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Abstract
Objective
To determine whether white matter hyperintensity (WMH) markers on MRI are associated
with long-term risk of mortality and ischemic stroke.

Methods
We included consecutive patients with manifest arterial disease enrolled in the Second Man-
ifestations of Arterial Disease–Magnetic Resonance (SMART-MR) study. We obtained WMH
markers (volume, type, and shape) from brain MRI scans performed at baseline using an
automated algorithm. During follow-up, occurrence of death and ischemic stroke was recorded.
Using Cox regression, we investigated associations of WMHmarkers with risk of mortality and
ischemic stroke, adjusting for demographics, cardiovascular risk factors, and cerebrovascular
disease.

Results
We included 999 patients (59 ± 10 years; 79% male) with a median follow-up of 12.5 years
(range 0.2–16.0 years). A greater periventricular or confluentWMHvolume was independently
associated with a greater risk of vascular death (hazard ratio [HR] 1.29, 95% confidence interval
[CI] 1.13–1.47) for a 1-unit increase in natural log-transformed WMH volume and ischemic
stroke (HR 1.53, 95% CI 1.26–1.86). A confluent WMH type was independently associated
with a greater risk of vascular (HR 1.89, 95% CI 1.15-3.11) and nonvascular death (HR 1.65,
95%CI 1.01–2.73) and ischemic stroke (HR 2.83, 95%CI 1.36-5.87). Amore irregular shape of
periventricular or confluent WMH, as expressed by an increase in concavity index, was in-
dependently associated with a greater risk of vascular (HR 1.20, 95% CI 1.05–1.38 per SD
increase) and nonvascular death (HR 1.21, 95% CI 1.03–1.42) and ischemic stroke (HR 1.28,
95% CI 1.05–1.55).

Conclusions
WMH volume, type, and shape are associated with long-term risk of mortality and ischemic
stroke in patients with manifest arterial disease.
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White matter hyperintensities (WMH) of presumed vascular
origin are frequently observed in older individuals on brain
MRI and are an important cause of cognitive decline and
dementia.1-3 They are considered hallmark features of cere-
bral small vessel disease (CSVD).4,5

WMH are heterogeneous lesions that correspond to different
underlying brain parenchymal changes.6-8 Previous studies on
CSVDmainly focused on WMH volume as a marker for CSVD
severity.4,9-12 However, there is evidence to suggest that other
markers of WMH may also provide clinically relevant in-
formation on severity and prognosis of CSVD.6,7,13-16 Specifi-
cally, histopathologic studies reported that smooth and
periventricular WMH are associated with mild changes of the
brain parenchyma, whereas irregular and confluent WMH are
associated withmore severe parenchymal changes, including loss
of myelin and incomplete parenchymal destruction.6,13 We
previously developed an automated MRI method to assess in
vivo advanced WMH markers (volume, type, and shape).14

Using this algorithm, we reported differences in advancedWMH
markers such as shape in frail elderly patients, patients with
diabetes mellitus, and patients with lacunes on MRI.14-16 These
findings suggest that advancedWMHMRImarkers may provide
clinically important information on CSVD severity.

The relationship between advanced WMH markers and long-
term clinical outcomes, however, is not clear. Examining this
relationship is of importance asWMHmarkers may aid in future
patient selection for preventive treatment to ameliorate the risk
of CSVD-related death and ischemic stroke. Therefore, in the
present study, we aimed to assess whether WMH volume, type,
and shape were associated with greater risk of mortality (in-
cluding vascular death) and ischemic stroke in patients with
manifest arterial disease over 12 years of follow-up.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The Second Manifestations of Arterial Disease–Magnetic
Resonance (SMART-MR) study was approved by themedical
ethics committee of the University Medical Center Utrecht
according to the guidelines of the Declaration of Helsinki of
1975. Written informed consent was obtained from all pa-
tients participating in the SMART-MR study.

Study Population
We used data from the SMART-MR study.17 The SMART-
MR study is a prospective cohort study at the University

Medical Center Utrecht with the aim of investigating risk
factors and consequences of brain changes onMRI in patients
with manifest arterial disease.17 A total of 1,309 middle-aged
and older adult patients referred to our medical center for
treatment of manifest arterial disease (cerebrovascular dis-
ease, manifest coronary artery disease, abdominal aortic an-
eurysm, or peripheral arterial disease) were included for
baseline measurements between 2001 and 2005.17 During a
1-day visit to the University Medical Center Utrecht, ultra-
sonography of the carotid arteries to measure the intima–
media thickness (mm), blood and urine samplings, a physical
examination, neuropsychological assessment, and a 1.5T
brainMRI scan were performed.17We used questionnaires for
the assessment of demographics, medical history, risk factors,
medication use, and cognitive and physical functioning.17

