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Abstract
Objectives
To investigate spatial heterogeneity of white matter lesions or hyperintensities (WMH).

Methods
MRI scans of 1,836 participants (median age 52.2 ± 13.16 years) encompassing a wide age
range (22–84 years) from the cross-sectional Study of Health in Pomerania (Germany) were
included as discovery set identifying spatially distinct components of WMH using a structural
covariance approach. Scans of 307 participants (median age 73.8 ± 10.2 years, with 747
observations) from the Baltimore Longitudinal Study of Aging (United States) were included
to examine differences in longitudinal progression of these components. The associations of
these components with vascular risk factors, cortical atrophy, Alzheimer disease (AD) genetics,
and cognition were then investigated using linear regression.

Results
WMH were found to occur nonuniformly, with higher frequency within spatially heteroge-
neous patterns encoded by 4 components, which were consistent with common categorizations
of deep and periventricular WMH, while further dividing the latter into posterior, frontal, and
dorsal components. Temporal trends of the components differed both cross-sectionally and
longitudinally. Frontal periventricular WMHwere most distinctive as they appeared in the fifth
decade of life, whereas the other components appeared later in life during the sixth decade.
Furthermore, frontal WMH were associated with systolic blood pressure and with pronounced
atrophy including AD-related regions. AD polygenic risk score was associated with the dorsal
periventricular component in the elderly. Cognitive decline was associated with the dorsal
component.

Conclusions
These results support the hypothesis that the appearance of WMH follows age and disease-
dependent regional distribution patterns, potentially influenced by differential underlying
pathophysiologic mechanisms, and possibly with a differential link to vascular and neurode-
generative changes.
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White matter lesions or hyperintensities (WMH) are common
findings in older adults, characterized by a hyperintense signal
on T2-weightedMRIs. WMH are considered a type of sporadic
small vessel disease1 and are associated with graymatter atrophy
in Alzheimer disease (AD)-related regions,2,3 cognitive decline,
and increased risk of dementia.4 WMH have therefore received
increasing attention as a contributor to brain aging, neuro-
degeneration, and dementia. In addition, there is mounting
evidence that the spatial location of WMH may have distinct
neuropathologic and clinical associations.5–11

Despite evidence indicating differential etiology of location of
WMH and increased likelihood of dementia depending on the
spatial distribution,12 most studies measure total WMH bur-
den. Only a few studies have considered differential region-
specific WMH associations7,11,13–15; however, such studies use
empirically defined WMH categories. Therefore, we compute
data-driven WMH definitions, by modeling inherent WMH
covariation patterns in the MRIs,16 via nonnegative matrix
factorization.17,18 We tested the hypothesis that WMH occur-
rence exhibits spatial heterogeneity, rather than simply being
a process of uniformly increasing volume of abnormal-
appearing tissue. We aimed to deepen our understanding of
the spatial heterogeneity of WMH and their progression with
age, as well as to investigate their correlates with clinical and
genetic risk factors, brain atrophy, and cognitive decline.

Methods
Study of Health in Pomerania participants
We included 1,836 participants encompassing a wide age range
(22–84 years) from the Study of Health in Pomerania (SHIP)
cohort, led by the Institute for Community Medicine at the
University Medicine Greifswald, Germany. The SHIP project
consists of 2 independent cohorts, SHIP-2 and SHIP-TREND.
SHIP participants were recruited using a 2-stage stratified and
cluster sampling scheme to represent a sample between 20 and
79 years. First, regional communities were selected; second,
residence registries were used to draw a random representative
sample. Characteristics of the included and excluded samples
are provided in table 1. An outline of the exclusion criteria is
presented in the online data available from Dryad (figure e-1,
doi.org/10.5061/dryad.k6k42cq).

Data assessment and laboratory work in SHIP19 were de-
scribed previously in more detail by Habes et al.3,20 and are
presented in the online data available fromDryad (section e-1,
doi.org/10.5061/dryad.k6k42cq). In our analysis, we in-
cluded the following variables: (1) smoking, (2) education,

(3) systolic blood pressure, (4) glycosylated hemoglobin, (5)
waist circumference, (6) antihypertensive medication use, (7)
antidiabetic medication use, (8) lipid-lowering medication
use, (9) total cholesterol, (10) low-density lipoprotein, (11)
high-density lipoprotein, (12) intima-media thickness (avail-
able for n = 1,817), and (13) AD polygenic risk score
(available for n = 985), which was calculated as described in
data available from Dryad (section e-2). Determination of
participants with possible cognitive impairment in SHIP has
been described in data available from Dryad (section e-3).

