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ARTICLE INFO ABSTRACT

Background: In clinical practice, calcifications seen on computed tomographic studies within the large brain arter-
ies are often referred to as a surrogate marker for cholesterol-mediated atherosclerosis. However, limited data
exist to support the association between calcification and atherosclerosis. In this study, we examined if intracra-
nial arterial calcifications were associated with cholesterol-mediated intracranial large artery atherosclerosis
(ILAA) within the arteries of the circle of Willis in an autopsy-based sample.
Methods: We carried out a cross-sectional analysis of histopathological characteristics of brain large arteries
obtained from autopsy cases. Brain large arteries were examined for evidences of calcifications, which were
rated as macroscopic (coalescent) and microscopic (scattered). In addition to calcification, we also obtained mea-
surement of the arterial wall and the presence of ILAA and nonatherosclerotic arterial fibrosis. We built hierarchi-
cal models adjusted for demographic and vascular risk factors to assess the relationship between calcification
and ILAA.
Results: In univariate analysis, the presence of any arterial calcifications was associated with cerebral infarcts
(29% vs. 14%, P<.01). Multivariate analysis revealed that among all calcifications, coalescent calcifications were
not associated with ILAA. In contrast, scattered calcifications were associated with ILAA (P<.001), decreased
lumen diameter (—1.87 4+/— 0.41 mm, P<.001), and increased luminal stenosis (0.03% 4/— 0.01%, P<.006).
These findings were independent of age, sex, or other vascular risk factors.
Conclusions: This study demonstrates that coalescent calcifications in brain large arteries, although associated
with morbidity, are not synonymous with cholesterol-driven ILAA. Understanding the precise pathological com-
ponents of cerebrovascular disease, including nonatherosclerotic arterial calcifications, will help develop individ-
ualized therapies beyond amelioration of traditional risk factors such as hyperlipidemia.
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1. Introduction [2]. The mainstay of therapy is identification of ILAA using noninvasive

neuroimaging and mediation of various risk factors such as hyperlipid-

Strokes are a major burden of disease worldwide. In the United
States, strokes are the fifth leading cause of death, with approximately
800,000 cases each year, of which a majority are ischemic [1]. Intracra-
nial large artery atherosclerosis (ILAA) is a major contributor to ische-
mic stroke, with increased risk among black and Hispanic populations
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emia and diabetes. Currently, the presence of ILAA is presumed by the
presence of focal luminal narrowing on lumen-based imaging such as
brain computed tomography (CT) angiography or magnetic resonance
angiography or by identifying the presence of arterial calcifications on
brain CT [3]. However, not all brain arterial stenoses are atherosclerotic,
asin cases of fibromuscular dysplasia or large artery vasculitis [4,5]. Fur-
ther, many atherosclerotic plaques have only modest degrees of luminal
stenosis [6]. There are also nonatherosclerotic effects from aging, in-
cluding degenerative changes consisting of elastin loss and concentric
intima thickening with relative outward arterial remodeling [7].

A significant focus has been placed on ILAA plaques and their vulner-
ability, which is influenced by large lipid-rich necrotic cores and thin fi-
brous caps inferred to make these plaques more prone to rupture and to
produce distal artery-to-artery emboli [8,9]. However, less is known
about the influence of arterial calcifications on cerebrovascular patho-
physiology. Currently, calcifications seen on CT are commonly taken to
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be a surrogate marker for ILAA and are presumed to be atherosclerotic.
However, arterial calcifications are not always associated with cholesterol
deposition or with atheromas [10,11]—both core aspects of atherosclero-
sis defined pathologically [12]. It remains uncertain if the presence of cal-
cifications in the brain large arteries maybe used as proof of ILAA and thus
be managed similarly to cholesterol-mediated atherosclerosis.

In this study, we investigated the histopathological relationship be-
tween brain large artery calcifications and the corresponding vascular pa-
thology. In particular, we examined for pathological differences between
large calcifications, which are more likely to be detected radiographically
(“coalescent”), and small, microscopic, calcifications, which are likely
below the limits of radiographic resolution (“scattered”) and thus likely
to be missed on image-based studies. Our aim was to test the hypothesis
that large calcifications in the brain large arteries are not reliably associ-
ated with ILAA, defined here as a cholesterol-mediated process as evi-
denced by lipid deposition in the arterial wall.

