rostral to the given spinal cord segment.11 This assumes, for
example, that the C7 spinal cord segment lies adjacent to the C6
vertebral body. Using the same 10 subjects shown in Figs 4 and 5
AJNR Am J Neuroradiol 36:803–10
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FIG 5. Left: scaled relative distance of the C7 spinal cord segments (red bars) from the C6 (upper
light-brown-shaded area) and C7 (lower light-brown-shaded area) vertebral bodies. When we
visualize an individual’s cervical spine MR imaging, we tend to hold the vertebral bodies constant.
This ﬁgure illustrates that the position of the seventh cervical spinal cord segment varies relative
to the position of the vertebral body across a cohort of individuals. If one were to assume that
the C7 spinal segments are immediately adjacent to the C7 vertebral body, then 0% of the actual
segments would be captured in such an analysis. Similarly, if one were to assume that the C7 spinal
cord segments are 1 vertebral body length rostral to the C7 body, then one would capture 33% of
the corresponding spinal segments for the 10 subjects shown, or 44% of the corresponding spinal
segments across all 20 subjects. Depending on the goals of the imaging experiment, one should
pay careful attention to the relative position of spinal segments and vertebral bodies across a
cohort of individuals. Assuming that spinal segments are constant may lead to false-positive or
false-negative results. Right: an artist’s depiction shows the range in spinal cord segments relative
to the vertebral bodies; light-shaded areas represent areas of population level overlap.

illustrates that 33% of the intended spinal cord segment would be
captured in the targeted volume. Using all 20 subjects studied,
44% of the intended spinal cord segment volume would be captured in the targeted volume. The root-mean-square error between locations of spinal cord segments and the superior endplate
of the vertebral body rostral to the corresponding spinal cord
segment in this case is 3.39 mm for all 20 subjects. We also note
that root-mean-square error depends on the subject, ranging
from 0.86 to 6.42 mm among the 20 subjects.
Does Patient Positioning within the MR Imaging Environment
Exacerbate Differences Between Vertebral and Spinal Cord
Segments? A subset (n ⫽ 6) of our initial cohort underwent imaging in slight neck flexion (by placing an extra cushion under the
occiput) and slight neck extension (by placing an extra cushion
under the shoulders) to determine the effect of patient positioning on the discrepancy between vertebral level and spinal segments. Measurements of flexion and extension from a neutral
position are shown in Fig 6, illustrating that positioning with an
extra cushion results in roughly 10°–15° of flexion or extension
from a neutral position.
Vertebral-spinal discrepancy varies substantially across subjects as is illustrated in Fig 4. However, the discrepancy can be
compared either within a subject in neutral position (to determine the error associated with marking vertebral and spinal segments) or within a subject between neutral and either flexion or
extension positions. The error associated with determining vertebral-spinal discrepancy varied across spinal levels and was the
following: C3, 1.0 mm; C4, 1.3 mm; C5, 1.3 mm; C6, 0.9 mm;
and C7, 1.1 mm.
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If the patient is positioned in slight
flexion, the vertebral-spinal discrepancies are as follows: C3, 1.3 mm; C4, 0.7
mm; C5, 1.2 mm; C6, 0.8 mm; and C7,
1.9 mm.
If the patient is positioned in slight
extension, the vertebral-spinal discrepancies are as follows: C3, 1.4 mm; C4, 0.7
mm; C5, 1.0 mm; C6, 1.0 mm; and C7,
1.0 mm.
These results are summarized in
Table 2. They suggest that flexion or extension that is possible within the confines of the MR imaging environment
and measured to be between 10° and
15° (Fig 5) does not affect the relative
positions of vertebral and spinal cord
segments.

DISCUSSION

In this work, we characterized the location of spinal and vertebral levels in humans and addressed the intersubject
variability, which is a current limitation
in spinal cord MR imaging studies.12 To
perform this characterization, we used
the longitudinal axis of the brain stem–
spinal cord to perform measurements,
therefore accounting for the unique anatomy of a single subject. A
detailed understanding of a single subject’s anatomy is an important aspect of using advanced MR imaging– based metrics
(such as diffusion- or magnetization transfer– based measurements) to refine the diagnosis of spinal cord pathology and follow
the effect of novel therapeutic agents. For example, it has been
demonstrated that any incremental preservation of axons after
traumatic injury to the spinal cord results in a concomitant and
exponential increase in clinical function.13 With novel treatment
strategies aimed at either neuroprotection or remyelination of
axons, it will be extremely beneficial to use MR imaging– based
biomarkers to follow the degree of change to the spinal cord structure and function in the appropriate anatomic region. Visualizing
these changes may aid in the design of more efficient clinical trials
and the ability to test a greater number of novel therapeutic agents
within a limited patient population.14,15 On the basis of userdefined markings of segmental nerve rootlets as ground truth
data, we identified the position of spinal segments relative to the
PMJ. For the first time, we report a population distribution of the
segmental anatomy of the cervical spine and demonstrate that
substantial variation exists in the rostral-caudal position of spinal
cord segments among individuals.
Limitations of this work include the fact that measurements
were obtained from a relatively small sample size of healthy controls. While this number of subjects is adequate to establish the
fact that differences exist between individuals, adding a greater
number of subjects of different ages and ethnic backgrounds and
including those with pathologies of the spinal column would be a
welcome addition in future works.

positioning on localizing a spinal segment. Subdivision of the spinal cord
into discrete segments begins as early as
4.5 gestational weeks in embryologic development during which time dorsal
nerve rootlets engage the spinal cord
from dorsal root ganglia and ventral
nerve rootlets emerge from the spinal
cord; this process is largely complete by
the end of the first trimester, after which
time the spinal cord white matter develops and is progressively myelinated.17
Dorsal and ventral nerve rootlets aggregate in clusters, emerge from the spinal
cord forming a spinal nerve, and traverse the closest caudal intervertebral
foramen to innervate the corresponding
segment of the body.17 As such, cervical
spinal cord segments are consistently located rostral to the corresponding numbered cervical vertebrae as illustrated in
Fig 4. However, using vertebral bodies to
localize a corresponding spinal cord segment is quite imprecise. The percentage
volume overlap between, for example,
FIG 6. Automated analysis of the degree of neck ﬂexion/extension of a subject. Top: the angle the C6 vertebral bodies and C7 spinal
between the tangent of the spinal cord at any point and tangent at the C7 vertebral body for 1 cord segments is only 44%, by using all
subject with the neck in ﬂexion (red) and extension (blue). Bottom: the difference between the
ﬂexion and extension curves or the maximum extent of curvature of the spinal cord at various 20 subjects. We also investigated the eflocations down the longitudinal axis of the spinal cord (x-axis). VB indicates vertebral body; deg, fect of subject positioning (ie, neck flexdegree; deg diff, degree difference.
ion or extension) on the discrepancy
between vertebral and spinal cord segTable 2: Vertebral-spinal discrepancy reported in neutral
position across 2 independent observers, between neutral and
ments.
Fortunately,
this
effect was relatively small as outlined in
ﬂexion positions and neutral and extension positionsa
Table 2. This has important clinical implications because subject
C3 C4 C5 C6 C7
positioning can sometimes be imposed by the clinical condition.
Neutral position across 2 independent
reviewers (mm)
Neutral ﬂexion (mm)
Neutral extension (mm)

1.0

1.3

1.3

0.9

1.1

1.3
1.4

0.7
0.7

1.2
1.0

0.8
1.0

1.9
1.0

a

Results are reported in millimeters. These results suggest that ﬂexion or extension
that is possible within the conﬁnes of the MR imaging environment does not affect
the relative positions of vertebral and spinal cord segments.