Vascular Risk Factors
We assessed age, sex, smoking habits, and alcohol intake at
baseline using questionnaires. The body mass index (BMI)
was calculated (kg/m2) by measuring weight and height. We
measured systolic blood pressure (mm Hg) and diastolic
blood pressure (mm Hg) 3 times with a sphygmomanometer
and the average of these measurements was calculated. Hy-
pertension was defined as a mean systolic blood pressure of
>160 mmHg, a mean diastolic blood pressure of >95 mmHg,
or the self-reported use of antihypertensive drugs.17 To de-
termine glucose and lipid levels, an overnight fasting venous
blood sample was taken. We defined diabetes mellitus as a
fasting serum glucose level of ≥7.0 mmol/L or use of glucose-
lowering medication or a known history of diabetes.17 The
degree of carotid artery stenosis at both sides was assessed
with color Doppler-assisted duplex scanning using a 10 MHz
linear-array transducer (ATL Ultramark 9).18 Blood flow ve-
locity patterns were used to evaluate the severity of carotid
artery stenosis and the greatest stenosis observed on the left or
right side of the common or internal carotid artery was taken
to determine the severity of carotid artery disease.18 We de-
fined a carotid artery stenosis ≥70% as a peak systolic velocity
>210 cm/s.18

Brain MRI
MRI of the brain was performed on a 1.5T whole-body system
(Gyroscan ACS-NT; Philips Medical Systems, Best, the
Netherlands) using a standardized scan protocol.17,19 Trans-
versal fluid-attenuated inversion recovery (FLAIR) (repeti-
tion time [TR] 6,000 ms; echo time [TE] 100 ms; inversion
time [TI] 2,000 ms), T1-weighted (TR 235 ms; TE 2 ms),
T1-weighted inversion recovery (TR 2,900 ms; TE 22 ms; TI
410 ms), and T2-weighted images (TR 2,200 ms; TE 11 ms)
were acquired with a voxel size of 1.0 × 1.0 × 4.0 mm3 and

Glossary
CI = confidence interval; CSVD = cerebral small vessel disease; FLAIR = fluid-attenuated inversion recovery; HR = hazard
ratio; SMART-MR = Second Manifestations of Arterial Disease–Magnetic Resonance; TE = echo time; TI = inversion time;
TR = repetition time; WMH = white matter hyperintensities.
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contiguous slices.14,19 A neuroradiologist blinded to patient
characteristics visually rated brain infarcts on the T1-
weighted, T2-weighted, and FLAIR images of the MRI
scans. We defined lacunes as focal lesions between 3 and
15 mm according to the STRIVE criteria.4 Nonlacunar lesions
were categorized into large infarcts (i.e., cortical infarcts and
subcortical infarcts not involving the cerebral cortex) and
those located in the brainstem or cerebellum.14

WMH Volumes
WMH and brain volumes (intracranial volume and total brain
volume) were obtained using the k-nearest neighbor (kNN)
automated segmentation program on the T1-weighted,
FLAIR, and T1-weighted inversion recovery sequences of the
MRI scans.19,20 WMH segmentations were visually assessed
by an investigator (R.G.) using an image processing frame-
work (MeVisLab 2.7.1.; MeVis Medical Solutions AG, Bre-
men, Germany) to ensure that cerebral infarcts were correctly
removed from the WMH segmentations.14 Next, we per-
formed ventricle segmentation using the fully automated
lateral ventricle delineation (ALVIN) algorithm in Statistical
Parametric Mapping 8 (SPM8, Wellcome Trust Centre for
Neuroimaging, University College London, UK) for MAT-
LAB (TheMathWorks, Inc., Natick, MA).14 The procedure is
described in detail elsewhere.14,21 We labeled WMH accord-
ing to their continuity with the margins of the lateral ventricle
and their extension from the lateral ventricle into the white
matter.14 Periventricular WMH were defined as lesions con-
tiguous with the margins of the lateral ventricles and

extending up to 10 mm from the lateral ventricle into the
white matter.14 We defined confluent WMH as lesions con-
tiguous with the margins of the lateral ventricles and
extending more than 10 mm from the lateral ventricles into
the white matter.14 We defined deep WMH as lesions that
were separated from the margins of the lateral ventricles.14

Examples of periventricular, confluent, and deep WMH vi-
sualized in our algorithm are shown in figure 1. Total WMH
volume was calculated as the sum of deep WMH and peri-
ventricular or confluent WMH.

