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Background and Purpose—High signal on T1-weighted fat-suppressed images in middle cerebral artery plaques on ex
vivo magnetic resonance imaging was verified to be intraplaque hemorrhage histologically. However, the underlying
plaque component of low signal on T1-weighted fat-suppressed images (LST1) has never been explored. Based on our
experience, we hypothesized that LST1 might indicate the presence of lipid core within intracranial plaques.

Methods—1.5 T magnetic resonance imaging was performed in the postmortem brains to scan the cross sections of bilateral
middle cerebral arteries. Then middle cerebral artery specimens were removed for histology processing. LST1 presence
was identified on magnetic resonance images, and lipid core areas were measured on the corresponding histology sections.

Results—Total 76 middle cerebral artery locations were included for analysis. LST1 showed a high specificity (96.9%; 95%
confidence interval, 82.0%—99.8%) but a low sensitivity (38.6%; 95% confidence interval, 24.7%-54.5%) for detecting
lipid core of all areas. However, the sensitivity increased markedly (81.2%; 95% confidence interval, 53.7%-95.0%)
when only lipid cores of area >0.80 mm? were included. Mean lipid core area was 5x larger in those with presence of
LST1 than in those without (1.63x1.18 mm? versus 0.32+0.31 mm?; P=0.003).

Conclusions—LST1 is a promising imaging biomarker of identifying intraplaque lipid core, which may be useful to
distinguish intracranial atherosclerotic disease from other intracranial vasculopathies and to assess plaque vulnerability
for risk stratification of patients with intracranial atherosclerotic disease. In vivo clinical studies are required to explore
the correlation between LST1 and clinical outcomes of patients with intracranial atherosclerotic disease. (Stroke.
2016;47:2299-2304. DOI: 10.1161/STROKEAHA.116.013398.)

Key Words: atherosclerosis m lipid core m MCA m MRI m vessel wall imaging

Intracranial atherosclerotic disease (ICAD), especially in
the middle cerebral artery (MCA), is an important cause
of ischemic stroke in Asian, African-American, and Hispanic
populations.! The severe atherosclerotic stenosis was dem-
onstrated as an independent predictor for stroke recurrence
in WASID trial (Warfarin Versus Aspirin for Symptomatic
Intracranial Disease).”? However, the independent role of per-
cent stenosis in predicting subsequent stroke risk has been
challenged in recent studies.’ Based on a series of autopsy of
Chinese adults, we verified that both luminal stenosis caused
by atherosclerotic plaque and percentage of lipid area, as well
as the presence of intraplaque neovasculature, contribute to

the occurrence of ischemic stroke.* Therefore, beyond the
maximal luminal stenosis, the other features reflecting the
characteristics of ICAD, such as plaque morphology and com-
ponents, might be new promising markers in risk stratification
of patients with ICAD.

Accumulating evidence from clinical trials by using high-
resolution magnetic resonance imaging (MRI) demonstrated
that high signal on T1-weighted fat-suppressed images of
MCA plaques is associated with ipsilateral stroke.® High sig-
nal on T1-weighted fat-suppressed image within one MCA
plaque in ex vivo MRI was verified to be intraplaque hem-
orrhage histologically.” However, the clinical relevance of
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low signal on Tl1-weighted fat-suppressed images (LST1)
within intracranial vessel walls has never been reported till
now. Based on our previous experience on ICAD,*™ we
hypothesized that LST1 should indicate the presence of lipid
core within the plaques. With the similar design as reported
recently,'” an ex vivo 1.5-T MRI-histology comparative study
was performed to investigate the clinical implications of LST1
within intracranial atherosclerotic plaques.

Specimens and Methods

Specimens

Subjects for this study were drawn from the previous study com-
paring 1.5-T MRI with histology.3!° The study was approved
by the Clinical Research Ethics Committee of the Chinese
University of Hong Kong. We consecutively recruited Chinese
autopsy cases aged >45 years who died at the Prince of Wales
Hospital, Hong Kong (a regional general hospital), during a
period from December 2003 to June 2005. Postmortem MRI
was performed to scan the cross-sections of bilateral MCAs.
Among the cases with past history of stroke, uncommon causes
of stroke, such as carotid dissection, hypercoagulable state, and
vasculitis, were excluded. In addition, the cases with poor imag-
ing quality or missing histology results were excluded.

