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ABSTRACT

BACKGROUND AND PURPOSE: Vulnerable carotid plaque components are reported to increase the risk of cerebrovascular events. Yet,
the relation between plaque composition and subclinical ischemic brain disease is not known. We studied, in the general population, the
association between carotid atherosclerotic plaque characteristics and ischemic brain disease on MR imaging.

MATERIALS AND METHODS: From the population-based Rotterdam Study, 951 participants underwent both carotid MR imaging and
brain MR imaging. The presence of intraplaque hemorrhage, lipid core, and calcification and measures of plaque size was assessed in both
carotid arteries. The presence of plaque characteristics in relation to lacunar and cortical infarcts and white matter lesion volume was
investigated and adjusted for cardiovascular risk factors. Stratified analyses were conducted to explore effect modification by sex.
Additional analyses were conducted per carotid artery in relation to vascular brain disease in the ipsilateral hemisphere.

RESULTS: Carotid intraplaque hemorrhage was significantly associated with the presence of cortical infarcts (OR, 1.9; 95% confidence
interval, 1.1–3.3). None of the plaque characteristics were related to the presence of lacunar infarcts. Calcification was the only character-
istic that was associated with higher white matter lesion volume. There was no significant interaction by sex.

CONCLUSIONS: The presence of carotid intraplaque hemorrhage on MR imaging is independently associated with MR imaging–defined
cortical infarcts, but not with lacunar infarcts. Plaque calcification, but not vulnerable plaque components, is related to white matter lesion
volume.

ABBREVIATIONS: PD � proton density; WML � white matter lesion

Identification of individuals who are at high risk for cerebrovas-

cular events is an important goal in the prevention of cerebro-

vascular disease. There is growing awareness that the risk of a

cerebrovascular event depends on not only the severity of carotid

stenosis but also the morphology and composition of the athero-

sclerotic plaque.1,2 Histologic studies indicate that specific “vul-

nerable” plaque characteristics, such as a large lipid core, thin

fibrous cap, and intraplaque hemorrhage, are key elements to

atherosclerotic plaque instability.3,4 Destabilization of plaque can

lead to plaque rupture, with thrombus formation on the disrupted

plaque surface and subsequent embolization of thrombus and/or

plaque material into the distal vessels. Currently, MR imaging can

accurately detect plaque components in the carotid arteries.5-7

Ischemic vascular brain disease, manifesting as brain infarcts

and white matter lesions (WMLs), is highly prevalent in the el-

derly, often occurs subclinically, and is associated with an in-

creased risk of adverse neurologic events.8,9 It is, however, un-

known whether atherosclerotic plaque composition also relates to

these vascular brain lesions in the general population. Morpho-

logically, brain infarcts can be divided into lacunar infarcts and

cortical infarcts. Whereas lacunar infarcts are associated with

local occlusive disease of deep perforating arteries,10 cortical in-

farcts are primarily caused by thrombo-embolism from extracra-

nial arteries or the heart.11 For WMLs, cerebral small-vessel dis-

ease is considered the main contributory factor. Therefore, we
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hypothesized that vulnerable carotid plaque components as as-

sessed on MR imaging are associated with cortical infarcts rather

than with lacunar infarcts or WMLs.

In 951 individuals from the population-based Rotterdam

Study,12 we studied the association of carotid atherosclerotic

plaque components, intraplaque hemorrhage, and lipid core,

with markers of ischemic brain disease on MR imaging.

MATERIALS AND METHODS
Study Population
The current study was embedded in the Rotterdam Study, a pro-