2. Method

Data and cases for this study were obtained from the Brain Arterial
Remodeling Study. The origin of the autopsy cases and the methods
used at each of the donor brain banks/tissue collections have been pre-
viously described [6,13,14]. Briefly, autopsy cases were examined to re-
move the circle of Willis with all available brain large arteries. As part of
the routine neuropathological assessment, each brain was examined for
areas of ischemic infarction. Individuals with history of atrial fibrillation,
endocarditis at death, mechanical valves, cardiac clots, or large cortical
infarcts in multiple arterial territories were considered to have cardio-
embolic infarcts. Infarcts in subcortical locations or single arterial terri-
tories without cardioembolic sources were considered to have
noncardioembolic infarcts. Demographic information and vascular risk
factors (i.e., hypertension, diabetes) were collected from chart review,
were self-reported by prospective donors while alive, were collected
by postmortem family member(s) interview, or were inferred based
on medication list. For the purposes of this study, we excluded cases
with known HIV or AIDS. The data that support the findings of this
study are available from the corresponding author upon reasonable re-
quest. Each brain collection was approved by the respective institutional
review board, and consents were obtained accordingly.

Brain large arteries from the circle of Willis were systematically ex-
tracted and analyzed as previously described [13,15]. Briefly, 6-pm-
thick cross-sections were obtained from the proximal and distal seg-
ments of each paraffin-embedded artery stained with hematoxylin
and eosin (H&E), elastic van Gieson (for elastin), Masson trichrome
(for collagen), and Congo red (for amyloid). Each stained slide was dig-
itized using Olympus Soft Imaging Solutions software running a high-
speed, high-resolution Olympus VS110 virtual slide scanning system
(Olympus America Inc., Center Valley, PA, USA) with 10x magnification
and scale=0.643 pm/pixel. The morphometric features of each artery
were measured in the digital images with previously described methods
[15]. First, the arterial layers were segmented by predefined color-in-
tensity-based thresholds and adjusted for deformations that typically
occur during the fixation and preparation processes. Each arterial seg-
ment was examined for luminal stenosis, defined as the actual lumen
area divided by the area encircled by the internal elastic lamina [16].
The degree of elastin, collagen, and amyloid content of each artery was
quantified by average pixel staining intensity via the Visiopharm Integra-
tor System (Hoersholm, Denmark). Because the overall intensity varied
slightly by batches of staining, we controlled for the overall background
intensity. Arteries were considered to have high staining intensity for
their respective markers if the background-adjusted mean average inten-
sity was in the upper quartile of the respective distribution.

Procedures for brain arterial categorical phenotype assessments:
Histological examination was performed for evidence of ILAA (defined
strictly by the presence of an atheroma), arterial fibrosis (i.e.,
nonatherosclerotic fibrosis, defined as arterial wall degeneration

with no evidence atheroma), and presence of any calcification.
Nonatherosclerotic fibrosis represents a similar phenotype as the
fibrocalcific plaque used by the revised AHA classification of arterial pa-
thology [17], but in this case, because calcification was the outcome of
interest, we rated it independently of whether calcification was present
or not. Arteries with any calcification were subsequently rated as coales-
cent (or macrocalcification) or scattered (or microcalcification) by vi-
sual assessments (Fig. 1). The idea behind this subdivision is that
there exists precedence that calcification may differ in their role of
plaque vulnerability [18], and creating a binary variable based on mac-
roscopic appearance would make this classification simple and reliable.
In general, large, macroscopic calcifications were considered coalescent,
while small, microscopic calcifications were considered scattered. To
determine interrater reliability, 100 arteries were separately by a senior
neuropathologist (J. Goldman) and a vascular neurologist (]. Gutierrez).
The interreader reliability for any calcifications was k=0.79, scattered
calcification k=0.73, and coalescent calcification k=0.95.