The aim of this project was to identify whether the fre-
quency of LST1 on MRI was consistent with a propor-
tion of lipid core assessed on histology. Chi-square test of
independence in 2-way contingency tables was used. Set w
(effect size) =0.4, power=0.8, alpha=0.05, df (degree of free-
dom)=(2-1)x(2-1)=1, then the sample size should be 50. In
consideration of around 10% of lost cases because of poor
quality of magnetic resonance (MR) images or sample dam-
age during histology process according to our previous study,
at least 55 patients would be needed.

The whole brain was obtained fresh and intact during the
process of autopsies. The bilateral MCAs were washed with
water to clear the possible blot inside. Then the whole brain
was fresh-frozen at 4°C until imaged. The period between
autopsy and imaging was <5 days.

MRI Protocol

The MRI examinations of the brains were performed by a
1.5-T scanner (Sonata, Siemens Medical Systems, Erlangen,
Germany) with a standard 8-channel head coil. To keep the
arteries uncollapsed, diluted barium solution was injected into
the lumen to distend the artery. Then the brains were posi-
tioned in the scanner to resemble a supine head first position
in routine clinical scanning. The orientation of the MCA was
localized by the T2 sequence of the whole brain. An experi-
enced radiologist would then choose an imaging plane per-
pendicular to each MCA to obtain the cross-sectional image
of bilateral M1 arteries. Fat-suppressed T1-weighted and
T2-weighted sequence was performed. Fat suppression tech-
nique was used to reduce fat signal. The parameters are as
follows: repetition time (TR) 3000 ms; echo time (TE), 19 ms
and 130 ms; excitation, 2; matrix, 179x256; field of view, 170
mm; slice thickness, 3 mm with no gap; and time of acquisi-
tion, 3 minutes 41 seconds. The resultant in-plane resolution
was, therefore, 0.66x0.95 mm.

Image Review

Before review, an image quality rating for each contrast
weighting was assigned to all MR images based on the overall
signal-to-noise ratio and the clarity of vessel wall boundaries
(4-point scale: 1=poor, 4=excellent). Images with an image
quality <2 were excluded from the study.

Two investigators (Drs Zhang and Yang) who were blinded
to the histology findings independently reviewed the images.
With the gray matter adjacent to the plaque as the refer-
ence tissue, the signal intensity of the plaque was classified
as iso-intensity and heterogeneous signal intensity, such as
hyper-iso, iso-hypo, and hyper-hypo intensity. The LST1 was
recorded as positive or negative. All the qualitative assessment
data from both reviewers (Drs Zhang and Yang) were used to
calculate the inter-rater reliability. To assess intrarater reliabil-
ity, all images which were presented in a different order were
re-evaluated 4 months after the initial review by 1 reviewer
(Dr Yang).

The maximum and minimum wall thicknesses were then
measured using Image-Pro Plus software (Media Cybernetics,
Silver Spring). The eccentricity index was defined as (maximum
wall thickness—minimum wall thickness)/maximum wall thick-
ness. A lesion was defined as eccentric if the index was =0.5
and as concentric if <0.5, according to our previous study.'

Histological Processing and Analysis

Bilateral MCAs were removed after MRI scanning for histo-
pathologic processing. The main trunks of bilateral MCAs (ie,
M1) were removed intact from the brain and sectioned into
blocks. The specimen was cut into 2-cm blocks, starting from
the proximal and progressing distally toward the bifurcation,
until the whole length of the specimen had been cut. Serial
sections of MCAs were cut at 4-mm intervals. The specimens
were processed and embedded in paraffin, and thereafter, 5-um-
thick sections were cut and stained with hematoxylin-eosin.