WMH Types
We categorized patients into the following 3 WMH types:
periventricular WMH type without deep WMH, periven-
tricular WMH type with deep WMH, and a confluent WMH
type. We did not categorize the latter type according to
presence or absence of deep WMH as the number of patients
with a confluent WMH without deep WMH (n = 5) was
insufficient to perform statistical analyses.14

WMH Shape Markers
We hypothesized that a more irregular shape of WMH may
indicate more severe cerebral parenchymal damage based on
previous histopathologic studies.6-8,13,22,23 The degree to
which deep WMH are punctiform or ellipsoidal may also
provide information on CSVD severity.15

Irregularity of periventricular or confluent WMH was quan-
tified using the concavity index and fractal dimension. In

Figure 1WhiteMatter Hyperintensities (WMH) on Fluid-Attenuated Inversion Recovery (FLAIR) ImagesWith Corresponding
Visualizations in the Automated Algorithm

Examples of confluent (A), periventricular (B),
and deep (C) WMH on FLAIR images with the
corresponding visualizations in our algorithm
shown below. The deep WMH lesion (arrow) is
reconstructed in the coronal view, while the
periventricular and confluent WMH are viewed
from a transverse perspective. Note that the co-
ronal reconstruction of the deep WMH lesion (C)
may be influenced by the slice thickness and the
lesion may be more punctiform. The confluent
WMH lesion in (A) showed a volume of 11.57 mL
with an accompanying deep WMH volume of
0.25 mL. The periventricular WMH lesion in (B)
showed a volume of 4.98 mL without any ac-
companying deep WMH lesions. The deep WMH
lesion in (C) showed a volume of 0.02 mL with an
accompanying periventricular and deep WMH
volume of 2.12 and 0.49 mL, respectively.
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previous work, we established that the concavity index was a
robust shape marker that showed a normal distribution in the
study sample and provided information on WMH shape ir-
regularity based on volume and surface area.14,24 The con-
cavity index was calculated by reconstructing convex hulls and
calculating volume and surface area ratios of lesions, in which
a higher concavity index value corresponds to a more irregular
shape of periventricular or confluent WMH.14 Fractal di-
mension was calculated using the box counting method and
was used to quantify irregularity of periventricular or

confluent WMH and of deep WMH.14,25,26 A higher fractal
dimension value indicated a more irregular WMH shape. As
patients frequently show multiple deep WMH, a mean value
for the fractal dimension was calculated across all deep WMH
per patient.

The degree to which deepWMH are punctiform or ellipsoidal
was assessed using the eccentricity, which was calculated by
dividing the minor axis of a deep WMH lesion by its major
axis.14,15 A high eccentricity value corresponded to a

Table 1 Baseline Characteristics of the Study Sample (n = 999)

Characteristics Values

Age, y 59 ± 10

Sex, % men 79.0

BMI, kg/m2 27 ± 4

Smoking, pack-yearsa 18 (0, 50)

Alcohol intake, % current 74

Hypertension, % 51

Diabetes mellitus, % 20

Infarcts on MRI, %

Large 12

Cerebellar 4

Brainstem 2

Lacunes 19

WMH volumes, mLa

Total 0.9 (0.2, 6.4)

Periventricular or confluent 0.7 (0.1, 5.3)

Deep 0.1 (0.0, 0.8)

WMH types, %

Periventricular 78

With deep 42

Without deep 36

Confluent 22

WMH shape markers

Periventricular or confluent

Concavity index 1.06 ± 0.11

Fractal dimension 1.24 ± 0.22

Deep

Eccentricity 0.48 ± 0.14

Fractal dimension 1.45 ± 0.15

Abbreviations: BMI = body mass index; WMH = white matter hyperintensities.
Characteristics are presented as mean ± SD or %.
a Median (10th percentile, 90th percentile).

Neurology.org/N Neurology | Volume 96, Number 17 | April 27, 2021 e2175

http://neurology.org/n


punctiform deep WMH lesion, whereas a low value corre-
sponded to an ellipsoidal lesion.27,28 A mean value for the
eccentricity was calculated across all deep WMH per patient.