Baltimore Longitudinal Study of
Aging participants
The Baltimore Longitudinal Study of Aging (BLSA) is a long-
running study of aging led by the National Institute on Aging in
Baltimore, MD. BLSA participants are a volunteer sample of
community-dwelling individuals. Specific recruitment strategies
have varied over time, but all participants meet health criteria at
entry. The neuroimaging substudy of the BLSA has been de-
scribed previously.21 We included in this study 307 cognitively
normal and mild cognitive impairment participants with 747
observations to examine longitudinal associations with cogni-
tion in an independent aging cohort. Participants of the BLSA
have receivedMRI and cognitive testing at the same visit. Every
participant had at least 2 observations of WMH and complete
cognition information, including diagnostic designation based
on cognitive status. Table 2 presents the characteristics of BLSA
at baseline. We included the following neuropsychological
scores for the BLSA sample: (1) the Benton Visual Retention
Test for visual memory assessment; (2) Trail Making Test,
Parts A and B, assessing attention and executive function, re-
spectively; and (3) the California Verbal Learning Test.

Standard protocol approvals, registrations,
and patient consents
The ethics committee of theMedical Faculty of the University
of Greifswald approved the SHIP study. All participants
provided written informed consent. The National Institute of
Environmental Health Sciences institutional review board
approved the BLSA protocol, and written informed consent
was obtained at each study visit.

Image acquisition and preprocessing
Imaging parameters were described by Hegenscheid et al.22

for SHIP and by Venkatraman et al.23 for BLSA; additional
details are given in data available fromDryad (section e-4, doi.
org/10.5061/dryad.k6k42cq). Image analysis was performed
using T1-weighted and fluid-attenuated inversion recovery
brain MRIs, described in more detail in data available from
Dryad (section e-5). Briefly, an automated multimodal

Glossary
AD = Alzheimer disease; BLSA = Baltimore Longitudinal Study of Aging; deep = deep white matter; dors. = dorsal
periventricular; fron. = frontal periventricular; post. = posterior periventricular; SHIP = Study of Health in Pomerania;WMH =
white matter hyperintensities; WMHC = white matter hyperintensities component.
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method was used to segment WMH, which were then aligned
to a common template space. Structural T1-weighted MRIs
for SHIP were processed using the protocols of the ENIGMA
(Enhancing Neuro Imaging Genetics Through Meta Analy-
sis) consortium for the calculation of cortical thickness (data
available from Dryad, section e-5).

Identifying covariance components
WMH components (WMHCs) were identified using a non-
negative matrix factorization method, which summarizes

complex multivariate patterns of covariation in the data
with a predefined number of nonnegative components17

(data available from Dryad, section e-6, doi.org/10.5061/
dryad.k6k42cq). The method was applied to the whole
SHIP sample (n = 1,836) to derive a set of WMHCs.
Participant-specific coefficients for each component were
then calculated for both the SHIP and the BLSA cohorts
to quantify corresponding WMH burden within each
component.

Table 1 Characteristics of the SHIP sample

Characteristic

SHIP subcohort
SHIP sample
included
(n = 1,836)

SHIP sample
excluded
(n = 1,230)SHIP-2 (n = 577)

SHIP-TREND
(n = 1,259)

Age, median (SD), y 55.0 (11.8) 51.1 (13.6) 52.2 (13.16) 55.7 (14.5)

Sex, n (%), female 316 (54.78) 719 (57.1) 1,035 (56.4) 559 (45.5)

Systolic blood pressure, median (SD), mm Hg 130.0 (17.7) 124.5 (17.1) 126.0 (17.4) 130.0 (18.4)

Glycosylated hemoglobin (HbA1c), median (SD), % 5.3 (0.8) 5.2 (0.6) 5.2 (0.7) 5.3 (0.8)

Total cholesterol, median (SD), mmol × L21 5.5 (1.1) 5.5 (1.1) 5.5 (1.1) 5.4 (1.1)