Two pathologists (Drs Zhao and Niu) who were blinded to
clinical data observed the histological sections from all seg-
ments. According to the revised American Heart Association
criteria by Virmani et al,'" plaques were assigned the follow-
ing categories: early atherosclerotic lesions like intimal xan-
thoma and adaptive intima thickening, as well as advanced
atherosclerotic lesions, such as pathological intima thicken-
ing, fibrous cap atheroma, thin fibrous cap atheroma, and
fibrocalcific plaque. Because the size of MCA is incompa-
rable to that of coronaries, the definition of thin fibrous cap
atheroma derived from Virmani et al (fibrous cap <65 pm
thick) could not be directly applied to our cases. Instead, we
used the median thickness from the luminal border of the lipid
core to the lumen as a reference according to a previous study;
plaques with fibrous cap thickness below the median were
defined as thin fibrous cap atheroma.'?

Finally, the histology sections were photographed with a
Leica DC 200 digital microscope. The area of lipid core (mm?)
and distance from the lipid core to the lumen (mm) were man-
ually measured 3 times by using Image-Pro Plus software, and
the values were averaged. To assess inter-rater reproducibility,
histology sections of 10 randomly selected subjects were re-
evaluated by another reviewer.



Correlation Between MRI and Histology

After both MR images and histological sections were reviewed
and categorized, histological sections were matched to the
MR images based on the relative distance from the bifurca-
tion of internal cerebral artery and MCA. To account for fix-
ation-related shrinkage, the gross morphological features (ie,
lumen, wall size and shape, appearance, and location of large
calcifications) of the vessel wall were used to assist in match-
ing the sections with each MR image location.

In view of the low signal-to-noise ratio of 1.5-T MRI and
the impact of mismatch between MRI and histology, we used
the artery as the unit of observation by choosing only one
MCA location that was involved in atherosclerotic plaque and
had good MR image quality per artery. In total, 76 MR image
locations (1 location per artery; 1-2 MCAs per subject) were
matched and compared with the corresponding histological
sections.

Statistical Analysis

All data analyses were conducted using the SPSS 20.0
software package (SPSS, Inc). To compare the clinical
characteristics between patients included in and excluded
from the present study, the independent-samples ¢ test and
Fisher exact test were used for continuous and categorical
data, respectively. Chi-square test was used to determine
the association of the pattern of intima thickening (con-
centric versus eccentric) and detection of necrotic core.
Independent-samples ¢ test was used to compare the area
of lipid core and distance from lipid core to lumen between
the 2 groups. Using the histology results as the gold stan-
dard, sensitivity, specificity, positive and negative predictive
value, Cohen’s Kk, and Chi-square were calculated to evalu-
ate the ex vivo accuracy of the MRI for detecting intraplaque
lipid core. Receiver-operating curve analysis was performed
to determine the lipid core size being predictive of correctly
identifying the presence or absence of lipid core on MR
images. To determine the inter- and intraobserver agree-
ments, Cohen’s K with 95% confidence intervals (Cls) was
calculated for dichotomous data, and intraclass correlation
coefficients (ICC) with a 1-way random effect and a 2-way
random effect were calculated for intra- and interobserver
continuous variables, respectively. A value of P <0.05 was
considered to be statistically significant.

Results
Among the 61 original patients scanned, 14 were excluded
from the study during image review as a result of overall
poor image quality secondary to too much air in the arterial
lumen, resulting in image artifacts (7 patients); inaccurate ori-
entation of MRI scanning (3 patients); improper location of
brain within the head coil (2 patients); and lack of correspond-
ing histology sections (2 patients). Among the remaining 47
patients available for analysis, 26 (55.3%) were men with a
mean age of 76 years. Eighteen (38.3%) patients had ischemic
stroke and 13 (27.7%) showed brain infarct on MR images.
The mean characteristics of the 47 patients are described in
Table 1. The demographic and clinical characteristics were
similar between the included and excluded patients (Table 1).
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Among 94 arteries in 47 patients, 18 arteries were excluded
because of image artifact (14 arteries) and lack of correspond-
ing histology sections (4 arteries), leaving 76 locations (1
location per artery; 1-2 MCAs per subject) for further detailed
analysis. Iso-intensity was detected on 22 vessels (28.9%) and
heterogeneous signal intensity on the remaining 54 vessels,
including hyper-iso intensity on 36 MCAs (47.4%), iso-hypo
intensity on 4 vessels (5.3%), and hyper-hypo intensity on
14 MCAs (18.4%). Intraobserver agreement was almost per-
fect (k=0.88 [0.78-0.96]), and interobserver agreement was
substantial (k=0.80 [0.67-0.92]) for the identification of T1
intensity.