Clinical Outcomes
Patients received a questionnaire every 6 months to provide
information on outpatient clinic visits and hospitalization.18 If
a fatal or nonfatal event was reported, original source docu-
ments were obtained and reviewed to determine the cause of
the event. All possible events were audited independently by 3
physicians of the end point committee.18 Follow-up of pa-
tients was performed until death, refusal of further participa-
tion, or loss to follow-up. Vascular-related death was defined
as death caused bymyocardial infarction, stroke, sudden death
(unexpected cardiac death occurring within 1 hour after onset
of symptoms, or within 24 hours given convincing circum-
stantial evidence), congestive heart failure, or rupture of an
abdominal aortic aneurysm.18We defined nonvascular-related
death as death caused by cancer, infection, unnatural death, or
death from another nonvascular cause.18 Ischemic stroke was
defined as the occurrence of relevant clinical features that
caused an increase in impairment of at least 1 grade on the
modified Rankin Scale, with or without a new relevant is-
chemic lesion on brain imaging.18

Study Sample
Of the 1,309 patients included,MRI data were irretrievable for
19 patients and 239 patients had missing data of one or more
MRI sequences due to logistic reasons or motion artifacts.
Forty-four of the remaining 1,051 patients had unreliable
brain volume data due to motion artifacts in all 3 MRI se-
quences. Four patients were excluded due to under-
segmentation of WMH by the automated segmentation
algorithm and another 4 patients were excluded because they
did not have any WMH greater than 5 voxels. As a result, 999
patients were included in the current study.

Statistical Analysis
Baseline characteristics of the study sample were reported as
means or percentages where applicable.

Patients were followed from the date of the MRI until is-
chemic stroke, death, loss to follow-up, or end of follow-up
(March 2017), whichever came first. Cox proportional hazard
analysis was used to estimate hazard ratios (HRs) for the
occurrence of all-cause, vascular-related, and nonvascular-
related death and ischemic stroke associated with WMH
volumes, type, and shape markers. The proportional hazards
assumption was checked by inspection of Schoenfeld

Table 2 Results of Cox Proportional Hazard Regression Analyses With Total, Periventricular or Confluent, and Deep
White Matter Hyperintensity (WMH) Volumes (All Natural Log-Transformed) as Independent Variables and
All-Cause, Vascular-Related, and Nonvascular-Related Death and Ischemic Stroke as Dependent Variables

Deaths or events, n N per 1,000 person-years Model 1, estimate (95% CI) Model 2, estimate (95% CI)

Total WMH

All-cause death 274 24.2 1.32 (1.19–1.46) 1.22 (1.10–1.36)

Vascular death 149 13.2 1.47 (1.29–1.68) 1.32 (1.14–1.51)

Nonvascular death 125 11.1 1.15 (0.99–1.34) 1.11 (0.95–1.30)

Ischemic stroke 75 6.8 1.79 (1.48–2.16) 1.58 (1.29–1.93)

Periventricular or confluentWMH

All-cause death 274 24.2 1.29 (1.17–1.42) 1.20 (1.09–1.33)

Vascular death 149 13.2 1.43 (1.26–1.63) 1.29 (1.13–1.47)

Nonvascular death 125 11.1 1.14 (0.99–1.32) 1.10 (0.95–1.28)

Ischemic stroke 75 6.8 1.73 (1.45–2.08) 1.53 (1.26–1.86)

Deep WMH

All-cause death 212 30.8 1.13 (1.04–1.24) 1.10 (1.01–1.21)

Vascular death 122 17.8 1.15 (1.03–1.30) 1.11 (0.98–1.25)

Nonvascular death 90 13.1 1.10 (0.96–1.26) 1.10 (0.96–1.26)

Ischemic stroke 62 9.4 1.24 (1.05–1.46) 1.18 (0.99–1.40)

Abbreviation: CI = confidence interval.
Estimates represent hazard ratios (95% CI) for a 1 unit increase in natural log-transformed WMH volumes. Model 1: adjusted for age, sex, and intracranial
volume. Model 2: model 1 in addition adjusted for large infarcts on MRI, lacunes on MRI, diastolic blood pressure, systolic blood pressure, diabetes mellitus,
body mass index, and smoking pack-years at baseline.
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residuals. We concluded that the proportional hazards as-
sumption was met for all covariates.

To reduce the risk of bias due to complete case analysis, we
performed chained equations imputation on missing cova-
riates to generate 10 imputed datasets using SPSS 25.0
(Chicago, IL).29 The Cox regression analyses were performed
on the imputed datasets and the pooled results were pre-
sented. We used SAS 9.4 (SAS Institute, Cary, NC) and SPSS
25.0 (Chicago, IL) to perform the statistical analyses.

WMH Volumes and Clinical Outcomes
To assess whether WMH volumes were associated with
clinical outcomes, we separately entered total, periventricular
or confluent, and deep WMH volumes in a Cox regression
model with age, sex, and intracranial volume as covariates and
all-cause death, vascular-related death, nonvascular-related
death, and ischemic stroke as outcomes. WMH volumes were
natural log-transformed due to a non-normal distribution. In a
second model, we in addition adjusted for large infarcts,
lacunes, diastolic blood pressure, systolic blood pressure, di-
abetes mellitus, body mass index, and smoking pack-years at
baseline. We also assessed the association between quartiles of

WMH volumes (not natural log-transformed) and clinical
outcomes, adjusted for all of the aforementioned covariates.