spective, population-based study among middle-aged and elderly

participants (�95% of white descent), aimed at investigating de-

terminants of various diseases among middle-aged and elderly

individuals (45 years of age or older).12 All participants are invited

at regular time intervals, every 3– 4 years, to the research center for

follow-up examinations, including carotid ultrasonography.13

From October 2007 onward, participants with carotid wall thick-

ening (maximum thickness, �2.5 mm on sonography) in the left,

right, or both carotid arteries were invited for MR imaging of the

carotid arteries. Until August 2010, 7151 participants of the Rot-

terdam Study cohort had undergone ultrasonography and were

still alive. In 26.3% of these participants (n � 1882), carotid wall

thickening was present on sonography. We excluded individuals

who had MR imaging contraindications (n � 43), had dementia

(n � 12), had physical immobility (n � 50), lived in nursing

homes (n � 60), had moved outside the area (n � 54), or had

undergone a carotid endarterectomy procedure (n � 4). Of the

1659 subjects eligible for carotid MR imaging, 1451 agreed to

participate (response, 87.5%). Due to physical inabilities (eg, back

pain) or claustrophobia, imaging could not be performed or com-

pleted in 85 individuals (5.9%), so, in total, 1366 participants

underwent complete carotid MR imaging. The quality of all se-

quences in each carotid MR imaging was rated on a 5-point scale

(1 � worst, 5 � best).14 Scans were included in the analyses if the

image quality was scored �3 (n � 1289, 94.4%) in all carotid MR

imaging sequences. Exclusion (n � 77) was mainly due to suscep-

tibility artifacts from dental implants and motion artifacts.

For the current study, we selected participants with carotid

MR imaging of sufficient quality who had also undergone an MR

imaging examination of their brains as a part of the Rotterdam

Scan Study,15 an ongoing study investigating age-related brain

changes on MR imaging. Invitation to the Rotterdam Scan Study

was independent of participation in the carotid MR imaging

study. The objectives and design of the Rotterdam Scan Study

have been described in detail elsewhere.16 Until August 2010, in

total, 951 participants underwent complete MR imaging exami-

nations of both carotid arteries and brain and were included in the

current study. The median time interval between the brain and

carotid MR imaging was 9 (25th–75th percentile, 2–21) months,

with the brain MR imaging preceding the carotid MR imaging in

88.5% of the subjects.

The Rotterdam Study has been approved by the medical ethics

committee according to the Population Study Act Rotterdam

Study, executed by the Ministry of Health, Welfare and Sports of

the Netherlands. Written informed consent was obtained from all

participants.

Carotid MR Imaging
Imaging of the carotid arteries was performed on a 1.5T scanner

(Signa HD; GE Healthcare, Milwaukee, Wisconsin) with a bilateral

phased array surface coil (Machnet, Eelde, the Netherlands). We

planned the high-resolution MR imaging sequences so that the ca-

rotid plaques were imaged completely on both sides, with a previ-

ously described standardized protocol.17 First, both carotid bifurca-

tions were identified by means of 2D time-of-flight MR

angiography. Thereafter, high-resolution MR imaging sequences

were planned to image the carotid bifurcations on both sides: a

proton density (PD)–weighted FSE black-blood sequence; a PD-

weighted FSE black-blood sequence with an increased in-plane

resolution; a PD-weighted EPI sequence; a T2WI EPI sequence; a

3D-T1WI gradient-echo sequence; and, finally, a 3D phased-con-

trast MR angiography.17

Assessment of Plaque Composition on Carotid MR
Imaging
Carotid plaques were analyzed by a single observer with �3 years’

experience in rating carotid MR imaging, as previously de-

scribed.17 Analysis involved examination of both carotid arteries.

The presence of atherosclerotic plaque was defined as carotid wall

thickness of �2.0 mm, and carotid plaque was quantified by mea-

suring maximum carotid wall thickness in the PD-weighted FSE

images and by calculation of luminal stenosis with the NASCET

criteria.18 In all carotid arteries with atherosclerotic plaque on MR

imaging (n � 1752 carotids in 951 participants), the presence or

absence of 3 different plaque components (calcification, intra-

plaque hemorrhage, and lipid core) was assessed with criteria de-

scribed elsewhere.17 For examples of assessment of vulnerable

plaque components, see Fig 1.

Brain MR Imaging
Brain MR imaging, details of which are described elsewhere,16 was

performed on the same 1.5T scanner. In short, the imaging pro-

tocol included 3 high-resolution axial scans used for assessment of

infarcts and white matter lesions (ie, a T1WI sequence, a PD-

weighted sequence, and a FLAIR sequence).

Lacunar and cortical infarcts were rated on FLAIR, PD-

weighted, and T1WI sequences by 1 of 5 trained raters according

to criteria described previously.16 The presence of infarcts and

location (left or right hemisphere) were recorded. WMLs and

intracranial volume were segmented with a validated fully auto-

mated tissue-classification technique,19,20 and total WML vol-

ume was calculated by summing all WML voxels across the

whole brain and per hemisphere. Quantification of WML vol-

ume was not possible in 41 brain scans because of susceptibility

or motion artifacts. Therefore, 1670 of 1752 carotid arteries

were used to study associations between carotid plaque char-

acteristics and WML volumes. Readers who interpreted the

brain MR imaging were blinded to the carotid MR imaging

findings, and vice versa.