Table 2 showed the changes of signal intensity on fat-
suppressed T1-weighted MRI of intracranial atherosclerotic
plaques classified as different phenotypes. Of 22 atheroscle-
rotic lesions presenting with iso-intensity, 15 (68.2%) exhib-
ited to be normal or early atherosclerotic lesions; the other 7
(31.8%) lesions showed advanced lesions. Heterogeneous sig-
nal intensity was found in 3 (5.6%) samples exhibiting early
lesions and 51 (94.4%) showing advanced lesions. Figure 1
showed the representative MR images and corresponding
histology.

Of the 76 MCA locations, 44 (57.9%) were found to have
an underlying lipid core on histology, comprising 22 fibrous
cap atheroma, 17 thin fibrous cap atheroma, and 5 fibrocal-
cific plaque. LST1 was identified on 18 (23.7%) MCA loca-
tions, 17 of which were confirmed to be intraplaque lipid
core histologically (P<0.001). The sensitivity and specificity
of LST1 for diagnosing lipid core of all areas were 38.6%
(95% Cl, 24.7%—-54.5%) and 96.9% (95% CI, 82.0%—99.8%),
respectively (Table 3). Revealed by receiver-operating curve
analysis, the sensitivity and specificity were 81.2% (95% CI,
53.7%-95.0%) and 91.7% (95% CI, 80.9%-96.9%), respec-
tively, when the cutoff of lipid core area for identifying the
presence or absence of LST1 was set at 0.8 mm?, resulting in a
Cohen’s k value of 0.70 (95% CI, 0.47-0.87; Table 3).

As shown in Figure 2, the mean area of lipid core assessed
by histology was =5 times larger in the LST1 group than in

Table 1. Demographic and Clinical Data for Included and
Excluded Patients

Included Excluded

(n=47)* (n=14)* PValue
Age, y 7613 7114 0.297
Males 26 (55.3%) 6 (42.9%) 0.545
Smoker 18 (38.2%) 3(21.4%) 0.607
Hypertension 20 (42.6%) 5 (35.7%) 0.762
Diabetes mellitus 13 (27.7%) 4 (28.6%) 1.000
Atrial fibrillation 7 (14.9%) 3(21.4%) 0.683
Hyperlipidemia 1(2.1%) 1(7.1%) 0.409
Ischemic heart disease 16 (34.0%) 5(35.7%) 1.000
Hemorrhagic stroke 7 (14.9%) 2 (14.3%) 1.000
Ischemic stroke 18 (38.3%) 3(21.4%) 0.342
Brain infarct 13 (27.7%) 4 (28.6%) 1.000

*Mean=SD or number (%).
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Table 2. Signal Intensity on Fat-Suppressed T1-Weighted MRI of Intracranial Atherosclerotic Plaques

Classified as Different Atherosclerotic Phenotypes

Heterogeneous Signal Intensity
Atherosclerotic Phenotype Isointensity Hyper-Iso Iso-Hypo Hyper-Hypo Total
Normal or early lesions 15 (68.2%) 3(5.6%)
Normal 1 (4.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1
Intimal xanthoma 8 (36.4%) 1(2.8%) 0 (0.0%) 0 (0.0%) 9
Adaptive intimal thickening 6 (27.3%) 2 (5.6%) 0 (0.0%) 0 (0.0%) 8
Advanced lesions 7 (31.8%) 51 (94.4%)
Pathological intimal thickening 3(13.6%) 10 (27.8%) 1(25.0%) 0(0.0%) 14
Fibrous cap atheroma 2(9.1%) 13 (36.1%) 2 (50.0%) 5 (35.7%) 22
Thin fibrous cap atheroma 2(9.1%) 8 (22.2%) 1(25.0%) 6 (42.9%) 17
Fibrocalcific plaque 0(0.0%) 2 (5.6%) 0(0.0%) 3(21.4%) 5
Total 22 36 4 14 76

MRI indicates magnetic resonance imaging.

the without LST1 group among the 44 patients with lipid core
present (1.63+1.18 mm? versus 0.32+0.31 mm?;, P=0.003).
But the mean distance from the lipid core to the lumen showed
no significant difference between the 2 groups (0.26+0.10
mm versus 0.25+0.11 mm; P=0.788). The intrarater repro-
ducibility was excellent for the quantitative area measure-
ments (ICC=0.98 [0.96-0.99]) and distance measurements
(ICC=0.88 [0.80-0.93]); inter-rater reproducibility was sub-
stantial for the area (ICC=0.79 [0.46-0.93]) and distance mea-
surements (ICC=0.74 [0.37-0.91)).