WMH Types and Clinical Outcomes
To assess whether WMH types were associated with clinical
outcomes, a categorical variable with the 3 WMH types as
outcomes was entered in a Cox regression model with age and
sex as covariates and all-cause death, vascular-related death,
nonvascular-related death, and ischemic stroke as outcomes.
A periventricular WMH type without deepWMHwas chosen
as the reference category as this type represents the smallest
WMH burden. In a second model, we in addition adjusted for
the aforementioned covariates.

WMH Shape Markers and Clinical Outcomes
Z scores of WMH shape markers were calculated to facilitate
comparison and these were entered in a Cox regression model
with age and sex as covariates and all-cause death, vascular-
related death, nonvascular-related death, and ischemic stroke
as outcomes. In a second model, we in addition adjusted for
the aforementioned covariates. If an association between a
WMH shapemarker and clinical outcome was observed, we in
addition adjusted for total WMH volume to assess whether
the association was independent of WMH volume.

Figure 2 Risk of Mortality and Ischemic Stroke in Relation to Quartiles of Periventricular or Confluent White Matter
Hyperintensity (WMH) Volume at Baseline

Associations between quartiles of periventricular
or confluent WMH volume and risk of all-cause
death, vascular death, nonvascular death, and
ischemic stroke. Results adjusted for age, sex,
intracranial volume, large infarcts on MRI,
lacunes onMRI, diastolic blood pressure, systolic
blood pressure, diabetes mellitus, body mass
index, and smoking pack-years at baseline. The
lowest quartile (<0.33 mL) was chosen as the
reference category. Range second to fourth
quartiles; 0.33–0.74 mL, 0.74–2.04 mL, ≥2.04 mL,
respectively. Note that the scale of the y-axismay
differ between outcomes. Examples of periven-
tricular or confluent WMH from each quartile are
shown in supplemental figure e-1 (available from
Dryad: doi.org/10.5061/dryad.qv9s4mwd3). CI =
confidence interval.
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Data Availability
For use of anonymized data, a reasonable request has to be
made in writing to the study group and the third party has to
sign a confidentiality agreement.

Results
Baseline characteristics of the study sample (n = 999) are
shown in table 1. A total of 784 patients (78%) had peri-
ventricular WMH and 215 patients (22%) had confluent
WMH. A periventricular with deepWMH type was present in
423 patients (42%) and a periventricular without deep WMH
type was present in 361 patients (36%). In total, 274 patients
died (149 vascular-related and 125 nonvascular-related) and
75 patients had an ischemic stroke during a median follow-up
of 12.5 years (range 0.2–16.0 years; total number of person-
years follow-up 11,303).

Associations Between WMH Volumes and
Long-term Clinical Outcomes
Greater total WMH volume was associated with all-cause
death (HR 1.32, 95% confidence interval [CI] 1.19–1.46
for a 1-unit increase in natural log-transformed total WMH

volume), particularly vascular-related death (HR 1.47, 95%CI
1.29–1.68) and to a lesser extent nonvascular-related death
(HR 1.15, 95% CI 0.99–1.34), as well as with ischemic stroke
(HR 1.79, 95% CI 1.48–2.16), adjusted for age, sex, and total
intracranial volume. These associations persisted after
adjusting for cardiovascular risk factors and cerebrovascular
disease (table 2).

Greater periventricular or confluent WMH volume was associ-
ated with all-cause death (HR 1.29, 95% CI 1.17–1.42), partic-
ularly vascular-related death (HR 1.43, 95% CI 1.26–1.63),
and to a lesser extent with nonvascular-related death (HR 1.14,
95% CI 0.99–1.32), as well as with ischemic stroke (HR 1.73,
95% CI 1.45–2.08). These associations persisted after adjusting
for cardiovascular risk factors and cerebrovascular disease
(table 2).