2.1. Statistical analysis

Descriptive statistics were reported with percentage or mean +
standard deviations in the entire sample and stratified by calcification
status. We used y? or Student's t test to assess for univariate statistical
differences by calcification status. We then built multiadjusted, multi-
level generalized linear models with a binomial link, progressively
adjusting for demographics, vascular risk factors, arterial phenotype,
and quantitative measures. The three dependent variables of interest
were any calcification, and then separated as coalescent versus
scattered. If a given artery had both phenotypes, we included that artery
in each model. The P value was adjusted by the number of multiple
comparisons to define statistical significance (P=.05/number of com-
parisons by outcome). The analysis was carried out with SAS software,
version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Demographic characteristics

The sample included 211 autopsy cases with a mean age of 57+
18 years. The sample had a higher percentage of men (60%), and the ma-
jority were non-Hispanic whites (73%). In total, 45 subjects (21%) were
identified with having any type of calcifications in their brain large ar-
teries. These individuals tended to be older and have higher rates of hy-
pertension, dyslipidemia, and coronary artery disease (CAD). The
vascular risk factors of both groups are shown in Table 1.

3.2. Pathological examination

On neuropathological assessment, 36 subjects (17%) had evidence of
cerebral infarcts of which 16 (8%) were believed to be noncardioembolic.
Of note, presence of any type of calcifications was associated with ische-
mic infarcts (Table 2). Histological examination of these brain large arter-
ies revealed 78 subjects (37%) with evidence of cholesterol-driven
atherosclerosis and 31 subjects (15%) with nonatherosclerotic fibrosis.
Only 10% of cases had evidence of both ILAA and fibrosis. Both ILAA and
fibrosis were associated with presence of calcifications.

We evaluated 1699 brain arterial segments (on average 8-9 arteries
per subject), out of which 91 had any calcification (5.4%). Some subjects
may have had one or more arteries with calcifications (examples shown
in the supplemental data). Among arteries with calcifications, 94.5%
were localized in the intima (54% through the intima and 40% exclu-
sively or largely localized in the ??IEL with or without minor spilling
into the media), 2.2% in the media, and 2.2% in the adventitia, and
1.1% had a relative equal distribution of calcifications in intima and ad-
ventitia. Calcifications near or in the IEL had often a nodular appearance
and commonly involved exclusively the IEL (as shown in various
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Fig. 1. Cross-sectional examples of scattered (A) and coalescent (B) arterial calcifications stained with H&E. By visual assessment, small, microscopic calcifications were considered
scattered, while large, macroscopic calcifications were considered coalescent. Prevalence and distribution of atherosclerosis, nonatherosclerotic fibrosis, and calcifications subtype by

age of study sample (C).

examples found in the supplemental data). Internal elastic lamina calci-
fications were more likely to have a coalescent appearance compared
with calcifications in the luminal aspect of the intima (43% vs. 24%,
P=.03) and occasionally seem to arise from an artery with no or mini-
mal intimal thickening.

3.3. Association between arterial calcifications and study variables
In multivariate analysis adjusting for demographic and vascular risk

factors, all arterial calcifications were more common with older age
(Fig. 1) and in larger brain arteries (Table 3). Other associations varied

by calcification phenotype. Coalescent calcifications were associated
with a greater change in interadventitial diameter. However, these
large calcifications were not associated with cholesterol-driven ILAA.
Conversely, scattered arterial calcifications were associated with both
ILAA and nonatherosclerotic fibrosis. Further adjustment for statins
use did not change these associations.