High-density lipoprotein, median (SD), mmol × L21 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 1.40 (0.4)

Low-density lipoprotein, median (SD), mmol × L21 3.4 (0.9) 3.4 (0.9) 3.4 (0.9) 3.3 (0.9)

Waist circumference, median (SD), cm 89.5 (12.7) 88.0 (12.6) 88.3 (12.6) 91.0 (13.2)

Mean intima-media thickness, median (SD), mm 1.2 (0.3)a 1.1 (0.3)b 1.2 (0.3)c 1.2 (0.3)d

Cigarette smoking, n (%)

Never-smoker 232 (40.2) 520 (41.3) 752 (41.0) 466 (37.9)

Ex-smoker 225 (39.0) 427 (33.9) 652 (35.5) 510 (41.4)

Current smoker 120 (20.78) 312 (24.8) 432 (23.5) 254 (20.7)

Medication

Antidiabetics, n (%) 27 (4.7) 39 (3.01) 66 (3.6) 80 (6.5)

Antihypertensive, n (%) 214 (37.1) 382 (30.3) 596 (32.5) 464 (37.7)

Lipid-lowering drugs, n (%) 80 (13.9) 100 (7.9) 180 (9.8) 180 (14.6)

Education, n (%)

<8 y 98 (17.9) 165 (13.1) 263 (14.3) 268 (21.7)

8–10 y 339 (58.7) 706 (56.1) 1,045 (56.9) 637 (51.7)

>10 y 140 (24.23) 388 (30.8) 528 (28.8) 325 (26.4)

Physical activity, n (%)

No 162 (28.1) 398 (31.6) 560 (30.5) 443 (36.0)

>0–1 h/wk 90 (15.6) 199 (15.8) 289 (15.7) 169 (13.7)

>1–2 h/wk 169 (29.3) 356 (28.3) 525 (28.6) 318 (25.9)

>2 h/wk 156 (27.0) 306 (24.3) 462 (25.2) 300 (24.3)

Abbreviation: SHIP = Study of Health in Pomerania.
a Measure was available for 567.
b Available for 1,250.
c Available for 1,817.
d Available for 1,210.
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Statistical analysis
More details on the statistical analysis can be found in data
available from Dryad (section e-7, doi.org/10.5061/dryad.
k6k42cq). We examined relationships of the identified com-
ponents with age in SHIP using linear regression models in-
dependently for each component, with age categorized in
decades. In SHIP, cross-sectional WMHC trend lines were
computed independently for each component using a linear
regression model that included age and age2 as predictors. For
longitudinal temporal trends in BLSA, we used linear mixed-
effects models with similar predictors. Significance of the dif-
ferences between trend lines was assessed through permutation
testing (data available from Dryad, section e-8). To assess
possible staging of the WMH progression, we estimated
a model of regional WMH progression based on the frequency
of regional WMH presence across participants, similar to the
method by Grothe et al.24 In this analysis, each WMHC for
each participant was categorized as WMH “present” or “ab-
sent,” according to a fixed threshold estimated from the total
WMH volume for the complete sample.

We performed vertex-wise analysis of the cortical thickness in
SHIP (n = 1,836) to inspect the relationship to each compo-
nent. Results were considered significant if they survived cluster-
wise correction for multiple comparisons at p < 0.05. We
assessed the cross-sectional association between risk factors and
WMHCs in the whole SHIP sample (n = 1,836) using a linear
regression model for each component as outcome (resulting in
4models). Similarly, we investigated cross-sectional associations
of the 4WMHCs with the AD polygenic risk score in the whole
SHIP sample with available genotyping (n = 985) and in those
older than 65 years (n = 189). All regression models using the
whole age range SHIP sample were adjusted for age, age2, sex,

education, and SHIP subcohort.25 Models were Bonferroni-
corrected by factor 4. Finally, we used independent linear
mixed-effect models to investigate associations of longitudinal
change in WMHCs with cognitive scores as outcome and
WMHCs as predictors (one model at a time, resulting in 16
models) in BLSA (n = 307 and 747 observations). All models
were adjusted for age, age2, sex, educational level, and scanner
type. Random slopes with age effect were included in the
models in addition to random intercepts. Models were
Bonferroni-corrected by factor 16. In all models, we applied
a cubic root transformation on the WMHC values to normalize
their distribution. Results were considered statistically signifi-
cant if the 2-sided p value was <0.05 after Bonferroni correction.
Analyses were performed using R software version 3.1.26

Data availability
Data from SHIP are available after data application and signature
of a data transfer agreement. The data dictionary and the online
application form are available at: fvcm.med.uni-greifswald.de/
dd_service/data_use_intro.php. Involving a local collaborative
partner to facilitate the application process is recommended.