Accounting for this variation will be paramount to accurate
interpretation of the neuroanatomic origin of acquired MR signals in future imaging studies. This especially holds true for functional MR imaging studies that are challenging due to the low
sensitivity for studying single subjects (notably due to a low signal-to-noise ratio and high physiologic noise), and by the intrinsic variability of spinal rootlet locations that hamper the use of
grouped data. This argument is supported by a previous fMRI
study on cats, which showed high interanimal variability on the
rostrocaudal location of the blood oxygen level– dependent signal
relative to the vertebral level, when stimulating the same peripheral nerve.16
After providing a neuroanatomic context to spinal imaging
data, we then addressed 2 important concepts to account for interindividual variation in imaging studies conducted across a
group of subjects: 1) the effect of using vertebral bodies as a surrogate for spinal segment location, and 2) the effect of patient

CONCLUSIONS
Remarkable advances have been made during the past decade
allowing improved imaging of the human spinal cord.12,18 The
development of methods to manage the hostile imaging environment and to account for cardiorespiratory-related motion has
allowed improved applications to detect structural (such as diffusion and magnetization transfer imaging) and functional anomalies that occur in relation to traumatic injury of the spinal
cord.1,2,19,20 Other disorders, such as multiple sclerosis, have also
benefited from spinal cord imaging.21 Degenerative spinal disease, such as cervical spondylosis, is an increasing health burden
due to the aging population.22 Advanced imaging tools stand to
play an important role in aiding with decision-making, such as the
optimal time to offer decompressive surgery to maintain neurologic function before irreversible neurologic deficits are realized.
Future work in the realm of spinal segmentation must focus on
the neuroanatomic context of acquired images and use population-based probability data to develop improved methods that
aim to identify segmental anatomy. Thus, the user may have to
only ensure the accuracy of the segmentation rather than manually identify each spinal rootlet as we did here. Such advances will
improve workflow and reduce postprocessing time. Ultimately,
AJNR Am J Neuroradiol 36:803–10
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this neuroanatomic knowledge may be used for the delivery of
targeted therapeutics offering a regenerative strategy toward damaged cell populations.
Disclosures: David W. Cadotte—RELATED: Grant: Craig H. Neilsen Foundation (postdoctoral fellowship grant).* David Mikulis—UNRELATED: Grants/Grants Pending:
Canadian Institutes of Health Research, Physicians Services Incorporated, Ontario
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SPINE

Systematic Literature Review of Imaging Features of Spinal
Degeneration in Asymptomatic Populations
W. Brinjikji, P.H. Luetmer, B. Comstock, B.W. Bresnahan, L.E. Chen, R.A. Deyo, S. Halabi, J.A. Turner, A.L. Avins, K. James, J.T. Wald,
D.F. Kallmes, and J.G. Jarvik

ABSTRACT
BACKGROUND AND PURPOSE: Degenerative changes are commonly found in spine imaging but often occur in pain-free individuals as
well as those with back pain. We sought to estimate the prevalence, by age, of common degenerative spine conditions by performing a
systematic review studying the prevalence of spine degeneration on imaging in asymptomatic individuals.
MATERIALS AND METHODS: We performed a systematic review of articles reporting the prevalence of imaging ﬁndings (CT or MR
imaging) in asymptomatic individuals from published English literature through April 2014. Two reviewers evaluated each manuscript. We
selected age groupings by decade (20, 30, 40, 50, 60, 70, 80 years), determining age-speciﬁc prevalence estimates. For each imaging ﬁnding,
we ﬁt a generalized linear mixed-effects model for the age-speciﬁc prevalence estimate clustering in the study, adjusting for the midpoint
of the reported age interval.
RESULTS: Thirty-three articles reporting imaging ﬁndings for 3110 asymptomatic individuals met our study inclusion criteria. The prevalence of disk degeneration in asymptomatic individuals increased from 37% of 20-year-old individuals to 96% of 80-year-old individuals.
Disk bulge prevalence increased from 30% of those 20 years of age to 84% of those 80 years of age. Disk protrusion prevalence increased
from 29% of those 20 years of age to 43% of those 80 years of age. The prevalence of annular ﬁssure increased from 19% of those 20 years
of age to 29% of those 80 years of age.
CONCLUSIONS: Imaging ﬁndings of spine degeneration are present in high proportions of asymptomatic individuals, increasing with age.
Many imaging-based degenerative features are likely part of normal aging and unassociated with pain. These imaging ﬁndings must be
interpreted in the context of the patient’s clinical condition.

L

ow back pain has a high prevalence in industrialized countries,
affecting up to two-thirds of adults at some point in their
lifetime.1 Back pain is associated with high health care costs and
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has substantial economic consequences due to loss of productivity from back pain–associated disability.2 Advanced imaging (MR
imaging and CT) is increasingly used in the evaluation of patients
with low back pain.3 Findings such as disk degeneration, facet
hypertrophy, and disk protrusion are often interpreted as causes
of back pain, triggering both medical and surgical interventions,
which are sometimes unsuccessful in alleviating the patient’s
symptoms.4 Prior studies have demonstrated that imaging findings of spinal degeneration associated with back pain are also
present in a large proportion of asymptomatic individuals.5-7
Given the large number of adults who undergo advanced imaging to help determine the etiology of their back pain, it is important to know the prevalence of imaging findings of degenerative disease in asymptomatic populations. Such information will
help both clinical providers and patients interpret the importance
of degenerative findings noted in radiology reports. The aim of
this study was to systematically review the literature to determine
the age-specific prevalence of various imaging findings often associated with degenerative spine disease in asymptomatic individuals. We studied the age-specific prevalence of the following imAJNR Am J Neuroradiol 36:811–16
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aging findings in asymptomatic individuals: disk degeneration,
disk signal loss, disk height loss, disk bulge, disk protrusion, annular fissures, facet degeneration, and spondylolisthesis.

MATERIALS AND METHODS
Data Sources and Searches

epidemiologic evidence into lumbar spine imaging reports reduces spine interventions, including further imaging, injections,
and surgeries in subsequent years (clinicaltrials.gov identifier
NCT02015455).