Cardiovascular Risk Factors
Cardiovascular covariates were ascertained with standard pro-

cedures as described previously.21 Risk factors used as covari-

ates in the current study were hypertension (defined as grade 2
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according to European Society of Cardiology criteria22), smok-

ing (classified as current, past, and never), diabetes mellitus

(defined as the use of blood glucose–lowering medication

and/or a nonfasting serum glucose level of 11.1 mmol/L or

higher and/or a fasting serum glucose level of �7 mmol/L

[�126 mg/dL]), and hypercholesterolemia (defined as a serum

total cholesterol above 6.2 mmol/L [�239 mg/dL]).

Prevalent Stroke
A history of stroke was based on the def-

inition in the World Health Organiza-

tion criteria, including a syndrome of

rapidly developing symptoms, with an

apparent vascular cause, of focal or

global cerebral dysfunction lasting 24

hours or longer or leading to death. We

assessed prevalent stroke at baseline

during an interview and verified these

data with medical records.23

Statistical Analysis
We assessed the relation of carotid

plaque characteristics with ischemic vas-

cular brain disease (cortical infarcts, la-

cunar infarcts, and WML volume) per

participant (in both hemispheres). In

addition, for infarcts, we also assessed

the relation of carotid plaque character-

istics per carotid artery (left/right) to

brain infarcts in the ipsilateral hemi-

sphere. For the participant-based analy-

sis, each carotid plaque component was scored positive if present

in 1 or both carotid arteries. For the artery-based analysis, only

brain infarcts in the hemisphere ipsilateral to the examined

carotid artery were taken into account. Associations between

carotid plaque characteristics and brain infarcts were analyzed

with logistic regression models, and the associations with

WML volume were analyzed with linear regression models.

WML volume was natural log-transformed because of skew-

ness of the untransformed measure. For the analyses with

WML volume as a dependent variable, persons with cortical

infarcts were excluded to avoid misclassification from gliosis

around the infarct area.

All analyses were adjusted for age, sex, and time interval be-

tween brain MR imaging and carotid MR imaging (model A).

Associations with WML volumes were also adjusted for intracra-

nial volume to take differences in head size into account. In addi-

tion, all analyses were adjusted for major cardiovascular risk fac-

tors (model B) and were adjusted for carotid luminal stenosis

(model C). Additional stratified analyses were performed to assess

effect modification by sex. Also, analyses were repeated after ex-

clusion of individuals with a history of clinical stroke at baseline to

compare associations with individuals with and without a history

of stroke. To correct for within-person correlated carotid plaque

data in the artery-based analyses, we followed the generalized es-

timation equation approach with an unstructured working cor-

relation matrix. The unit in the analysis was the presence of isch-

emic brain disease in the left and/or right hemisphere. Each

participant yielded a maximum of 2 U in the dataset. In case of

missing values for the cardiovascular risk factors, values were im-

puted by using the expectation-maximization method (�1% of

the data). Analyses were performed with SPSS for Windows, Ver-

sion 22.0 (IBM, Armonk, New York). The P value threshold used

for significance was .05.

FIG 1. MR imaging of the carotid artery with atherosclerotic plaque containing vulnerable plaque
components. Examples of the presence of intraplaque hemorrhage and lipid core in a carotid
plaque. A, Axial images of the left carotid artery of a 72-year-old subject with carotid plaque
formation in the carotid bifurcation. On the T1-weighted gradient-echo image (T1w-GRE), the
carotid plaque has a high signal intensity, identifying intraplaque hemorrhage (white arrow). B,
Axial images of the right carotid artery of a 67-year-old subject with carotid plaque forma-
tion in the proximal internal carotid artery. There is no high signal intensity in the carotid
plaque on the T1-weighted gradient-echo image. There is a region of low signal intensity in
the plaque burden on both PD-weighted (PDw)-EPI and T2-weighted (T2w)-EPI images in the
absence of high signal on the T1-weighted gradient-echo image, identifying the presence of
a lipid core (white arrows).