3.4. Association between arterial calcifications and pathological remodeling

In multivariate analysis adjusting for multiple factors (see above),
the presence of large coalescent calcifications was only associated
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Table 1
Demographic characteristics of the sample used in this study

Entire sample
(N=211)

Stratified by calcification status

No Calcification P
calcification present value
(n=166) (n=45)
Demographic information
Age (in years, mean + SD, 57+18,53, 53416,50, 72+18,73, <.001
median, IQR) 44-69 43-59 56-87
Sex M:F (male sex %) 127:84 (60) 103:63 (62) 24:21 (53) .28
Non-Hispanic white (n, %) 155:56 (73) 123:43 (74) 32:13 (71) .68
Vascular risk factors
HTN (n, %) 86 (41) 58 (35) 28 (62) <.001
Diabetes (n, %) 37 (18) 28 (17) 9 (20) .62
Dyslipidemia (n, %) 47 (22) 26 (16) 21 (47) <.001
Statins use (n, %)° 15 (16) 7(10) 8(35) .005
Smoking (n, %) 106 (50) 87 (52) 19 (42) 22
CAD (n, %) 71 (34) 50 (30) 21 (47) .04

Abbreviations: IQR, interquartile range; n, number; HTN, hypertension.
2 Data available only in 93 (44%) of the cases.

with concentric intimal thickening but no other measures of pathologi-
cal vascular remodeling or degenerative changes (Table 4). Conversely,
small scattered calcifications were significantly associated with patho-
logical vascular remodeling, such as smaller lumen diameter and
lumen-to-wall ratio, as well as increased media thickness and luminal
stenosis.

4. Discussion

In this study, we demonstrate the pathological heterogeneity be-
tween large coalescent calcifications and scattered small calcifications
within the brain large arteries (as shown in Fig. 1 and in the supplemen-
tal data). In particular, coalescent calcifications were not associated with
cholesterol-driven ILAA, while scattered calcifications were. Only
scattered calcifications were associated with pathological vascular re-
modeling such as more severe stenosis and reduced lumen diameter—
factors traditionally associated with ILAA on imaging. These findings
were independent of vascular risk factors such as hypertension, diabe-
tes, dyslipidemia, or smoking. These findings support the hypothesis
that large arterial calcifications, which we believe will be more likely
to be detected clinically on brain CT, are not synonymous with ILAA
(one example shown in Fig. 2). The prevalence of calcifications in the ar-
teries in our sample is higher than reported in other cohorts with systemic
analysis of the circle of Willis (5.4% vs. 3% of all arteries assessed) [19]. This
discrepancy may relate to the difference in vascular risk factors and
slightly higher proportion of men in our study. Additionally, we did not
decalcify our specimen before fixation and embedding, which may have
facilitated identification of calcium deposits in our sample.

Table 2
Pathological findings in this study

The relationship between coronary arterial calcifications, CAD, and
mortality is well established in the cardiac literature [20,21]. Fewer
studies have examined the relationship between arterial calcifications
and clinically silent cerebrovascular disease, in particular with ischemic
stroke subtypes. Calcifications in both intracranial and extracranial ar-
teries are associated with noncardioembolic ischemic strokes [22].
Among stroke patients, intracranial arterial calcifications have been
shown to be associated with future recurrent strokes and mortality
[23]. In our study, presence of any calcifications in the brain large arter-
ies was associated with CAD and ischemic infarcts. When adjusted for
age and risk factors, scattered calcifications were still associated with
CAD, but the association attenuated for ischemic infarcts. Taken to-
gether, these results indicate that although vascular calcifications may
not be taken as evidence of cholesterol-driven arterial pathology, their
presence suggests increased arterial aging and may be a negative
marker of overall cardiovascular health.

Arterial calcifications may also influence the risk factors for various
stroke mechanisms. Prior research has demonstrated an association be-
tween arterial calcifications and lacunar infarcts, a phenomenon not
seen with nonlacunar infarcts [24]. In contrast, symptomatic carotid
plaques have a lower degree of calcifications when compared to extra-
cranial plaques of similar size, implying that calcifications may play a
role in stabilizing vulnerable ILAA plaques [25] at the expense of in-
creasing arterial stenosis. Unlike strokes from ILAA, lacunar strokes are
attributed to small arterial disease or branch occlusive disease. Given
these arteries' small caliber, they are particularly sensitive to the in-
creasing sheer stresses seen from pathological remodeling associated
with brain large arteries calcifications as seen in our study.