Greater deep WMH volume was associated with all-cause
death (HR 1.13, 95% CI 1.04–1.24), vascular-related death
(HR 1.15, 95% CI 1.03–1.30), and more strongly with is-
chemic stroke (HR 1.24, 95% CI 1.05–1.46). Risk estimates
slightly attenuated after adjusting for cardiovascular risk fac-
tors and cerebrovascular disease (table 2). A nonsignificant
association was observed between greater deepWMHvolume

Figure 3 Risk ofMortality and Ischemic Stroke in Relation to Quartiles of DeepWhiteMatter Hyperintensity (WMH) Volume
at Baseline

Associations between quartiles of deep WMH
volume and risk of all-cause death, vascular
death, nonvascular death, and ischemic stroke.
Results adjusted for age, sex, intracranial vol-
ume, large infarcts on MRI, lacunes on MRI, di-
astolic blood pressure, systolic blood pressure,
diabetesmellitus, bodymass index, and smoking
pack-years at baseline. The lowest quartile (<0.03
mL)was chosen as the reference category. Range
second to fourth quartiles; 0.03–0.08 mL,
0.08–0.35 mL, ≥0.35 mL, respectively. Note that
the scale of the y-axis may differ between out-
comes. CI = confidence interval.
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and nonvascular death (HR 1.10, 95% CI 0.96–1.26), which
did not change after adjusting for cardiovascular risk factors
and cerebrovascular disease (table 2).

Risk of vascular-related death and ischemic stroke increased
per quartile of periventricular or confluent WMH volume
(figure 2). Similarly, risk of ischemic stroke increased per
quartile of deep WMH volume (figure 3).

Associations Between WMH Types and Long-
term Clinical Outcomes
Compared to a periventricular WMH type without deep
WMH, a confluent WMH type was associated with a greater
risk of all-cause death (HR 2.29, 95% CI 1.64–3.19), partic-
ularly vascular-related death (HR 2.81, 95% CI 1.75–4.49)
and to a lesser extent nonvascular-related death (HR 1.85,
95% CI 1.15–2.98), as well as with ischemic stroke (HR
4.36, 95% CI 2.20–8.65). These associations persisted after
adjusting for cardiovascular risk factors and cerebrovascular
disease (table 3). Nonsignificant associations were observed
between a periventricular WMH type with deep WMH and
vascular-related death (HR 1.53, 95% CI 0.96–2.42) and is-
chemic stroke (HR 1.75, 95% CI 0.90–3.41), which attenu-
ated after adjusting for cardiovascular risk factors and
cerebrovascular disease (table 3).

Associations Between WMH Shape Markers
and Long-term Clinical Outcomes
A greater concavity index of periventricular or confluent
WMH was associated with a greater risk of all-cause death
(HR 1.30, 95% CI 1.18–1.43 per SD increase), particularly
vascular-related death (HR 1.34, 95% CI 1.18–1.52) and to a
lesser extent nonvascular-related death (HR 1.25, 95% CI
1.07–1.45), as well as with ischemic stroke (HR 1.47, 95% CI
1.23–1.76), adjusted for age and sex. These associations
persisted after adjusting for cardiovascular risk factors and
cerebrovascular disease (table 4). After in addition adjusting
for total WMH volume, the association of concavity index
with all-cause and nonvascular-related death persisted (HR
1.21, 95% CI 1.02–1.42; HR 1.23, 95% CI 1.02–1.49, re-
spectively), whereas the association with vascular-related
death and ischemic stroke attenuated (HR 1.11, 95% CI
0.89–1.39; HR 1.23, 95% CI 0.95–1.77, respectively).

A greater fractal dimension of periventricular or confluent
WMH was associated with a greater risk of all-cause death
(HR 1.33, 95% CI 1.16–1.52 per SD increase), vascular-
related death (HR 1.52, 95% CI 1.27–1.82), and ischemic
stroke (HR 2.06, 95% CI 1.60–2.65), adjusted for age and sex.
These relationships persisted after adjusting for cardiovascu-
lar risk factors and cerebrovascular disease (table 4). After in

Table 3 Results of Cox Proportional Hazard Regression Analyses With White Matter Hyperintensity (WMH) Types as
Independent Variables and All-Cause, Vascular-Related, and Nonvascular-Related Death and Ischemic Stroke as
Dependent Variables

Deaths or
events, n

N per 1,000 person-
years

Model 1, estimate (95%
CI)

Model 2, estimate (95%
CI)

Periventricular without deep WMH (n = 360)

All-cause death 60 13.7 1 (reference) 1 (reference)

Vascular death 27 6.2 1 (reference) 1 (reference)

Nonvascular death 33 7.5 1 (reference) 1 (reference)

Ischemic stroke 13 3.0 1 (reference) 1 (reference)

Periventricular with deep WMH (n = 424)

All-cause death 105 21.5 1.27 (0.92–1.75) 1.14 (0.82–1.58)

Vascular death 58 11.9 1.53 (0.96–2.42) 1.31 (0.82–2.09)

Nonvascular death 47 9.6 1.06 (0.68–1.67) 1.01 (0.64–1.59)