Data Synthesis and Analysis

We performed a comprehensive search for articles describing relevant imaging findings by using MEDLINE and EMBASE. To
identify studies on imaging of asymptomatic spinal disorders, we
searched 3 databases through April 2014 (week 16): Ovid
MEDLINE, Ovid EMBASE, and the Web of Science. Ovid
MEDLINE and Ovid EMBASE use controlled vocabulary.
EMBASE was searched from 1988 to week 16 of 2014, and MEDLINE
was searched from 1946 to 2014. The Web of Science is text word–
based but tends to be more current and multidisciplinary, so articles may be discovered that are not included in the other databases. The initial concept was spinal diseases or disorders affecting
the spine: intervertebral disk degeneration or displacement, spondylolysis, low back pain, or specific vertebrae and joints (eg,
lumbar vertebrae). This was combined with diagnostic imaging techniques (tomography, radiography, MR imaging) and
the concept by text words of undetected, asymptomatic, and
asymptomatic disease (subject heading available in EMBASE, but
not MEDLINE). Details of the search strategy are provided in
On-line Tables 1 and 2. Studies identified from the literature
search were then further evaluated for inclusion in the meta-analysis. We also searched references from multiple articles to find any
additional studies that reported lumbar spine CT or MR imaging
findings in individuals without low back pain.

For each age category and finding, the number of studies that
contributed information and approximate patient-level sample
size was tabulated. For some studies, only the mean (SD) age was
provided, and we therefore used a normal approximation to estimate the number of patients in each age category. For each imaging finding, we fit a generalized linear mixed-effects model for the
age-specific prevalence estimate (binomial outcome), clustering
on study and adjusting for the midpoint of the reported age interval of each study. If a study reported prevalence estimates across
multiple age ranges, we included each age-range-specific estimate
as a separate record in the analysis. We examined whether the
prevalence estimates varied across patient age by decade (20s, 30s,
40s, 50s, 60s, 70s, 80s). In each model, we therefore incorporated
knots at ages 40 and 60 in an interaction with the age to allow the
association between age and prevalence to differ among age
groupings. We tested whether the association between prevalence
and age differed by age grouping by using a likelihood ratio test,
but we did not observe significant evidence for an interaction and
therefore used age as a linear predictor in each model. For each
finding, we generated generalized linear mixed-effects model–
based prevalence predictions at ages 20, 30, 40, 50, 60, 70, and 80
years. All data analyses were performed by using the R statistics
package (Version 3.0.1; http://www.r-project.org).

Study Selection and Data Extraction

RESULTS

To be included in our review, a study needed to be published in
English and report the prevalence of degenerative findings in different age groups on spine MR imaging or CT in asymptomatic
individuals. Asymptomatic individuals were defined as those with
no history of back pain. Studies including patients with minor or
low-grade back pain were excluded. Studies including patients
with motor or sensory symptoms, tumors, or trauma were excluded. If studies did not explicitly state that patients were painfree, they were excluded. Eleven reviewers (W.B., J.G.J., A.L.A.,
J.A.T., J.T.W., R.A.D., P.H.L., D.F.K., S.H., L.E.C., and B.W.B.)
examined abstracts of studies identified from the literature search
to determine whether the articles met the inclusion criteria. For
each article that met the inclusion criteria, we used a standard
form to abstract imaging technique, age-specific sample sizes, and
prevalence rates for the following imaging findings: disk degeneration, disk signal loss (ie, desiccated disk), disk height loss, disk
bulge, disk protrusion, annular fissures, facet degeneration, and
spondylolisthesis. These entities are defined in detail by the combined task forces of the American Society of Neuroradiology,
American Society of Spine Radiology, and North American Spine
Society.8 All articles were evaluated by 2 reviewers.
Findings from this systematic review are being used to help
physicians with clinical decision-making for patients with low
back pain in the Lumbar Imaging With Reporting of Epidemiology: A Pragmatic Cluster Randomized Trial, a multicenter randomized controlled trial aimed at determining whether inserting
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A summary of articles included in the literature review is provided
in On-line Table 3. Our search yielded 379 unique articles. On the
basis of the abstracts of these articles, we excluded 300 articles that
did not meet our review inclusion criteria. Of the remaining 79
articles, we excluded 46 because they did not include asymptomatic individuals or the symptomatic status of patients was ambiguous, did not allow adequate separation of prevalences by age
group, or included only patients younger than 18 years of age.
Thirty-three studies reporting imaging findings for 3110 individuals met the inclusion criteria for this systematic review. Sample
sizes ranged from 8 to 412 individuals. Thirty-two studies reported degenerative changes on MR imaging, and 1 study reported degenerative changes on CT. The search and selection process is summarized in Fig 1.

Age-Speciﬁc Prevalence Rates among Asymptomatic
Individuals
The estimated number of individuals on which each estimate was
made is presented in Table 1. We present age-specific prevalence
estimates among asymptomatic individuals in Table 2. Disk degeneration prevalence ranged from 37% of asymptomatic individuals 20 years of age to 96% of those 80 years of age, with a large
increase in the prevalence through 50 years. Disk signal loss
(“black disk”) was similarly present in more than half of individuals older than 40 years of age, and by 60 years, 86% of individuals

when prevalence was 23%; prevalence
increased substantially at 70 and 80 years
of age.

DISCUSSION

FIG 1. Results of literature search.
Table 1: Estimated number of patients by age used to inform
prevalence of degenerative spine imaging ﬁndings in
asymptomatic patientsa
Age (yr)
Imaging Finding
20
30
Disk degeneration 273 (9) 604 (16)
Disk signal loss
46 (2) 142 (5)
Disk height loss
15 (1) 163 (5)
Disk bulge
55 (4) 101 (7)
Disk protrusion
87 (5) 468 (14)
Annular ﬁssure
167 (5) 350 (5)
Facet degeneration 0 (0)
0 (0)
Spondylolisthesis
0 (0)
0 (0)
a

40
50
415 (12) 311 (10)
352 (4)
73 (2)
186 (5) 208 (5)
151 (8) 123 (7)
490 (14) 363 (12)
426 (7)
53 (3)
596 (3)
53 (3)
31 (1)
53 (1)

60
80 (4)
35 (1)
35 (1)
66 (5)
86 (5)
35 (3)
35 (3)
35 (1)

70
20 (2)
15 (1)
15 (1)
24 (3)
19 (2)
15 (1)
15 (1)
15 (1)

80
19 (2)
14 (1)
14 (1)
22 (3)
17 (2)
14 (1)
14 (1)
14 (1)

The number of studies are in parentheses.

Table 2: Age-speciﬁc prevalence estimates of degenerative spine
imaging ﬁndings in asymptomatic patientsa
Age (yr)
Imaging Finding
20
30
40
50
60
70
80
Disk degeneration
37% 52% 68% 80% 88% 93% 96%
Disk signal loss
17% 33% 54% 73% 86% 94% 97%
Disk height loss
24% 34% 45% 56% 67% 76% 84%
Disk bulge
30% 40% 50% 60% 69% 77% 84%
Disk protrusion
29% 31% 33% 36% 38% 40% 43%
Annular ﬁssure
19% 20% 22% 23% 25% 27% 29%
Facet degeneration 4% 9% 18% 32% 50% 69% 83%
Spondylolisthesis
3%
5% 8% 14% 23% 35% 50%
a

Prevalence rates estimated with a generalized linear mixed-effects model for the
age-speciﬁc prevalence estimate (binomial outcome) clustering on study and adjusting for the midpoint of each reported age interval of the study.

had disk signal loss. Disk height loss and disk bulge were moderately prevalent among younger individuals, and prevalence estimates for these findings increased steadily by approximately 1%
per year. Disk protrusion and annular fissures were moderately
prevalent across all age categories but did not substantially increase with age. Authors rarely reported facet degeneration in
younger individuals (4%–9% in those 20 and 30 years of age), but
the prevalence increased sharply with age. Spondylolisthesis was
not commonly found in asymptomatic individuals until 60 years,