Data from the BLSA are available on request from the BLSA
website (blsa.nih.gov). All requests are reviewed by the BLSA
Data Sharing Proposal Review Committee and are also sub-
ject to approval from the NIH institutional review board.

Results
Spatial distribution of WMH
covariance components
In the SHIP sample (n = 1,836), we identified 4 WMH co-
variance components (figure 1, A and B), selected according

Table 2 Characteristics of the BLSA sample

Characteristic
BLSA participants with 2
time points (n = 307)

BLSA participants with 3
time points (n = 101)

BLSA participants with 4
time points (n = 21)

BLSA participants with
5 time points (n = 8)

Age, median (SD), y 73.8 (10.2) 78.7 (8.2) 82.8 (3.2) 83.3 (2.3)

Follow-up time, median (SD), y 2.5 (1.2) 4 (0.9) 4.4 (0.9) 5.1 (0.4)

Sex, n (%), female 166 (53.9) 59 (58.4) 11 (52.3) 4 (50.0)

Education, median (SD), y 18.0 (2.4) 18.0 (2.1) 18.0 (2.2) 18.0 (2.5)

Cognitive scores, median (SD)

Trail Making Test, Part A 30.0 (12.0) 30.0 (10.3) 30.0 (5.8) 30.5 (7.1)

Trail Making Test, Part B 71.0 (36.3) 75.0 (35.7) 70.0 (20.9) 73.0 (23.8)

Benton Visual Retention
Test, total error score

6.0 (4.3) 7.0 (4.1) 6.0 (4.0) 6.0 (4.7)

California Verbal Learning
Test, long-delay free recall

12 (3.3) 11.0 (3.4) 12.0 (3.3) 13.0 (3.9)

California Verbal Learning
Test, short-delay free recall

11.0 (3.5) 11.0 (3.7) 12.0 (3.4) 12.0 (3.6)

Abbreviation: BLSA = Baltimore Longitudinal Study of Aging.
Note that higher scores for the Trail Making Tests and the Benton Visual Retention Test mean worse performance.
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to previously defined criteria (data available from Dryad,
section e-6 and figure e-2, doi.org/10.5061/dryad.k6k42cq).
The robustness of the final components was validated through
reproducibility experiments using random half-splits of the
SHIP sample with similar age and sex distributions (data

available from Dryad, section e-6 and figure e-3). We quan-
tified the extent to which these components were overlapping
between the 2 splits by calculating the inner product of
matching component pairs (data available from Dryad, table
e-1). The median overlap value was 88%, showing highly

Figure 1 Cross-sectional and longitudinal trend lines of WMHCs representing regional covariation

(A) Three-dimensional renderingof the4WMHCscalculated from thewhole SHIP sample (n= 1,836). The4WMHCsareposteriorperiventricular (WMHC-post., blue),
frontal periventricular (WMHC-fron., green), dorsal periventricular (WMHC-dors., yellow), and deep white matter (WMHC-deep, red). (B) Axial sections of the 4
WMHCs. (C.a) Total whitematter hyperintensity volume as a function of age in the SHIP sample (n = 1,836). (C.b) Trend lines of the 4WMHCsas a function of age for
SHIP participants. (D) Longitudinal age trajectories of the 4WMHCs in the Baltimore Longitudinal Study of Aging sample (n = 307 and 747 observations). (E) Cortical
thickness reduction associated with the 4WMHCs in SHIP (n = 1,836) after adjusting for age, age2, sex, and SHIP subcohort. Results survived cluster-wise correction
for multiple comparisons, p < 0.05. SHIP = Study of Health in Pomerania; WMHC = white matter hyperintensities component.
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reproducible results. From the 4 components, the first 3
surrounded the ventricles and specified as periventricular pos-
terior (WMHC-post., blue in figure 1), periventricular frontal
(WMHC-fron., green in figure 1), and periventricular dorsal
(WMHC-dors., yellow in figure 1) regions. The fourth
component included the deepWMH and was located laterally
to the other 3 components (WMHC-deep, red in figure 1).
We applied the structural covariance approach on the BLSA
baseline sample (n = 307) to assess the sensitivity of the
approach toward different population characteristics (data
available from Dryad, figure e-4). The median overlap value
between components derived from SHIP vs BLSA was 66%,
with the highest overlap in the frontal WMHC (data available
from Dryad, table e-2).