Table 1: Characteristics of the study population (n � 951)a

Characteristics
Age (mean) (yr) 71.2 � 10.3
Women (No.) (%) 444 (46.7)
Cardiovascular risk factors (No.) (%)

Hypertension, grade 222 489 (51.4)
Smoking

Past 474 (49.8)
Current 233 (24.5)

Diabetes mellitus 142 (14.9)
Hypercholesterolemia 307 (32.3)

Cerebrovascular disease
History of clinical stroke 57 (6.0)

MRI carotid characteristics
Intraplaque hemorrhage (No.) (%) 306 (32.2)
Lipid core (No.) (%) 359 (37.7)
Calcifications (No.) (%) 769 (80.9)
Maximum plaque thickness (mean) (mm) 3.6 � 1.0
Carotid stenosis of 0%–29% (No.) (%) 766 (80.5)
Carotid stenosis of 30%–49% (No.) (%) 114 (12.0)
Carotid stenosis of 50%–69% (No.) (%) 51 (5.4)
Carotid stenosis of 70%–99% (No.) (%) 20 (2.1)

MRI brain characteristics
Cortical infarct on MRI (No.) (%) 62 (6.5)
Lacunar infarct on MRI (No.) (%) 125 (13.1)
WML volume (median)b (interquartile

range) (mL)
4.66 (2.24–12.49)

a Categoric variables are presented as numbers. Continuous values areexpressedasmeans.
b WML volume measurements were possible in 910 of 951 subjects because of sus-
ceptibility or motion artifacts.
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RESULTS
Table 1 shows baseline variables for the 951 participants. Mean

age was 71.2 � 10.3 years, and 444 (46.7%) were women. Intra-

plaque hemorrhage was present in 306 (32.2%); lipid core, in 359

(37.7%); and calcification, in 769 (80.9%) participants. Cortical

infarcts were present in 62 subjects (6.5%), and lacunar infarcts,

in 125 subjects (13.1%). Median WML volume was 4.66 mL (in-

terquartile range, 2.24 –12.49). In 1752 carotid arteries with wall

thickening, 57 cortical infarcts (3.3%) and 85 lacunar infarcts

(4.9%) were present in the ipsilateral hemisphere.

Results of the multivariate adjusted analysis on the association

between carotid plaque characteristics and cortical infarcts are

presented in Table 2. The presence of intraplaque hemorrhage

(OR, 1.9; 95% CI, 1.1–3.3), maximum carotid wall thickness (OR

per millimeter increase, 1.3; 95% CI, 1.1–1.6), and carotid steno-

sis of �30% (OR, 1.8; 95% CI, 1.0 –3.2) was all significantly asso-

ciated with cortical infarcts in the subject-based multivariate anal-

ysis. When the association between intraplaque hemorrhage and

cortical infarcts was adjusted for carotid stenosis, the estimate

barely changed (OR, 1.7; 95% CI, 1.0 –3.2; P � .059), though the

association became borderline significant. When we excluded

participants with a history of clinical stroke at baseline from the

analyses (n � 57), the association between intraplaque hemor-

rhage and cortical infarcts became stronger (OR, 2.4; 95% CI,

1.2– 4.6; P � .01, model B), whereas it did not change for maxi-

mum wall thickness (OR, 1.3; 95% CI, 1.0 –1.6; P � .05) and

became nonsignificant for �30% stenosis (OR, 1.5; 0.7–3.0; P �

.29).

In the carotid-based analysis, intraplaque hemorrhage was

also significantly associated with the presence of ipsilateral corti-

cal infarcts (Table 2). Lipid core presence and plaque calcification

were not associated with cortical infarcts in the subject-based

analyses, though the association for the lipid core was borderline

significant in the carotid-based analysis (OR, 1.6; 95% CI, 0.9 –

2.8; P � .08) (Table 2). After additional adjustments for carotid

luminal stenosis, the association for intraplaque hemorrhage was

nonsignificant (OR, 1.2; 95% CI, 0.6 –2.4; P � .633).

In Table 3, the relation between carotid characteristics and

lacunar infarcts on MR imaging is shown. There were no asso-

ciations between any of the carotid plaque characteristics and

the presence of lacunar infarcts. These results did not change

after additional adjustment for carotid stenosis or exclusion of

persons with clinical stroke or when performing artery-based

analysis.