This systematic review indicates that
many imaging findings of degenerative
spine disease have a high prevalence
among asymptomatic individuals. All
imaging findings examined in this review had an increasing prevalence with
increasing age, and some findings (disk
degeneration and signal loss) were present in nearly 90% of individuals 60
years of age or older. Our study suggests that imaging findings of degenerative changes such as disk degeneration,
disk signal loss, disk height loss, disk
protrusion, and facet arthropathy are
generally part of the normal aging process rather than pathologic processes requiring intervention. The finding that
⬎50% of asymptomatic individuals
30 –39 years of age have disk degeneration, height loss, or bulging
suggests that even in young adults, degenerative changes may be
incidental and not causally related to presenting symptoms. The
results from this systematic review strongly suggest that when
degenerative spine findings are incidentally seen (ie, as part of
imaging for an indication other than pain or an incidental disk
herniation at a level other than where a patient’s pain localizes),
these findings should be considered as normal age-related
changes rather than pathologic processes.
MR imaging is highly sensitive in detecting the degenerative
changes examined in our study.9 However, even among patients
with back pain, prior studies have demonstrated that degenerative
findings on MR imaging are not necessarily associated with the
degree or the presence of low back pain. Berg et al10 found that a
composite MR imaging score taking into account Modic changes,
posterior high intensity zones, disk signal changes, and disk height
decrease was not correlated with disability or the intensity of low
back pain in 170 disk prosthesis candidates. Takatalo et al11 found
that disk herniations were strongly associated with low back pain
severity among 554 young adults. However, annular fissures,
high-intensity zone lesions, Modic changes, and spondylotic defects were not associated with low back pain severity.11 They also
demonstrated that disk degeneration was found in one-third of
asymptomatic 21-year-olds.11 A systematic review of 12 studies
found no consistent association between low back pain and MR
imaging findings of Modic changes, disk degeneration, and disk
herniation.12 In a large case control study, vertebral endplate
changes were not associated with chronic low back pain.13 A
number of studies of elite athletes have also demonstrated no
association between degenerative changes on MR imaging and the
presence or degree of low back pain.14,15 Systematic reviews on
the prognostic role of MR imaging findings for outcomes of conservative back pain therapies have failed to find an association
between imaging findings and clinical outcomes.16,17 Perhaps
most important, the relationship between imaging findings and
AJNR Am J Neuroradiol 36:811–16
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surgical outcomes has not been well established.18,19 This literature, combined with the results of our study, highlights the importance of caution and of knowledge of the prevalence of imaging findings in similarly aged asymptomatic individuals when
interpreting the clinical significance of imaging findings in patients with low back pain.
A number of previously published studies have demonstrated
the increasing prevalence of degenerative spine findings with increasing age in asymptomatic patients.1,5,20 A cross-sectional
study of 975 individuals (symptomatic and asymptomatic) found
that the prevalence of an intervertebral disk space with disk degeneration increased from approximately 70% of individuals
younger than 50 years of age to ⬎90% of individuals older than 50
years of age.21 These findings are largely consistent with the findings of our study. Some prior studies have failed to demonstrate
an association between degenerative spine disease and low back
pain.22,23 With a prevalence of degenerative findings of ⬎90% in
asymptomatic individuals 60 years of age or older, our study supports the hypothesis that degenerative changes observed on CT
and MR imaging are often seen with normal aging. The substantial variation in the prevalence of degenerative findings between
age groups of asymptomatic individuals highlights the importance of establishing further diagnostic criteria to help distinguish
age-related degenerative changes from pathologic, pain-generating degenerative changes.

Limitations
This study has several limitations. Many of the individuals included in the studies of this systematic review were recruited as
volunteers. This recruitment could lead to selection bias because
these volunteers are not necessarily representative of the general
population. Another limitation is that many studies included in
this analysis did not use multiple observers, and it is difficult to
ascertain inter- and intraobserver agreement for the presence of
these degenerative findings on MR imaging. Recently published
studies have demonstrated that even with standardization of nomenclature, interobserver variability is moderate at best.24,25 Furthermore, the studies included in this review span ⬎25 years and
did not always use standard nomenclature. Imaging findings were
not stratified by the degree of severity. It is possible that asymptomatic individuals have less severe degenerative changes than
those with symptoms. Our study does not imply or conclude
that the above-mentioned degenerative findings are always
age-related rather than pathologic. Our study applies more to
cases in which such degenerative findings are incidentally seen
in the evaluation of patients without low back pain or findings
are found at a level that does not correlate with findings on
physical examination. The data on which the systematic review
is based may be affected by publication bias.26 Despite the
limitations of this study, this systematic review provides useful
data to share with clinicians and patients when explaining the
clinical significance of degenerative findings seen on advanced
imaging.