Associations with age
We examined relationships of the identified components
with age. Table 3 shows the differential association of
WMHC-fron. with age in SHIP, as it was present from fifth
decade of life, while other components were present from
the sixth decade. Cross-sectional and longitudinal temporal
trends of the 4 WMHCs are shown in figure 1, C and D.
Supplementary analysis using permutation tests showed that
the components had differential trend lines except between
the WMHC-dors. and WMHC-deep components cross-
sectionally (data available from Dryad, section e-7 and table
e-3, doi.org/10.5061/dryad.k6k42cq). Figure 2 shows some
hierarchical nesting across participants, both in SHIP and
BLSA, as well as participants with distribution profiles that
do not conform to the model, particularly in SHIP (ap-
proximately 10%) (more details in data available from
Dryad, section e-9).

Associations with cortical thickness
We found widespread regional cortical atrophy associations in
SHIP for all 4 WMHCs (n = 1,836, figure 1E). Gray matter
decrease in the frontal, inferior parietal, and temporal cortex
was more pronounced in association with the WMHC-fron.
compared to the other components (data available from
Dryad, section e-10, doi.org/10.5061/dryad.k6k42cq). We
quantified the overlap in cortical atrophy regions associated
with each of the 4 WMHCs. The amount of overlap between
2 regions is measured using their Dice coefficient (data
available from Dryad, table e-4).

Associations with vascular risk factors, AD
polygenic risk score, and cognition
We found significant cross-sectional associations of WMHCs
with vascular risk factors in the SHIP sample (n = 1,836, table
4). Specifically, intima-media thickness was significantly as-
sociated with WMHC-dors.; smoking was associated with the
same component, in addition to WMHC-post. and WMHC-
deep; higher blood pressure was associated with WMHC-
fron.; and female sex was associated with more WMHC-fron.
After exclusion of individuals with possible cognitive impair-
ment (n = 178), only the associations of WMHC-fron. with
higher blood pressure and WMHC-post. with smoking Ta
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remained significant (data available fromDryad, table e-5, doi.
org/10.5061/dryad.k6k42cq).

We investigated relationships with AD polygenic risk in SHIP
participants with available genotyping (n = 985) and found
significant cross-sectional association with only WMHC-dors.
for participants older than 65 years of age (n = 189, table 4).

Finally, we investigated whether WMHCs were associated
with cognitive decline in the BLSA sample (n = 307 and 747
observations; data available from Dryad, table e-6, doi.org/10.
5061/dryad.k6k42cq). Only Trail Making Test, Part B was
associated with WMHC-dors. We found no associations be-
tween any WMHC and Trail Making Test, Part A, Benton
Visual Retention Test performance, or California Verbal and
Learning Memory Test. Exclusion of participants with mild
cognitive impairment (n = 1 and 14 observations) led to
similar results (data available from Dryad, table e-7).

Discussion
The current study expands on previous studies that have used
total WMHmeasures by investigating spatial heterogeneity of
WMH in large aging cohorts. We identified spatially hetero-
geneous components of WMH and demonstrated that these
components displayed differential associations with age, risk
of neurodegeneration, and vascular risk factors. Of note,

WMHC-fron. was evident about 2 decades earlier than the
remaining components. WMHC-fron. also showed stronger
association with blood pressure and cortical atrophy. Only
WMHC-dors. showed associations with AD genetic risk and
with longitudinal cognitive decline. The observed spatial
heterogeneity is potentially related, in part, to underlying
normal heterogeneity in brain anatomy and physiology, as
well as heterogeneity of pathophysiologic processes that drive
the appearance of these WMH and may have different
implications for cognitive outcomes.