The association between carotid characteristics and WML

volume is shown in Table 4. Subjects with calcifications had

significantly larger WML volume (regression estimate, 0.21;

95% CI, 0.05– 0.38). The presence of intraplaque hemorrhage

was borderline significantly associated with higher WML vol-

ume (regression estimate, 0.13; 95% CI, �0.01– 0.28; P � .07),

but this was further attenuated when adjusting for cardiovas-

cular risk factors (P � .145). These results did not change after

additional adjustment for carotid stenosis or exclusion of those

with clinical stroke. Maximum carotid wall thickness was sig-

nificantly associated with higher WML volume (regression es-

timate, 0.08; 95% CI, 0.01– 0.15; P � .032) when adjusting for

carotid stenosis. This result was not present without adjust-

ments for carotid stenosis.

In a sensitivity analysis in 311 subjects, excluding subjects with

a time interval of �1 month between carotid and brain MR im-

aging, the estimates of the associations did not change (On-line

Tables 1 and 2).

Stratification for sex did not show significant interaction by

sex in any of the analyses (data not shown).

DISCUSSION
In a large sample of the general population of predominantly

white descent, we studied, with MR imaging, the association be-

tween vulnerable carotid plaque components and ischemic vascu-

lar brain disease. We found that carotid intraplaque hemorrhage

was associated with the presence of cortical infarcts, but not with

lacunar infarcts. Plaque calcification and carotid wall thickness

but not vulnerable plaque components were related to higher WML

volume.

One of the major strengths of our study is the large sample of

middle-aged and elderly subjects from the general population.

Compared with small clinical studies of patients with symptom-

atic brain ischemia, the use of a community-dwelling population

provides information on associations between carotid plaque

characteristics and ischemic brain disease that are less biased by

the effects of medical intervention or lifestyle modifications. Fur-

thermore, apart from participant-based analyses, we also assessed

Table 2: Associations between carotid characteristics and cortical infarctsa

Per Participant (n = 951) Per Carotid Artery (n = 1752)

Model
Ab

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Model
Ab

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Plaque components
Intraplaque hemorrhage 2.0 (1.2–3.5) .012 1.9 (1.1–3.3) .019 1.7 (1.0–3.2) .059 2.0 (1.1–3.6) .033 1.9 (1.0–3.6) .052 1.2 (0.6–2.4) .633
Lipid core 1.3 (0.8–2.2) .337 1.3 (0.8–2.2) .318 1.1 (0.6–1.9) .697 1.6 (0.9–2.8) .076 1.6 (0.9–2.8) .077 1.0 (0.6–1.9) .881
Calcification 1.1 (0.5–2.3) .863 1.0 (0.5–2.2) .977 1.0 (0.5–2.0) .911 1.6 (0.8–3.1) .162 1.6 (0.8–3.0) .177 1.2 (0.6–2.5) .552

Measures of plaque size
Maximum carotid wall

thicknesse
1.3 (1.1–1.6) .006 1.3 (1.1–1.6) .009 1.2 (1.0–1.6) .090 1.6 (1.3–1.9) �.001 1.6 (1.3–1.9) �.001 0.8 (0.6–1.2) .320

�30% stenosisf 1.9 (1.1–3.3) .033 1.8 (1.0–3.2) .048 NA NA 3.1 (1.6–6.0) .001 3.1 (1.6–6.1) .001 NA NA

Note:—NA indicates not applicable.
a Values represent odds ratios (95% confidence intervals).
b Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus, and
hypercholesterolemia).
d Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e Odds ratio per millimeter increase.
f Odds ratio of carotid stenosis of �30%.

4 van den Bouwhuijsen ● 2017 www.ajnr.org



the relation between left/right carotid plaque and ipsilateral isch-

emic brain disease, enabling us to investigate vascular brain dis-

ease in the corresponding vascular territory.

A potential limitation of our study is that a lipid core is best

detected with contrast-enhanced MR imaging.24 Although we did

not administer a contrast agent in our population-based sample,

the non-contrast-enhanced sequences we used were shown to

have good accuracy in validation studies.5,6,14 Furthermore, we

assessed the presence of hemorrhage and lipid core but did not

measure the size of each plaque component, which may have af-

fected our sensitivity to detect relevant associations. Another po-

tential limitation is the time interval between brain MR imaging

and carotid MR imaging, which was, on average, 9 months, with

brain MR imaging preceding carotid MR imaging in 89% of par-

ticipants. Thus, brain infarcts could potentially have preceded

plaque abnormalities in time, influencing our results. However,

because the main aim of our study was not risk prediction but

investigating etiologic parallels between plaque vulnerability and

stroke, we believe that this sequencing will not have seriously in-

fluenced our results. Also, adjustment for time interval and sen-

sitivity analysis in subjects with short time intervals between ca-

rotid and brain MR imaging did not change our results. Last, our

cross-sectional study design makes it difficult to interpret cause

and effect of the associations found.