Individuals with calcifications were substantially older and more
likely to have medical comorbidities, such as hypertension and hyper-
lipidemia. These associations are likely the downstream consequence
of chronic inflammatory pathways causing intimal changes [ 26]. Inflam-
matory cytokines, such as nuclear factor-kB, are responsible for inflam-
matory changes in endothelial cells and migration of inflammatory cells
into the vessel wall [27], as well as calcification of smooth muscle tissue
[11] via RANKL activation. Additionally, studies have shown that these
inflammatory pathways are accelerated in the presence of diabetes
and chronic kidney disease [28]. In our study, calcifications were nega-
tively associated with diabetes after adjusting for atherosclerosis, how-
ever. This finding suggests that the association between diabetes and
calcification is at least partially mediated by the diabetes role in athero-
sclerosis. Another possibility is that our study was underpowered to de-
tect an association between diabetes and calcification due to a relatively
low prevalence of calcifications in cases with diabetes (only nine cases
had both diabetes and calcification).

The strengths of this study include the careful histopathological de-
scription of brain arteries and the morphological composition of vascular
lesions. To our knowledge, this is the first study examining the histologi-
cal relationship between arterial calcifications and cerebrovascular

Entire sample (N=211)

Stratified by calcification status

No calcification Any calcification (n=45) Pvalue
(n=166) Scattered (n=12) Coalescent Mixed
(n=20) (n=13)

Gross pathological findings
Any infarct 36 (17) 23 (64) 2 (6) 6 (16) 5(14) .05
(n, %)
Nonembolic infarcts (n, %) 16 (8) 8 (50) 1(6) 4(25) 3(19) .01
ILAA-related infarct (n, %) 4(2) 2 (50) 0 2 (50) 0 .05
Lacunar infarct (n, %) 12 (6) 6 (50) 1(8) 2(17) 3(25) .02
Histological findings
Atherosclerosis (n, %) 78 (37) 43 (55) 6(8) 17 (21) 12 (15) .001
Nonatherosclerotic fibrosis 31(15) 9(29) 7 (23) (23 8 (25) .001
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Table 3
Association between calcification subtype and study variables

All calcifications

coalescent Calcifications scattered Calcifications

Beta coefficient + S.E., P value

Age (in years) 0.03+0.01,
009+
Male sex —0.02+0.35,
.96
Nonwhite race 0.5340.40,
19
Interadventitial diameter (per mm) 0.90+4-0.18,
<.001**
Hypertension 0.50+0.41,
229
Diabetes —1.2740.36
<.001**
Dyslipidemia —0.06+0.38,
.87
Smoking 0.3340.32,
31
Atherosclerosis 1.59+0.32
<.001**
Fibrosis 2.72+0.39
<.001**

0.02+0.01, 0.03+0.01,
.16 .003**
0.10+0.35, 0.18+0.39,
.76 .65
0.38+0.45, 0.15+0.43,
40 73
1.17+0.32, 0.45+0.11,
<.001** <.001**
0.354+0.45, 0.48+0.45,
43 .28
—0.56+0.37 —0.95+0.46
13 .04+
0.06+-0.40, —0.08+0.42,
.89 .85
0.03+0.39, 0.34+0.33,
93 .30
0.55+0.53 1.96+0.36
<29 <.001**
2.37+0.58 2.23+0.39
<.001%* <.001#*

Analytic note: adjusted for age, sex, ethnicity, interadventitial diameter, arterial type (anterior or posterior circulation), country of origin (USA or international), and presence of athero-

sclerosis and nonatherosclerotic fibrosis.
* P<.05.
** P<.025 (Bonferroni correction .05/2).

arterial pathology. By examining the actual vasculature, we were able to
characterize the exact components of vessel disease, a distinct advantage
over studies relying on image-based surrogates of pathology. This ap-
proach highlighted the pathological significance of scattered calcification
which maybe missed on image-based studies. Additionally, non-Hispanic
blacks and Hispanics were well represented in our sample, which is im-
portant given the different rates of ILAA in these communities.