CONCLUSIONS
Imaging evidence of degenerative spine disease is common in
asymptomatic individuals and increases with age. These findings suggest that many imaging-based degenerative features
814
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may be part of normal aging and unassociated with low back
pain, especially when incidentally seen. These imaging findings
must be interpreted in the context of the patient’s clinical
condition.
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*DGROLQLXPEDVHGFRQWUDVW DJHQWV *%&$V  LQFUHDVH WKH ULVN IRU QHSKURJHQLF V\VWHPLF ILEURVLV 16)  DPRQJ SDWLHQWV ZLWK
LPSDLUHGHOLPLQDWLRQRIWKHGUXJV$YRLGXVHRI*%&$VDPRQJWKHVHSDWLHQWVXQOHVVWKHGLDJQRVWLFLQIRUPDWLRQLVHVVHQWLDO
DQGQRWDYDLODEOHZLWKQRQFRQWUDVW05,RURWKHUPRGDOLWLHV7KH*%&$DVVRFLDWHG16)ULVNDSSHDUVKLJKHVWIRUSDWLHQWVZLWK
FKURQLFVHYHUHNLGQH\GLVHDVH *)5P/PLQP DVZHOODVSDWLHQWVZLWKDFXWHNLGQH\LQMXU\7KHULVNDSSHDUVORZHU
IRUSDWLHQWVZLWKFKURQLFPRGHUDWHNLGQH\GLVHDVH *)5P/PLQP DQGOLWWOHLIDQ\IRUSDWLHQWVZLWKFKURQLF
PLOGNLGQH\GLVHDVH *)5P/PLQP 16)PD\UHVXOWLQIDWDORUGHELOLWDWLQJILEURVLVDIIHFWLQJWKHVNLQPXVFOHDQG
LQWHUQDORUJDQV5HSRUWDQ\GLDJQRVLVRI16)IROORZLQJ'27$5(0DGPLQLVWUDWLRQWR*XHUEHW//&  RU)'$
)'$RUZZZIGDJRYPHGZDWFK 
6FUHHQSDWLHQWVIRUDFXWHNLGQH\LQMXU\DQGRWKHUFRQGLWLRQVWKDWPD\UHGXFHUHQDOIXQFWLRQ)HDWXUHVRIDFXWHNLGQH\LQMXU\
FRQVLVWRIUDSLG RYHUKRXUVWRGD\V DQGXVXDOO\UHYHUVLEOHGHFUHDVHLQNLGQH\IXQFWLRQFRPPRQO\LQWKHVHWWLQJRIVXUJHU\
VHYHUHLQIHFWLRQLQMXU\RUGUXJLQGXFHGNLGQH\WR[LFLW\6HUXPFUHDWLQLQHOHYHOVDQGHVWLPDWHG*)5PD\QRWUHOLDEO\DVVHVV
UHQDOIXQFWLRQLQWKHVHWWLQJRIDFXWHNLGQH\LQMXU\)RUSDWLHQWVDWULVNIRUFKURQLFDOO\UHGXFHGUHQDOIXQFWLRQ HJDJH!
\HDUVGLDEHWHVPHOOLWXVRUFKURQLFK\SHUWHQVLRQ HVWLPDWHWKH*)5WKURXJKODERUDWRU\WHVWLQJ
$PRQJWKHIDFWRUVWKDWPD\LQFUHDVHWKHULVNIRU16)DUHUHSHDWHGRUKLJKHUWKDQUHFRPPHQGHGGRVHVRID*%&$DQGWKH
GHJUHHRIUHQDOLPSDLUPHQWDWWKHWLPHRIH[SRVXUH5HFRUGWKHVSHFLILF*%&$DQGWKHGRVHDGPLQLVWHUHGWRDSDWLHQW)RU
SDWLHQWVDWKLJKHVWULVNIRU16)GRQRWH[FHHGWKHUHFRPPHQGHG'27$5(0GRVHDQGDOORZDVXIILFLHQWSHULRGRIWLPHIRU
HOLPLQDWLRQ RI WKH GUXJ SULRU WR UHDGPLQLVWUDWLRQ )RU SDWLHQWV UHFHLYLQJ KHPRGLDO\VLV SK\VLFLDQV PD\ FRQVLGHU WKH SURPSW
LQLWLDWLRQ RI KHPRGLDO\VLV IROORZLQJ WKH DGPLQLVWUDWLRQ RI D *%&$ LQ RUGHU WR HQKDQFH WKH FRQWUDVW DJHQW¶V HOLPLQDWLRQ 7KH
XVHIXOQHVV RI KHPRGLDO\VLV LQ WKH SUHYHQWLRQ RI 16) LV XQNQRZQ >VHH 'RVDJH DQG $GPLQLVWUDWLRQ   DQG &OLQLFDO
3KDUPDFRORJ\  @
+\SHUVHQVLWLYLW\5HDFWLRQV
$QDSK\ODFWLFDQGDQDSK\ODFWRLGUHDFWLRQVKDYHEHHQUHSRUWHGZLWK'27$5(0LQYROYLQJFDUGLRYDVFXODUUHVSLUDWRU\DQGRU
FXWDQHRXVPDQLIHVWDWLRQV6RPHSDWLHQWVH[SHULHQFHGFLUFXODWRU\FROODSVHDQGGLHG,QPRVWFDVHVLQLWLDOV\PSWRPVRFFXUUHG
ZLWKLQPLQXWHVRI'27$5(0DGPLQLVWUDWLRQDQGUHVROYHGZLWKSURPSWHPHUJHQF\WUHDWPHQW>VHH$GYHUVH5HDFWLRQV  @
x %HIRUH '27$5(0 DGPLQLVWUDWLRQ DVVHVV DOO SDWLHQWV IRU DQ\ KLVWRU\RI D UHDFWLRQ WR FRQWUDVW PHGLD EURQFKLDO DVWKPD
DQGRUDOOHUJLFGLVRUGHUV7KHVHSDWLHQWVPD\KDYHDQLQFUHDVHGULVNIRUDK\SHUVHQVLWLYLW\UHDFWLRQWR'27$5(0
x $GPLQLVWHU'27$5(0RQO\LQVLWXDWLRQVZKHUHWUDLQHGSHUVRQQHODQGWKHUDSLHVDUHSURPSWO\DYDLODEOHIRUWKHWUHDWPHQWRI
K\SHUVHQVLWLYLW\UHDFWLRQVLQFOXGLQJSHUVRQQHOWUDLQHGLQUHVXVFLWDWLRQ
x 'XULQJDQGIROORZLQJ'27$5(0DGPLQLVWUDWLRQREVHUYHSDWLHQWVIRUVLJQVDQGV\PSWRPVRIK\SHUVHQVLWLYLW\UHDFWLRQV
$FXWH.LGQH\,QMXU\
,QSDWLHQWVZLWKFKURQLFDOO\UHGXFHGUHQDOIXQFWLRQDFXWHNLGQH\LQMXU\UHTXLULQJGLDO\VLVKDVRFFXUUHGZLWKWKHXVHRI*%&$V
7KHULVNRIDFXWHNLGQH\LQMXU\PD\LQFUHDVHZLWKLQFUHDVLQJGRVHRIWKHFRQWUDVWDJHQWDGPLQLVWHUWKHORZHVWGRVHQHFHVVDU\
IRUDGHTXDWHLPDJLQJ6FUHHQDOOSDWLHQWVIRUUHQDOLPSDLUPHQWE\REWDLQLQJDKLVWRU\DQGRUODERUDWRU\WHVWV&RQVLGHUIROORZ
XSUHQDOIXQFWLRQDVVHVVPHQWVIRUSDWLHQWVZLWKDKLVWRU\RIUHQDOG\VIXQFWLRQ
([WUDYDVDWLRQDQG,QMHFWLRQ6LWH5HDFWLRQV
(QVXUH FDWKHWHU DQG YHQRXV SDWHQF\ EHIRUH WKH LQMHFWLRQ RI '27$5(0 ([WUDYDVDWLRQ LQWR WLVVXHV GXULQJ '27$5(0
DGPLQLVWUDWLRQPD\UHVXOWLQWLVVXHLUULWDWLRQ>VHH1RQFOLQLFDO7R[LFRORJ\  @
$'9(56(5($&7,216
*%&$V KDYH EHHQ DVVRFLDWHG ZLWK D ULVN IRU 16) >VHH :DUQLQJV DQG 3UHFDXWLRQV  @ 16) KDV QRW EHHQ UHSRUWHG LQ
SDWLHQWV ZLWK D FOHDU KLVWRU\ RI H[SRVXUH WR '27$5(0 DORQH )RU K\SHUVHQVLWLYLW\ UHDFWLRQV DQG DFXWH NLGQH\ LQMXU\ VHH
:DUQLQJVDQG3UHFDXWLRQV  DQG  
&OLQLFDO6WXGLHV([SHULHQFH
%HFDXVHFOLQLFDOWULDOVDUHFRQGXFWHGXQGHUZLGHO\YDU\LQJFRQGLWLRQVDGYHUVHUHDFWLRQUDWHVREVHUYHGLQWKHFOLQLFDOWULDOVRID
GUXJFDQQRWEHGLUHFWO\FRPSDUHGWRUDWHVLQWKHFOLQLFDOWULDOVRIDQRWKHUGUXJDQGPD\QRWUHIOHFWWKHUDWHVREVHUYHGLQFOLQLFDO
SUDFWLFH
7KHGDWDGHVFULEHGEHORZUHIOHFW'27$5(0H[SRVXUHLQSDWLHQWVUHSUHVHQWLQJDGXOWVDQGSHGLDWULFSDWLHQWV
2YHUDOO  RI WKH SDWLHQWV ZHUH PHQ ,Q FOLQLFDO WULDOV ZKHUH HWKQLFLW\ ZDV UHFRUGHG WKH HWKQLF GLVWULEXWLRQ ZDV 
&DXFDVLDQ$VLDQ%ODFNDQGRWKHUV7KHDYHUDJHDJHZDV\HDUV UDQJHIURPWR\HDUV 
2YHUDOO  RI SDWLHQWV UHSRUWHG DW OHDVW RQH DGYHUVH UHDFWLRQ SULPDULO\ RFFXUULQJ LPPHGLDWHO\ RU VHYHUDO GD\V IROORZLQJ
'27$5(0DGPLQLVWUDWLRQ0RVWDGYHUVHUHDFWLRQVZHUHPLOGRUPRGHUDWHLQVHYHULW\DQGWUDQVLHQWLQQDWXUH
7DEOHOLVWVDGYHUVHUHDFWLRQVWKDWRFFXUUHGLQSDWLHQWVZKRUHFHLYHG'27$5(0
7DEOH$GYHUVH5HDFWLRQVLQ&OLQLFDO7ULDOV
5HDFWLRQ
5DWH  Q 
1DXVHD