WMH have been commonly subdivided into deep and peri-
ventricular WMH subclasses.27,28 However, the definition of
these subdivisions has been inconsistent with a generally poor
overlap in WMH subclass ratings.29 It has been suggested that
shape provides complementary information for distinguishing
WMH subcomponents.30 Another suggestion was to use a sim-
ple “distance from the ventricles” measure for the classification
into deep and periventricular WMH, but the definition of this
distance was variable, arbitrary, and without consensus.6,31 Cap-
italizing on a large sample from the general population and a data-
driven method, we systematically categorizedWMHwithout use
of prior arbitrary knowledge for defining regional boundaries;
rather, those boundaries were detected through clusters of high
covariation of WMH occurrence across individuals.

Our data-driven approach separated the deep WMH from the
periventricular ones (WMHC-deep vs others) in agreement

Figure 2 Heterogeneity and staging of WMH in the 4 WMHCs for (A) SHIP (n = 1,836), (B) BLSA baseline (n = 307), and (C)
BLSA last MRI visit samples

Each row of the matrix corresponds to a study participant and each column to 1 of the 4 components. WMHC values were binarized (absence or presence of
WMH) using a threshold value calculated as the median of total WMH volume for the baseline sample divided by 4. Absence of WMH is denoted by gray and
presence by the indicative color of a component. The data tables show percentage of participants for different combinations of WMH presence in the 4
components. BL = baseline; BLSA = Baltimore Longitudinal Study of Aging; deep = deep white matter; dors. = dorsal periventricular; front. = frontal
periventricular; post. = posterior periventricular; SHIP = Study of Health in Pomerania; WMH = white matter hyperintensities; WMHC = white matter
hyperintensities component.
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Table 4 Associations between WMHCs and risk factors for the cross-sectional SHIP sample

WMHC-post WMHC-fron. WMHC-dors. WMHC-deep

Estimate
(SE)

p Value
(Bonferroni-corrected) Estimate (SE)

p Value
(Bonferroni-corrected) Estimate (SE)

p Value
(Bonferroni-corrected) Estimate (SE)

p Value
(Bonferroni-corrected)

Vascular and lifestyle
risk factors in SHIPc

(n = 1,836, age 22–84 y)

Sex, female −0.089 (0.072) 0.860 0.157 (0.061) 0.040a −0.041 (0.055) 1.000 0.062 (0.050) 0.860

Systolic blood
pressure, mm Hg

0.003 (0.002) 0.808 0.006 (0.002) 0.001a 0.003 (0.002) 0.228 0.003 (0.001) 0.116

Intima-media
thickness,b mm

0.294 (0.150) 0.204 0.190 (0.129) 1.000 0.340 (0.117) 0.016a 0.209 (0.104) 0.180

Cigarette smoking

Ex-smoker 0.244 (0.067) 0.001a 0.054 (0.057) 1.000 0.157 (0.052) 0.008a 0.129 (0.046) 0.020a

Current smoker 0.208 (0.078) 0.032a 0.131 (0.067) 0.204 0.115 (0.060) 0.228 0.128 (0.054) 0.072

Physical activity

No 0.060 (0.079) 1.000 0.094 (0.068) 1.000 0.056 (0.061) 1.000 0.031 (0.055) 1.000

0–1 h 0.077 (0.093) 1.000 0.024 (0.080) 1.000 0.025 (0.072) 1.000 −0.005 (0.064) 1.000

1–2 h −0.013 (0.079) 1.000 0.037 (0.067) 1.000 −0.011 (0.061) 1.000 −0.028 (0.054) 1.000

Antihypertensive
drugs

0.118 (0.074) 0.440 0.125 (0.063) 0.196 0.075 (0.057) 1.000 0.076 (0.051) 0.544

Lipid-lowering drugs 0.158 (0.109) 0.600 0.079 (0.094) 1.000 0.107 (0.085) 1.000 0.156 (0.076) 0.160

Glycated hemoglobin
(HbA1c), %

0.007 (0.047) 1.000 0.003 (0.041) 1.000 0.019 (0.036) 1.000 −0.014 (0.033) 1.000

Waist circumference,
cm

0.001 (0.003) 1.000 −0.001 (0.003) 1.000 −0.001 (0.002) 1.000 0.002 (0.002) 1.000