Ischemic stroke 28 5.9 1.75 (0.90–3.41) 1.48 (0.75–2.91)

Confluent WMH (n = 215)

All-cause death 109 53.3 2.29 (1.64–3.19) 1.74 (1.23–2.47)

Vascular death 64 31.3 2.81 (1.75–4.49) 1.89 (1.15–3.11)

Nonvascular death 45 22.0 1.85 (1.15–2.98) 1.65 (1.01–2.73)

Ischemic stroke 34 17.8 4.36 (2.20–8.65) 2.83 (1.36–5.87)

Abbreviation: CI = confidence interval.
Estimates represent hazard ratios (95% CI) for WMH types. A periventricularWMH type without deepWMHwas the reference category. Model 1: adjusted for
age and sex. Model 2: model 1 in addition adjusted for large infarcts on MRI, lacunes on MRI, diastolic blood pressure, systolic blood pressure, diabetes
mellitus, body mass index, and smoking pack-years at baseline.
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addition adjusting for total WMH volume, the association of
fractal dimension with all-cause death, vascular-related death,
and ischemic stroke attenuated (HR 1.10, 95% CI 0.93–1.30;
HR 1.20, 95% CI 0.95–1.51; HR 1.09, 95% CI 0.52–2.27,
respectively). A greater fractal dimension of periventricular or
confluent WMH was not associated with a greater risk of
nonvascular-related death (HR 1.13, 95% CI 0.92–1.37).

No associations were observed between eccentricity and
fractal dimension of deep WMH and long-term clinical out-
comes (table 4).

Discussion
In this cohort of patients with manifest arterial disease, we
observed that WMH volume, type, and shape were associated

with long-term clinical outcomes. Specifically, we found that a
greater volume and a more irregular shape of periventricular
or confluent WMH were related to a higher risk of death and
ischemic stroke. A confluent WMH type was also associated
with a greater risk of death and ischemic stroke. These rela-
tionships were independent of demographics, cardiovascular
risk factors, and cerebrovascular disease at baseline.

Our finding that total WMH volume was related to risk of
mortality and stroke is in line with previous studies.30-34

However, the associations of WMH volume subclassifications
and WMH types with clinical outcomes presented in this
study are novel. We found that the risk of mortality and is-
chemic stroke was predominantly determined by the volume
of periventricular or confluent WMH, rather than the volume
of deep WMH. This was supported by the observation that
risk estimates for mortality and ischemic stroke were higher

Table 4 Results of Cox Proportional Hazard Regression Analyses With StandardizedWhite Matter Hyperintensity (WMH)
Shape Markers as Independent Variables and All-Cause, Vascular-Related, and Nonvascular-Related Death and
Ischemic Stroke as Dependent Variables

Deaths or events, n N per 1,000 person-years Model 1, estimate (95% CI) Model 2, estimate (95% CI)

Periventricular or confluentWMH

Concavity index

All-cause death 274 24.2 1.30 (1.18–1.43) 1.21 (1.09–1.35)

Vascular death 149 13.2 1.34 (1.18–1.52) 1.20 (1.05–1.38)

Nonvascular death 125 11.1 1.25 (1.07–1.45) 1.21 (1.03–1.42)

Ischemic stroke 75 6.8 1.47 (1.23–1.76) 1.28 (1.05–1.55)

Fractal dimension

All-cause death 274 24.2 1.33 (1.16–1.52) 1.19 (1.04–1.36)

Vascular death 149 13.2 1.52 (1.27–1.82) 1.29 (1.08–1.55)

Nonvascular death 125 11.1 1.13 (0.92–1.37) 1.06 (0.87–1.30)

Ischemic stroke 75 6.8 2.06 (1.60–2.65) 1.73 (1.33–2.25)

Deep WMH

Fractal dimension

All-cause death 212 30.8 1.03 (0.89–1.20) 1.07 (0.92–1.26)

Vascular death 122 17.8 1.06 (0.87–1.29) 1.11 (0.91–1.37)

Nonvascular death 90 13.1 1.00 (0.79–1.25) 1.02 (0.81–1.29)

Ischemic stroke 62 9.4 0.82 (0.63–1.06) 0.85 (0.65–1.12)

Eccentricity

All-cause death 212 30.8 0.93 (0.81–1.07) 0.98 (0.85–1.14)

Vascular death 122 17.8 1.01 (0.84–1.21) 1.09 (0.90–1.33)

Nonvascular death 90 13.1 0.84 (0.68–1.04) 0.85 (0.68–1.07)

Ischemic stroke 62 9.4 0.99 (0.77–1.28) 1.14 (0.87–1.49)