+HDGDFKH

,QMHFWLRQ6LWH3DLQ

,QMHFWLRQ6LWH&ROGQHVV

%XUQLQJ6HQVDWLRQ

$GYHUVH UHDFWLRQV WKDW RFFXUUHG ZLWK D IUHTXHQF\   LQ SDWLHQWV ZKR UHFHLYHG '27$5(0 LQFOXGH IHHOLQJ FROG UDVK
VRPQROHQFH IDWLJXH GL]]LQHVV YRPLWLQJ SUXULWXV SDUHVWKHVLD G\VJHXVLD SDLQ LQ H[WUHPLW\ DQ[LHW\ K\SHUWHQVLRQ
SDOSLWDWLRQV RURSKDU\QJHDO GLVFRPIRUW VHUXP FUHDWLQLQH LQFUHDVHG DQG LQMHFWLRQ VLWH UHDFWLRQV LQFOXGLQJ VLWH LQIODPPDWLRQ
H[WUDYDVDWLRQSUXULWXVDQGZDUPWK
$GYHUVH5HDFWLRQVLQ3HGLDWULF3DWLHQWV
'XULQJFOLQLFDOWULDOVSHGLDWULFSDWLHQWV DJHGPRQWKVDJHG\HDUVDJHG\HDUVDQGDJHG
 UHFHLYHG'27$5(02YHUDOOSHGLDWULFSDWLHQWV  UHSRUWHGDWOHDVWRQHDGYHUVHUHDFWLRQIROORZLQJ'27$5(0
DGPLQLVWUDWLRQ 7KH PRVW IUHTXHQWO\ UHSRUWHG DGYHUVH UHDFWLRQ ZDV KHDGDFKH   0RVW DGYHUVH HYHQWV ZHUH PLOG LQ
VHYHULW\DQGWUDQVLHQWLQQDWXUHDQGDOOSDWLHQWVUHFRYHUHGZLWKRXWWUHDWPHQW
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FRPDFRQYXOVLRQV\QFRSHSUHV\QFRSHSDURVPLDWUHPRU
PXVFOHFRQWUDFWXUHPXVFOHZHDNQHVV
GLDUUKHDVDOLYDU\K\SHUVHFUHWLRQ
PDODLVHIHYHU
16)LQSDWLHQWVZKRVHUHSRUWVZHUHFRQIRXQGHGE\WKHUHFHLSWRIRWKHU*%&$VRULQVLWXDWLRQVZKHUHUHFHLSWRIRWKHU
*%&$VFRXOGQRWEHUXOHGRXW1RXQFRQIRXQGHGFDVHVRI16)KDYHEHHQUHSRUWHGZLWK'27$5(0
x VXSHUILFLDOSKOHELWLV
'58*,17(5$&7,216
'27$5(0GRHVQRWLQWHUIHUHZLWKVHUXPDQGSODVPDFDOFLXPPHDVXUHPHQWVGHWHUPLQHGE\FRORULPHWULFDVVD\V6SHFLILFGUXJ
LQWHUDFWLRQVWXGLHVZLWK'27$5(0KDYHQRWEHHQFRQGXFWHG
86(,163(&,),&3238/$7,216
3UHJQDQF\
3UHJQDQF\&DWHJRU\&
7KHUHDUHQRDGHTXDWHDQGZHOOFRQWUROOHGVWXGLHVZLWK'27$5(0FRQGXFWHGLQSUHJQDQWZRPHQ/LPLWHGSXEOLVKHGKXPDQ
GDWDRQH[SRVXUHWRRWKHU*%&$VGXULQJSUHJQDQF\GLGQRWVKRZDGYHUVHHIIHFWVLQH[SRVHGQHRQDWHV1RHIIHFWVRQHPEU\R
IHWDOGHYHORSPHQWZHUHREVHUYHGLQUDWVRUUDEELWVDWGRVHVXSWRPPRONJGD\LQUDWVRUPPRONJGD\LQUDEELWV7KH
GRVHV LQ UDWV DQG UDEELWV ZHUH UHVSHFWLYHO\  DQG  WLPHV WKH UHFRPPHQGHG KXPDQGRVH EDVHG RQ ERG\ VXUIDFHDUHD
'27$5(0VKRXOGEHXVHGGXULQJSUHJQDQF\RQO\LIWKHSRWHQWLDOEHQHILWMXVWLILHVWKHSRWHQWLDOULVNWRWKHIHWXV
:KLOHLWLVXQNQRZQLI'27$5(0FURVVHVWKHKXPDQSODFHQWDRWKHU*%&$VGRFURVVWKHSODFHQWDLQKXPDQVDQGUHVXOWLQ
IHWDOH[SRVXUH
5HSURGXFWLYHDQGGHYHORSPHQWDOWR[LFLW\VWXGLHVZHUHFRQGXFWHGZLWKJDGRWHUDWHPHJOXPLQHLQUDWVDQGUDEELWV*DGRWHUDWH
PHJOXPLQH ZDV DGPLQLVWHUHG LQWUDYHQRXVO\ LQ GRVHV RI    DQG  PPRONJGD\ RU   DQG  WLPHV WKH
UHFRPPHQGHG KXPDQ GRVH EDVHG RQ ERG\ VXUIDFH DUHD  WR IHPDOH UDWV IRU  GD\V EHIRUH PDWLQJ WKURXJKRXW WKH PDWLQJ
SHULRGDQGXQWLOJHVWDWLRQGD\ *' 3UHJQDQWUDEELWVZHUHLQWUDYHQRXVO\DGPLQLVWHUHGJDGRWHUDWHPHJOXPLQHDWWKHGRVH
OHYHOV RI   DQG  PPRONJGD\ RU  DQG WLPHV WKH KXPDQ GRVHV EDVHG RQERG\VXUIDFH DUHD  IURP *' WR
*'1RHIIHFWVRQHPEU\RIHWDOGHYHORSPHQWZHUHREVHUYHGLQUDWVRUUDEELWVDWGRVHVXSWRPPRONJGD\LQUDWVRU
PPRONJGD\LQUDEELWV0DWHUQDOWR[LFLW\ZDVREVHUYHGLQUDWVDWPPRONJGD\ RUWLPHVWKHKXPDQGRVHEDVHGRQERG\
VXUIDFHDUHD DQGLQUDEELWVDWPPRONJGD\ WLPHVWKHKXPDQGRVHEDVHGRQERG\VXUIDFHDUHD 
1XUVLQJ0RWKHUV
,W LV QRW NQRZQ ZKHWKHU'27$5(0 LV H[FUHWHG LQ KXPDQ PLON /LPLWHG FDVH UHSRUWV RQ XVH RI *%&$V LQ QXUVLQJ PRWKHUV
LQGLFDWH WKDW  WR  RI WKH PDWHUQDO JDGROLQLXP GRVH LV H[FUHWHG LQ KXPDQ EUHDVW PLON %HFDXVH PDQ\ GUXJV DUH
H[FUHWHGLQKXPDQPLONH[HUFLVHFDXWLRQZKHQ'27$5(0LVDGPLQLVWHUHGWRDQXUVLQJZRPDQ1RQFOLQLFDOGDWDVKRZWKDW
JDGRWHUDWHPHJOXPLQHLVH[FUHWHGLQWREUHDVWPLONLQYHU\VPDOODPRXQWV RIWKHGRVHLQWUDYHQRXVO\DGPLQLVWHUHG DQG
DEVRUSWLRQYLDWKHJDVWURLQWHVWLQDOWUDFWLVSRRU
3HGLDWULF8VH
7KHVDIHW\DQGHIILFDF\RI'27$5(0DWDVLQJOHGRVHRIPPRONJKDYHEHHQHVWDEOLVKHGLQSHGLDWULFSDWLHQWVIURPWR
\HDUVRIDJH1RGRVDJHDGMXVWPHQWDFFRUGLQJWRDJHLVQHFHVVDU\LQWKLVSRSXODWLRQ>6HH'RVDJHDQG$GPLQLVWUDWLRQ  
DQG&OLQLFDO6WXGLHV  @7KHVDIHW\DQGHIILFDF\RI'27$5(0KDYHQRWEHHQHVWDEOLVKHGLQSHGLDWULFSDWLHQWVEHORZ\HDUV
RIDJH*)5GRHVQRWUHDFKDGXOWOHYHOVXQWLO\HDURIDJH>VHH:DUQLQJVDQG3UHFDXWLRQV  @
*HULDWULF8VH
,QFOLQLFDOVWXGLHVRI'27$5(0SDWLHQWVZHUH\HDUVRIDJHDQGRYHUDQGSDWLHQWVZHUH\HDUVRIDJHDQGRYHU