According to the eccentricity index, 45 (59.2%) lesions
were identified as concentric and 31 (40.8%) plaques as
eccentric while on MR images. The prevalence of lipid core

Hyper-Iso intensity Hyper-Hypo intensity

Cc

&
»

Figure 1. Representative magnetic resonance (MR) images of
atherosclerotic plague and their corresponding histopathologic
sections. Fat-suppressed T1-weighted image (A) reveals a
hyper-iso intensity plaque, which is suggestive as a fibrous cap
atheroma (B). Fat-suppressed T1-weighted image (C) indicates a
hyper-hypo intensity plague, which is classified into thin fibrous
atheroma on matched histological image (D). Area with low signal
on MR image (arrow in C) is verified to be lipid core on corre-
sponding histopathologic section (arrowhead in D).

in eccentric and concentric lesions was 74.2% (23/31) and
46.7% (21/45), respectively (P=0.017). Considering only
locations with lipid core, eccentric lesions had larger area of
lipid core compared with concentric lesions (1.20£1.20 mm?
versus 0.42+0.45 mm?; P=0.007).

Discussion

To our knowledge, this is the first study demonstrating the
capability of ex vivo MR vessel wall imaging to identify intra-
plaque lipid within intracranial atherosclerosis. After compar-
ison with histology findings, LST1 is verified to be lipid core
within advanced atherosclerotic lesions, which may be used to
differentiate ICAD from other etiologies causing intracranial
arterial stenosis, such as Moyamoya disease or vasculitis.

Current imaging modalities, such as transcranial Doppler,
magnetic resonance angiography, and digital subtraction angi-
ography, which are capable of evaluating the arterial lumen
status of intracranial vessels, cannot delineate the etiologies
causing similar arterial occlusive disease.® Detailed visu-
alization of vessel wall changes may help to identify ICAD
from other intracranial vasculopathies causing arteria steno-
sis, which may optimize personalized therapy in individual
patients.'* Assuming that intracranial atherosclerosis patho-
physiology parallels that in the carotid artery, plaque eccen-
tricity is used as a criterion to differentiate between ICAD and
other vasculopathies within brain vasculature in high-resolu-
tion MRI-related studies.' In this study, however, more than
half of the intracranial atherosclerotic lesions presented as
concentric rather than eccentric intima thickening, which was
consistent with our recent report on the same series of autopsy
cases'® Therefore, other imaging biomarkers rather than pat-
tern of intima thickening should be developed to distinguish
ICAD from other intracranial arterial disease.

Atherosclerosis is a progressive inflammatory disease'
initiated by endothelial injury and followed by cholesterol
accumulation in the endothelial cells of the arterial wall.'s
The formation of lipid core is a landmark of atherosclerosis
maturation, and the extent may affect plaque stability and
subsequent plaque rupture.'”” Our previous postmortem study



Table 3. Sensitivity, Specificity, Positive, and Negative
Predictive Value and Cohen’s x of the Low Signal on T1-Weighted
Fat-Suppressed Images (LST1) to Detect Lipid Core, Grouped by
Underlying Lipid Core Area Assessed by Histology

Lipid Core

Areas >0.8 mm?
All Areas (n=44) (n=16)

38.6 (24.7-54.5) 81.2 (53.7-95.0)
96.9 (82.0-99.8) 91.7 (80.9-96.9)

Sensitivity (95% Cl)
Specificity (95% Cl)

Positive predictive value
(95% Cl)

Negative predictive value
(95% Cl)

Cohen’s x (95% Cl)
Cl indicates confidence interval.