Abbreviation: CI = confidence interval.
Estimates represent hazard ratios (95% CI) for 1 SD increase in themarker. Model 1: adjusted for age and sex. Model 2: model 1 in addition adjusted for large
infarcts on MRI, lacunes on MRI, diastolic blood pressure, systolic blood pressure, diabetes mellitus, body mass index, and smoking pack-years at baseline.
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for a confluent WMH type than a periventricular WMH type
with deep WMH. A possible explanation for this finding may
be that confluent WMH represent more severe parenchymal
changes due to their relatively central location in the brain.
Previous studies showed that pathologic changes in the
smaller vessels of the brain can induce secondary ischemia,
which may bemore profound in the white matter surrounding
the lateral ventricles as these regions are furthest removed
from collateral circulation.4,35 This notion may explain the
relatively strong association between a confluent WMH type
and occurrence of ischemic stroke in the present study.

To our knowledge, no previous studies reported on the lon-
gitudinal association of WMH shape with clinical outcomes. In
the present study, we observed that a more irregular shape of
periventricular or confluent WMH was related to an increased
risk of mortality and ischemic stroke, which was only partly
explained by WMH volume. An explanation for this finding
may be that CSVD consists of a heterogeneous group of small
vessel changes and a more irregular shape of WMH may in-
dicate the presence of a more severe CSVD subtype.35,36

Support for this notion is provided by histopathologic studies
that reported ischemic damage, loss of myelin, and incomplete
parenchymal destruction in more irregular shaped WMH,
whereas smooth WMH correlated with more benign patho-
logic changes such as venous congestion.6,8,13 Furthermore, a
previous study reported an association between a more irreg-
ular shape of WMH and frailty in elderly patients16 and in
previous work we showed that presence of lacunes onMRI was
related to a more irregular shape of WMH.14 These investi-
gations and the results of the present study suggest that in
addition to WMH volume, shape of WMH may represent a
clinically relevant marker in patients with WMH on MRI.

We observed that a confluentWMH type and a more irregular
shape of periventricular or confluent WMH were not only
associated with a greater risk of vascular death, but also of
nonvascular death. In previous work, we similarly reported
that presence of lacunes on MRI was related to a greater risk
of nonvascular death.37 An explanation for these findings is
that CSVD may be a marker of overall increased vulnerability
to adverse outcomes, possibly through the concomitant
presence of generalized microvascular disease.2,4,35 Further
studies in different cohorts are needed to confirm this hy-
pothesis, but the reported associations with vascular and
nonvascular death suggest that WMH markers may be im-
portant in determining overall prognosis of patients with
manifest arterial disease.

Key strengths of the present study are the large number of
patients included, the longitudinal design, the relatively long
follow-up period, and the use of automated image processing
techniques that enabled us to examine multiple and also novel
features of WMH in relation to clinical outcomes. Further-
more, all MRI scans were visually checked and corrected if
needed to ensure that WMH segmentation and subsequent
analysis of WMH type and shape were accurate.

Limitations of this study include, first, the use of 1.5T MRI
instead of 3.0T MRI, which is likely more sensitive in
detecting small WMH lesions. Clinical 3.0T MRI scanners
were not readily available during the inclusion period of our
study, starting in 2001. Second, we did not categorize deep
WMH into lesions located directly under the cerebral cortex
(i.e., infracortical) and those located more centrally in the
subcortical white matter, which may differ in terms of etiol-
ogy.38 Third, MRI sequences were used with a relatively large
slice thickness of 4 mm, which is likely less accurate in de-
terminingWMH shape markers than 3DMRI sequences. The
impact of slice thickness, however, may be less profound on
measurements of the concavity index as it is calculated by
determining volume and surface area ratios of periventricular
or confluent WMH, which are expected to remain relatively
constant.14 On the other hand, a more profound impact can
be expected on measurements of the fractal dimension, which
is directly dependent on voxel size.14 A larger slice thickness
will therefore lead to reduced information in the z-axis.
Similarly, shape determination of smaller deep WMH in the
size range of several millimeters may also be affected by a
relatively large slice thickness. Despite this limitation, how-
ever, we were able to detect associations between WMH
shape markers and clinical outcomes, suggesting that WMH
shape may represent a clinically relevant marker for occur-
rence of ischemic stroke and death.

Our findings demonstrate thatWMH volume, type, and shape
are associated with long-term risk of mortality and ischemic
stroke in patients with manifest arterial disease. These find-
ings suggest that WMH markers on MRI may be useful in
determining patient prognosis and may aid in future patient
selection for preventive treatment.
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