1RRYHUDOOGLIIHUHQFHVLQVDIHW\RUHIILFDF\ZHUHREVHUYHGEHWZHHQWKHVHVXEMHFWVDQG\RXQJHUVXEMHFWV,QJHQHUDOXVHRI
'27$5(0LQHOGHUO\SDWLHQWVVKRXOGEHFDXWLRXVUHIOHFWLQJWKHJUHDWHUIUHTXHQF\RILPSDLUHGUHQDOIXQFWLRQDQGFRQFRPLWDQW
GLVHDVHRURWKHUGUXJWKHUDS\1RDJHUHODWHGGRVDJHDGMXVWPHQWLVQHFHVVDU\
5HQDO,PSDLUPHQW
1R '27$5(0 GRVDJH DGMXVWPHQW LV UHFRPPHQGHG IRU SDWLHQWV ZLWK UHQDO LPSDLUPHQW *DGRWHUDWH PHJOXPLQH FDQ EH
UHPRYHGIURPWKHERG\E\KHPRGLDO\VLV>VHH:DUQLQJVDQG3UHFDXWLRQV  DQG&OLQLFDO3KDUPDFRORJ\  @
29(5'26$*(
'27$5(0 DGPLQLVWHUHG WR KHDOWK\ YROXQWHHUV DQG WR SDWLHQWV DW FXPXODWLYH GRVHV XS WR  PPRONJ ZDV WROHUDWHG LQ D
PDQQHU VLPLODU WR ORZHU GRVHV $GYHUVH UHDFWLRQV WR RYHUGRVDJH ZLWK '27$5(0 KDYH QRW EHHQ UHSRUWHG *DGRWHUDWH
PHJOXPLQHFDQEHUHPRYHGIURPWKHERG\E\KHPRGLDO\VLV>6HH&OLQLFDO3KDUPDFRORJ\  @
121&/,1,&$/72;,&2/2*<
&DUFLQRJHQHVLV0XWDJHQHVLV,PSDLUPHQWRI)HUWLOLW\
/RQJWHUPDQLPDOVWXGLHVKDYHQRWEHHQSHUIRUPHGWRHYDOXDWHWKHFDUFLQRJHQLFSRWHQWLDORIJDGRWHUDWHPHJOXPLQH
*DGRWHUDWHPHJOXPLQHGLGQRWGHPRQVWUDWHPXWDJHQLFSRWHQWLDOLQLQYLWUREDFWHULDOUHYHUVHPXWDWLRQDVVD\V $PHVWHVW XVLQJ
6DOPRQHOOD W\SKLPXULXP LQ DQ LQ YLWUR FKURPRVRPH DEHUUDWLRQ DVVD\ LQ &KLQHVH KDPVWHU RYDU\ FHOOV LQ DQ LQ YLWUR JHQH
PXWDWLRQDVVD\LQ&KLQHVHKDPVWHUOXQJFHOOVQRULQDQLQYLYRPRXVHPLFURQXFOHXVDVVD\
1RLPSDLUPHQWRIPDOHRUIHPDOHIHUWLOLW\DQGUHSURGXFWLYHSHUIRUPDQFHZDVREVHUYHGLQUDWVDIWHULQWUDYHQRXVDGPLQLVWUDWLRQ
RI JDGRWHUDWH PHJOXPLQH DW WKH PD[LPXP WHVWHG GRVH RI  PPRONJGD\  WLPHV WKH PD[LPXP KXPDQ GRVH EDVHG RQ
VXUIDFHDUHD JLYHQGXULQJPRUHWKDQZHHNVLQPDOHVDQGPRUHWKDQZHHNVLQIHPDOHV6SHUPFRXQWVDQGVSHUPPRWLOLW\
ZHUHQRWDGYHUVHO\DIIHFWHGE\WUHDWPHQWZLWKWKHGUXJ
$QLPDO7R[LFRORJ\DQGRU3KDUPDFRORJ\
/RFDOLQWROHUDQFHUHDFWLRQVLQFOXGLQJPRGHUDWHLUULWDWLRQDVVRFLDWHGZLWKLQILOWUDWLRQRILQIODPPDWRU\FHOOVZHUHREVHUYHGDIWHU
SHULYHQRXVLQMHFWLRQLQUDEELWVVXJJHVWLQJWKHSRVVLELOLW\RIORFDOLUULWDWLRQLIWKHFRQWUDVWPHGLXPOHDNVDURXQGWKHYHLQVLQD
FOLQLFDOVHWWLQJ>VHH:DUQLQJVDQG3UHFDXWLRQV  @
3$7,(17&2816(/,1*,1)250$7,21
1HSKURJHQLF6\VWHPLF)LEURVLV
,QVWUXFWSDWLHQWVWRLQIRUPWKHLUKHDOWKFDUHSURYLGHULIWKH\
x KDYHDKLVWRU\RINLGQH\GLVHDVHRU
x KDYHUHFHQWO\UHFHLYHGD*%&$
*%&$VLQFUHDVHWKHULVNIRU16)DPRQJSDWLHQWVZLWKLPSDLUHGHOLPLQDWLRQRIWKHGUXJV7RFRXQVHOSDWLHQWVDWULVNIRU16)
x 'HVFULEHWKHFOLQLFDOPDQLIHVWDWLRQVRI16)
x 'HVFULEHSURFHGXUHVWRVFUHHQIRUWKHGHWHFWLRQRIUHQDOLPSDLUPHQW
,QVWUXFWWKHSDWLHQWVWRFRQWDFWWKHLUSK\VLFLDQLIWKH\GHYHORSVLJQVRUV\PSWRPVRI16)IROORZLQJ'27$5(0DGPLQLVWUDWLRQ
VXFKDVEXUQLQJLWFKLQJVZHOOLQJVFDOLQJKDUGHQLQJDQGWLJKWHQLQJRIWKHVNLQUHGRUGDUNSDWFKHVRQWKHVNLQVWLIIQHVVLQ
MRLQWV ZLWK WURXEOH PRYLQJ EHQGLQJRUVWUDLJKWHQLQJ WKH DUPV KDQGV OHJV RU IHHW SDLQ LQ WKH KLS ERQHV RUULEV RU PXVFOH
ZHDNQHVV
&RPPRQ$GYHUVH5HDFWLRQV
,QIRUPSDWLHQWVWKDWWKH\PD\H[SHULHQFH
x 5HDFWLRQVDORQJWKHYHQRXVLQMHFWLRQVLWHVXFKDVPLOGDQGWUDQVLHQWEXUQLQJRUSDLQRUIHHOLQJRIZDUPWKRUFROGQHVVDW
WKHLQMHFWLRQVLWH
x 6LGHHIIHFWVRIKHDGDFKHQDXVHDDEQRUPDOWDVWHDQGIHHOLQJKRW
*HQHUDO3UHFDXWLRQV
,QVWUXFWSDWLHQWVUHFHLYLQJ'27$5(0WRLQIRUPWKHLUSK\VLFLDQLIWKH\
x $UHSUHJQDQWRUEUHDVWIHHGLQJ
x +DYHDKLVWRU\RIDOOHUJLFUHDFWLRQWRFRQWUDVWPHGLDEURQFKLDODVWKPDRUDOOHUJ\
x $UHWDNLQJDQ\PHGLFDWLRQV
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3RVWPDUNHWLQJ([SHULHQFH
7KH IROORZLQJ DGGLWLRQDO DGYHUVH UHDFWLRQV KDYH EHHQ LGHQWLILHG GXULQJ SRVWPDUNHWLQJ XVH RI '27$5(0 %HFDXVH WKHVH
UHDFWLRQV DUH UHSRUWHG YROXQWDULO\ IURP D SRSXODWLRQ RI XQFHUWDLQ VL]H LW LV QRW DOZD\V SRVVLEOH WR UHOLDEO\ HVWLPDWH WKHLU
IUHTXHQF\RUHVWDEOLVKDFDXVDOUHODWLRQVKLSWRGUXJH[SRVXUH
x EUDG\FDUGLDWDFK\FDUGLDDUUK\WKPLD
x K\SHUVHQVLWLYLW\  DQDSK\ODFWRLG UHDFWLRQV LQFOXGLQJ FDUGLDF DUUHVW UHVSLUDWRU\ DUUHVW F\DQRVLV SKDU\QJHDO HGHPD
ODU\QJRVSDVP EURQFKRVSDVP DQJLRHGHPD FRQMXQFWLYLWLV RFXODU K\SHUHPLD H\HOLG HGHPD ODFULPDWLRQ LQFUHDVHG
K\SHUKLGURVLVXUWLFDULD
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Macrocyclic and Ionic...