In our study, the presence of intraplaque hemorrhage was re-

lated to cortical infarcts, and this seemed primarily true for men.

A small cross-sectional study in patients with recent ischemic

events and carotid stenosis found that the size of intraplaque

hemorrhage and not the presence of a lipid core was associated

with symptomatic plaques.25 On the other hand, in a prospective

MR imaging study in subjects with 50%–79% carotid stenosis,

both intraplaque hemorrhage and the size of the lipid core were

related to the risk of a cerebrovascular event, albeit not the pres-

ence of a lipid core itself.1 In our study, we only found a borderline

significant association between the presence of a lipid core and

cortical infarcts, and only for the ipsilateral hemisphere. Thus, on

the basis of our findings and those of others, it may be hypothe-

sized that carotid intraplaque hemorrhage, rather than the pres-

ence of a lipid core, is a more relevant indicator of plaque vulner-

ability. However, other studies with a more sensitive measure of

lipid core and assessing lipid core size should further explore the

relation between lipid core and cortical infarcts.

The association we found between intraplaque hemorrhage

and the presence of cortical infarcts is in line with the presumed

etiology of cortical infarcts, which are primarily regarded as being

caused by large-vessel disease. In contrast, lesions in subcortical

brain regions, such as lacunar infarcts and white matter lesions,

are considered the sequelae of cerebral small-vessel disease.26 In

our study, none of the vulnerable plaque characteristics—intra-

plaque hemorrhage and lipid core— or measures of plaque size

were associated with the presence of lacunar infarcts, supporting

Table 3: Associations between carotid characteristics and lacunar infarctsa

Per Participant (n = 951) Per Carotid Artery (n = 1752)

Model
Ab

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Model
Ab

P
Value

Model
Bc

P
Value

Model
Cd

P
Value

Plaque components
Intraplaque hemorrhage 1.0 (0.6–1.4) .922 1.0 (0.6–1.5) .855 1.1 (0.7–1.7) .562 1.1 (0.6–1.7) .412 1.1 (0.7–1.9) .464 1.1 (0.6–1.8) .856
Lipid core 0.9 (0.6–1.4) .782 1.0 (0.7–1.5) .974 1.0 (0.7–1.6) .832 1.1 (0.6–1.8) .815 1.0 (0.6–1.8) .766 1.0 (0.6–1.7) .946
Calcification 1.0 (0.6–1.8) .885 1.0 (0.6–1.7) .992 1.1 (0.6–1.9) .705 1.0 (0.6–1.6) .890 1.1 (0.6–1.5) .773 0.9 (0.5–1.4) .573

Measures of plaque size
Maximum carotid wall

thicknesse
1.0 (0.8–1.2) .815 1.0 (0.8–1.1) .605 1.1 (0.9–1.4) .307 1.1 (0.9–1.3) .581 1.0 (0.8–1.2) .771 1.0 (0.8–1.4) .825

�30% stenosisf 0.7 (0.4–1.2) .168 0.7 (0.4–1.2) .166 NA NA 0.8 (0.4–1.6) .582 0.8 (0.4–1.5) .450 NA NA

Note:—NA indicates not applicable.
a Values represent odds ratios (95% confidence intervals).
b Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus, and
hypercholesterolemia).
d Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e Odds ratio per millimeter increase.
f Odds ratio of carotid stenosis of �30%.

Table 4: Associations between subjects’ carotid plaque characteristics and WML load (n � 887)a

Model Ab P Value Model Bc P Value Model Cd P Value
Plaque components

Intraplaque hemorrhage 0.13 (�0.01–0.28) .070 0.11 (�0.04–0.25) .145 0.13 (�0.02–0.27) .083
Lipid core �0.09 (�0.22–0.05) .203 �0.06 (�0.19–0.07) .353 �0.08 (�0.20–0.05) .277
Calcification 0.23 (0.06–0.39) .007 0.21 (0.05–0.38) .010 0.21 (0.05–0.37) .008