Cholesterol ratio 0.128 (0.153) 1.000 −0.045 (0.132) 1.000 0.079 (0.119) 1.000 0.072 (0.106) 1.000

Antidiabetic drugs −0.110 (0.175) 1.000 0.166 (0.151) 1.000 0.057 (0.136) 1.000 0.009 (0.122) 1.000

AD genetics in SHIPc (n =
985, age 22–84 y)

Polygenic risk score 0.168 (0.114) 0.560 0.101 (0.104) 1.000 0.219 (0.089) 0.056 0.053 (0.078) 1.000
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with suggestions in the literature. Of note, the periventricular
WMH were also partitioned into posterior and frontal com-
ponents (WMHC-post. and WMHC-fron.), as well as a more
dorsal component (WMHC-dors.). Therefore, we found
higher variation in periventricular WMH compared to the
deep WMH, a finding not reported in the literature before.

With the nonnegative matrix factorization approach, we as-
sume that the WMH occurrence can be decomposed into
highly nonoverlapping parts, where each part groups elements
that change in a coordinated fashion across the population. As
typical for all factorization methods, it is important to specify
the number of components to be extracted. This is the only
decision that we have imposed. We determined this number
by rigorously examining the coverage of total WMH load and
by choosing the largest coverage (data available from Dryad,
section e-6, doi.org/10.5061/dryad.k6k42cq). Assessment of
the robustness of the final components through re-
producibility experiments, using random half-splits of the
SHIP sample, showed that the covariance approach would
perform consistently in similar populations. The components
derived from the BLSA baseline sample (n = 307) were re-
producible to a lesser extent, with 66% overlap between
components derived from SHIP vs BLSA (data available from
Dryad, table e-2). The highest overlap was obtained for the
frontal component (91%), maybe because of the existence of
similar factors deriving its appearance in both cohorts.
However, differences in population characteristics between
SHIP and BLSA such as mean age or education and other
deriving factors would yield modest overlap in other
components.

We observed differential cross-sectional trend lines and lon-
gitudinal trajectories, with statistically significant pairwise
differences between components, supported by permutation
tests. Of note, WMHC-fron. appeared at an earlier age (sig-
nificant from the fifth decade of life [table 3]) compared to the
other components (significant from the sixth decade of life).
Prefrontal white matter is most susceptible to the influence of
age,32 which might explain why WMHC-fron. was present at
earlier age. WMHC-fron. also had a less exponential growth
or acceleration with age compared to WMHC-post. and
WMHC-dors.; perhaps this result can be reflected with
stronger associations between posterior WMH with neuro-
degenerative processes that tend to accelerate later in life.
Although some insights can be taken from our findings re-
garding AD polygenic risk score and cognition, unfortunately
our data cannot provide causal evidence for this result, and
further studies are required.

Our results showed that the data-driven components are
representing staging as well as different etiologies in WMH
appearance. These results are largely expected. The fact that
these components were derived from SHIP, which is sampled
from the general population with a wide age range (22–84
years), hints to the heterogeneous nature of WMH. Previous
research has shown involvement of inflammatory, vascular,Ta
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and neurodegenerative diseases in the appearance of WMH.
Such conditions are expected to contribute to WMH volume
in our sample, according to their prevalence in the general
population from the region.

To our knowledge, only one study showed any differential
association between regional WMH volume and gray matter
atrophy.33 An interesting finding of our analysis was that the
WMHC-fron. component displayed considerably more
widespread associations with cortical thinning, in particular in
AD-related regions such as the anterior temporal lobe, com-
pared to the other 3 components, especially WMHC-deep
and WMHC-post. (figure 1). One explanation could be that
WMHC-fron. appeared earlier in life and also showed strong
association with blood pressure (tables 3 and 4). It has been
demonstrated that frontal WMH were more likely to be
present in patients with poststroke vascular dementia com-
pared to healthy controls, and the frontal white matter was
more affected than the temporal white matter.34 Our finding
of early association of WMHC-fron. with age, increased blood
pressure, and more pronounced atrophy is further suggestive
of the importance of frontal WMH with respect to neuro-
degeneration and possibly vascular cognitive dysfunction.
Further research is needed to determine whether the
WMHC-fron. differentially predicts future vascular dementia.