DOTAREM
...There is only One.
The first and only macrocyclic and
ionic gadolinium agent in its class.1

Visit us at ASNR 2015 Booth #401

Global clinical experience with over 50 million doses administered worldwide.2
INDICATION1
DOTAREM is a gadolinium-based contrast agent indicated for intravenous use with
magnetic resonance imaging (MRI) in brain (intracranial), spine and associated tissues
in adult and pediatric patients (2 years of age and older) to detect and visualize areas
with disruption of the blood brain barrier (BBB) and/or abnormal vascularity.
IMPORTANT SAFETY INFORMATION1
WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)
Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among
patients with impaired elimination of the drugs. Avoid use of GBCAs in these
patients unless the diagnostic information is essential and not available with
non-contrasted MRI or other modalities. NSF may result in fatal or debilitating
ﬁbrosis affecting the skin, muscle and internal organs.
• The risk for NSF appears highest among patients with:
– Chronic, severe kidney disease (GFR < 30 mL/min/1.73m2), or
– Acute kidney injury.
• Screen patients for acute kidney injury and other conditions that may
reduce renal function. For patients at risk for chronically reduced renal
function (for example, age > 60 years, hypertension or diabetes), estimate
the glomerular ﬁltration rate (GFR) through laboratory testing
[see Warnings and Precautions].
• For patients at highest risk for NSF, do not exceed the recommended DOTAREM
dose and allow a sufﬁcient period of time for elimination of the drug from the
body prior to any re-administration [see Warnings and Precautions].

In patients with chronically reduced renal function, acute kidney injury
requiring dialysis has occurred with the use of GBCAs. The risk of acute
kidney injury may increase with increasing dose of the contrast agent;
administer the lowest dose necessary for adequate imaging. Screen all
patients for renal impairment by obtaining a history and/or laboratory
tests. Consider follow-up renal function assessments for patients with a
history of renal dysfunction.
Ensure catheter and venous patency before the injection of DOTAREM.
Extravasation into tissues during DOTAREM administration may result in
tissue irritation.
The most common adverse reactions associated with DOTAREM in
clinical studies were nausea, headache, injection site pain, injection site
coldness, and burning sensation.
For more information about DOTAREM, including Boxed WARNING,
please see the Full Prescribing Information.
Please see adjacent Brief Summary of Prescribing Information.
DOTAREM is a registered trademark of Guerbet and is available by
prescription only.
GU02151008
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Contraindicated in patients with a history of clinically important hypersensitivity
reactions to DOTAREM.
The possibility of serious or life-threatening anaphylactoid/anaphylactic reactions
with cardiovascular, respiratory or cutaneous manifestations, ranging from mild to
severe, including death, should be considered. Monitor patients closely for need of
emergency cardiorespiratory support.
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