Measures of plaque size
Maximum carotid wall thicknesse 0.05 (�0.02–0.12) .131 0.04 (�0.03–0.10) .235 0.08 (0.01–0.15) .032
�30% stenosis �0.10 (�0.26–0.07) .241 �0.11 (�0.27–0.05) .181 NA NA

Note:—NA indicates not applicable.
a Values represent increase in white matter lesion load (natural log-transformed) (95% confidence intervals) for the presence of plaque components, the presence of carotid
stenosis of �30%, or per-millimeter increase in maximum wall thickness.
b Model A is adjusted for age, sex, and time interval between brain MRI and carotid MRI.
c Model B is adjusted for age, sex, time interval between brain MRI and carotid MRI, and major cardiovascular risk factors (hypertension, smoking, diabetes mellitus and
hypercholesterolemia).
d Model C is adjusted for age, sex, carotid stenosis (when appropriate), and time interval between brain MRI and carotid MRI.
e Regression coefficients per millimeter increase.
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extracranial carotid embolic disease not being an important factor

in the development of lacunar infarcts.

We did not find important differences between the partici-

pant-based analyses and the analyses restricted to the ipsilateral

hemisphere of each carotid artery, though the degree of carotid

stenosis was a confounder for the association between intraplaque

hemorrhage and ipsilateral cortical infarcts. Previously, a rela-

tionship between plaque burden expressed as severity of stenosis

and the presence of intraplaque hemorrhage has been demon-

strated.27 Intraplaque hemorrhage instead of the severity of

stenosis must be considered as the link between atherosclerotic

disease and brain infarcts. The predictive power of intraplaque

hemorrhage versus stenosis should be evaluated in future stud-

ies. In addition, atherosclerosis in one vessel bed is known to

reflect atherosclerotic activity in other vascular regions.28

Thus, carotid plaques are not per se only related to ischemic

disease in the ipsilateral vascular territory. If we extended this

concept of atherosclerosis as a generalized disease, intraplaque

hemorrhage could be regarded as a focal manifestation of an

underlying systemic disease process that includes several vul-

nerable lesions.29

In the ongoing discussion on the pathogenesis of WMLs, the

most generally accepted concept is that they reflect a process of

ischemic demyelination, predominantly with small-vessel disease

as the etiologic factor.30 There is, however, also some evidence

that large-vessel disease may contribute to the development of

WMLs,31 especially via embolic events from unstable carotid

plaques (ie, those with intraplaque hemorrhage).32 Although

we found a borderline significant relation between carotid in-

traplaque hemorrhage and WML volume, this association at-

tenuated when adjusting for cardiovascular risk factors. This

finding may suggest that there is a shared etiology for athero-

sclerosis and the development of WMLs, rather than a direct

causal connection between intraplaque hemorrhage and WML

development.

In the current literature, all available data on this topic are

from small studies in clinical patients, with 2 thoughts being put

forward. Altaf et al32 found, in 187 symptomatic subjects, an as-

sociation between carotid intraplaque hemorrhage and WML

volume, supporting the large-vessel disease and unstable plaque

concept. Kwee et al33 found, in 50 patients with symptomatic

carotid stenosis, that carotid plaque burden was significantly as-

sociated with WML severity but that there was no causal relation-

ship between carotid plaque vulnerability and the occurrence of

WMLs. In contrast, Patterson et al34 found MR imaging plaque

morphology (ie, plaque size, the presence of intraplaque hemor-

rhage, or lipid core) in 80 carotid arteries to be not independently

predictive of the severity of WMLs, refuting the large-vessel dis-

ease and unstable plaque concept. Our results suggest no signifi-

cant relation between intraplaque hemorrhage or lipid compo-

nent and WML volume; therefore, our results contribute to this

discussion in that they do not support the hypothesis of a role of

vulnerable large-vessel atherosclerotic plaque in the development

of WMLs. In the current study, carotid plaque calcification is

associated with WMLs, also demonstrated in a previous CT-based

study by Bos et al.35 This is possibly the association between lu-

minal stenosis and brain MR imaging markers of ischemia rather

than vulnerable plaque, because previous studies have suggested

that for a given volume of plaque, the greater the proportion of

calcification, the more “stable” the plaque is.36,37

CONCLUSIONS
The presence of carotid intraplaque hemorrhage and measures of

carotid plaque size, as defined with MR imaging, are associated

with MR imaging– defined cortical infarcts, but not with lacunar

infarcts. Plaque instability does not seem to play a role in WML

development.
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