23.7 (15.0-35.1) 23.7 (15.0-35.0)

76.3 (64.9-85.0) 76.3 (64.9-85.0)

0.32 (0.16-0.49) 0.70 (0.47-0.87)

showed that the percentage of lipid area within MCA vessel
walls, in addition to luminal stenosis and intraplaque neovas-
culature, plays a key role in leading to brain infarctions in the
corresponding territory.* Accordingly, the identification of
lipid components within intracranial vessel wall lesions may
help to distinguish ICAD from other arterial diseases.

Based on this 1.5-T MRI-histology comparative study,
LST1 showed high sensitivity (81.2%) and high specificity
(91.7%) in identifying lipid cores of area >0.80 mm? within
MCA atherosclerotic plaques, indicating that LST1 is a prom-
ising imaging biomarker for identifying intraplaque lipid core.
The sensitivity decreased markedly if area <0.80 mm? were
included (36.8%), which is most likely attributable to the infe-
rior spatial resolution of 1.5 T MRI. Accordingly, the mean
area of lipid core assessed by histology was =5 times larger in
the LST1 group than in the without LST1 group, suggesting
that LST1 was more reliable in detecting lipid core of larger
area.

Although the capability of high-resolution MRI in identify-
ing plaque components has been validated by using carotid
artery specimens from carotid endarterectomy, the application
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of high-resolution MRI in assessing intracranial arterial dis-
ease requires to be validated by histological evidences. Our
present ex vivo study provides limited but valuable histology
evidence in assisting signal interpretations of MRI vessel wall
imaging.'® Similar to our study, the capability of 7.0-T MRI
identifying plaque components occurring within intracranial
large arteries was reported in identifying fibrotic components
(hyperintense signal), calcium deposition (hypointense sig-
nal), and areas of foamy macrophages (hypointense areas).'*
Comparably, the strength of our present study lies in increased
sample size to verify the sensitivity and specificity of low sig-
nal in identifying intracranial lipid core. LST1 within intracra-
nial vascular lesions may serve as a new imaging biomarker to
distinguish ICAD from other intracranial arterial disease. The
relationship between pattern of intima thickening and detec-
tion of lipid core indicates that the eccentric lesions tend to
contain greater prevalence and larger area of lipid core com-
pared with concentric lesions, implying that the vessel wall
MRI may perform better on eccentric plaques within brain
vasculature. In vivo clinical studies are required to explore
the correlation between LST1 and clinical outcomes of stroke
patients with ICAD.

This study has some limitations. First, like the other ex-
vivo imaging studies, the signal characteristics on ex-vivo
MRI imaging could not totally reflect the intracranial ves-
sel wall changes in living patients because of a potential
change in tissue contrast resulting from tissue degradation
and dehydration.?! However, our findings from this ex-vivo
MRI-histology comparative study may deepen our under-
standing about the pathology of ICAD and partly fill in
the gaps between histology and imaging features because
of lack of cerebral artery specimens. Second, pathologi-
cal examination of the matched MCA specimens was used
as the gold standard for evaluating the plaque components
on MR images. However, the areas of lipid core could be
underestimated because of specimen shrinkage during the
fixation and subsequent dehydration and embedding proce-
dure. Shrinkage of arterial rings specimens were reported
to be on average 19% to 25% in area,”*> 15% in width, and
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30% in length® compared with ex vivo MRI, making the
comparison of absolute values difficult. In further studies,
the shrinkage distortions should be corrected by defining
relative to total plaque area or by strain-based 3D recon-
structions.* Finally, cautions should be taken when inter-
preting the signal density based on single fat-suppressed
T1-weighted MRI sequence. Multiple MRI sequences,
especially contrast-enhanced MRI, may help to improve
the accuracy and reproducibility of tissue quantification.
Additional studies are needed to validate the clinical sig-
nificance of low signal on MR vessel wall imaging in live
patients by modified scanning techniques.>>>%

To our knowledge, this is the first ex vivo MRI study
to validate the signal characteristics caused by lipid core
within intracranial atherosclerotic lesions by referring to
histology. LST1 is a promising imaging biomarker of iden-
tifying intraplaque lipid core, which may be useful to dis-
tinguish ICAD from other intracranial vasculopathies and to
assess plaque vulnerability for risk stratification of patients
with ICAD.
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