The posterior periventricular, dorsal, and deep white matter
components were associated with smoking. The mechanisms
for the association between smoking and posterior periven-
tricular WMH and deep WMH can be potentially explained
by different nicotine receptor distribution in the brain.35 The
link between intima-media thickness and WMH may pri-
marily reflect shared risk factors such as smoking.36 While
associations between these risk factors and regional WMH
have been reported previously,37,38 a contribution of our
analysis lies in the application of a data-driven method, which
“categorizes” those changes across the population together.
Few MRI studies have such statistical power, with a pop-
ulation-based sample and a very high standardization
protocol.

A recent study showed that WMH volume is significantly
elevated among individuals with autosomal dominant genetic
mutations for AD. These changes are most pronounced in
posterior periventricular regions.39 In our study, only the
periventricular dorsal component showed a significant asso-
ciation with the AD polygenic risk score in individuals older
than 65 years that survived Bonferroni correction (table 4).
Because the prevalence of sporadic AD increases rapidly after
the age of 65, our findings might reflect a contribution of AD
pathology to the development of WMH.

A very striking result in our analysis was that WMH-dors.,
which showed a significant association with the AD polygenic
risk score after the age of 65 years, was also significantly
associated with longitudinal cognitive decline in the validation
sample BLSA. This finding is further suggestive of a potential

role of impairment in cognitive abilities and dementia-related
degeneration with focal appearance of WMH in periven-
tricular dorsal regions.

Studies utilizing advanced structural covariance analysis for
systematically investigating spatial heterogeneity of WMH are
rare. A few recent studies used a similar methodology for
examining regional structural covariance in aging pop-
ulations.16 However, these studies were limited to analysis of
gray matter. Another strength of our work is the rich cohorts
included. The large population-based sample in SHIP, which
spans a wide age range, allowed us to reliably define WMH
patterns and to study their correlates. The BLSA cohort
provided a valuable longitudinal sample to examine trajecto-
ries of WMHCs.

Despite the above strengths, certain limitations should be
noted. First, some modifiable risk factors, such as dietary
factors (e.g., salt or sugar intake) and inflammation, were not
included in the study. Second, our analysis did not include
periventricular spaces, or further small vessel disease subtype
assessment, and those should be considered in future re-
search. Third, although associations between WMHCs and
risk factors or AD polygenic risk score are suggestive and
reasonable, such correlational analyses do not establish cau-
sality and are potentially limited by the high correlation be-
tween the components and total WMH volume (data
available from Dryad, table e-8 and figure e-5, doi.org/10.
5061/dryad.k6k42cq). Fourth, The SHIP participants did not
have complete cognitive testing. Therefore, some brain
changes in the SHIP sample are more specific to aging, but
also others might be driven by unrecognized changes and that
might represent the initial impairment in people with vascular
cognitive disorder. Fifth, several of the findings were not ro-
bust to exclusion of relatively few participants with (possible)
cognitive impairment; as a result, a small proportion of par-
ticipants may be primarily deriving some of the observed
associations. Sixth, our strict quality control criteria resulted in
a high number of scans excluded in SHIP, which might lead to
potential bias and less generalizability of our results. Finally,
The BLSA sample with available T1 and fluid-attenuated in-
version recovery scans that we used for studying longitudinal
associations was rather small. Repeated assessments continue
in BLSA, and future studies should consider larger samples
with longer follow-up intervals.

Our study indicates that WMH appearance follows systematic
and co-occurring regional patterns. We found an early in-
volvement of the periventricular frontal regions, with strong
associations with blood pressure and more pronounced cor-
tical atrophy through the adult lifespan. The periventricular
dorsal component showed associations with AD polygenic
risk score and cognitive decline, as well as later appearance in
the aging brain. Our findings support the hypothesis that the
appearance of WMH follows age- and disease-dependent re-
gional distribution patterns, potentially influenced by differ-
ential underlying pathophysiologic mechanisms, and possibly
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with different implications for vascular risk factors as well as
neurodegenerative and cognitive outcomes.
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