The result of this study should be contextualized in the light of its
strengths and limitations. Foremost, as a retrospective analysis of
autopsy-based data, our conclusions are limited to associations and can-
not infer causality. As such, we cannot determine to what degree these
pathological findings in the cerebral vasculature contributed to ische-
mic strokes or how these changes contributed to morbidity or mortality.
It may be possible that calcifications versus atheromatous plaques con-
tribute differently to ischemic strokes, with different implications for se-
verity. Such potential discrepancies warrant further research into
atherosclerotic morphology and its relationship to strokes. Additionally,
we were not able to obtain every single artery of the circle of Willis in all
cases, and we were not able to evaluate for extracranial carotid disease,
limiting the interpretation of stroke etiology in noncardioembolic in-
farcts. Furthermore, there was limited information on use of statin

Table 4
Association between brain arterial calcifications and pathological remodeling

therapy, with only 93 subjects with available data on antemortem med-
ications. Although there was a higher proportion of subjects with calci-
fications on statins, adjusting for their use did not change any
associations. Vascular risk factors were obtained in some cases by self-
report or inference, a potential source of bias or error. Finally, as our
data were derived from autopsy specimens, an inherent selection bias
may limit generalizability.

In summary, we confirmed the hypothesis that brain large artery co-
alescent calcifications are not associated with ILAA. Smaller, scattered
brain large artery calcifications are associated with ILAA and, by virtue
of their size, maybe missed on imaging-based studies. Pathologically,
scattered arterial calcifications were most significantly associated with
measures of both inward and outward vascular remodeling. This study
adds to the growing body of literature highlighting the heterogeneous
composition of arterial plaques and their clinical relevance. Future stud-
ies can use immunological staining to look for specific drivers of these
vascular lesions, such as specific proteins or proteases. Identifying and
understanding specific pathological components of cerebrovascular dis-
ease are important steps toward developing individualized therapies
beyond just amelioration of traditional risk factors such as hyperlipid-
emia and diabetes.

All calcifications

Coalescent calcifications Scattered calcifications

Beta coefficient + S.E., P value
Lumen diameter (per mm)
Media thickness (per micron)
Lumen-to-wall ratio

Luminal stenosis (%)

—2.4740.52, £.001**
0.054-0.002, .04**

—0.08+0.03, .002+*
0.03+0.01, .02+**

Increased arterial collagen —0.91+0.60, .13
Decreased elastin content 0.484-0.44, .27
Large artery amyloidosis 0.60+0.43,.16
Concentric intima thickening 0.394-0.28, .16

—0.93+0.75, .22
0.002+£0.003, .55
—0.06+0.03, .05*

—1.87+0.41, £.001**
0.007+0.003, .006**
—0.07+0.02, .003**

0.01+0.02,.53 0.03+0.01, .006**
0.39+0.85, .64 —1.19+0.75, .11
0.46+0.63, .46 0.42+0.37, .24
1.45+0.73, .05* 0.244+0.41, .55
1.114+0.44, .01+ —0.57+0.40, .16

Analytic note: adjusted for age, sex, ethnicity, interadventitial diameter, arterial type (anterior or posterior circulation), country of origin (USA or international), and presence of athero-
sclerosis and nonatherosclerotic fibrosis. All associations adjusted for this model except for concentric intimal thickening, which excluded atherosclerosis/fibrosis due to collinearity with

these two factors.
* P<.05.
** P<.025 (Bonferroni correction .05/2).
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Case #1

Fig. 2. Case 1, top row: A calcified vertebral artery seen on CT radiography revealed an area of extensive, coalescent ossification (green arrow) in addition to accompanying scattered
calcifications (appear black in H&E) and concentric intima thickening with no cholesterol crystals (stains: H&E). Case 2, bottom row: The most proximal portion of the left middle
cerebral artery appears hyperdense on CT radiography (left column, green arrow). Histopathological analysis of the artery showed evidence of two atheromas (middle column, green
arrows) with a relatively thin fibrous cap. With further magnification, scattered calcifications (appear black in H&E) are appreciated in the periphery of the atheroma.
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