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White matter hyperintensities are associated with increased risk of dementia and cognitive decline. The current study investigates
the relationship between white matter hyperintensities burden and patterns of brain atrophy associated with brain ageing and
Alzheimer’s disease in a large populatison-based sample (7 = 2367) encompassing a wide age range (20-90 years), from the Study
of Health in Pomerania. We quantified white matter hyperintensities using automated segmentation and summarized atrophy
patterns using machine learning methods resulting in two indices: the SPARE-BA index (capturing age-related brain atrophy),
and the SPARE-AD index (previously developed to capture patterns of atrophy found in patients with Alzheimer’s disease). A
characteristic pattern of age-related accumulation of white matter hyperintensities in both periventricular and deep white matter
areas was found. Individuals with high white matter hyperintensities burden showed significantly (P < 0.0001) lower SPARE-BA
and higher SPARE-AD values compared to those with low white matter hyperintensities burden, indicating that the former had
more patterns of atrophy in brain regions typically affected by ageing and Alzheimer’s disease dementia. To investigate a possibly
causal role of white matter hyperintensities, structural equation modelling was used to quantify the effect of Framingham cardio-
vascular disease risk score and white matter hyperintensities burden on SPARE-BA, revealing a statistically significant (P <
0.0001) causal relationship between them. Structural equation modelling showed that the age effect on SPARE-BA was mediated
by white matter hyperintensities and cardiovascular risk score each explaining 10.4% and 21.6% of the variance, respectively. The
direct age effect explained 70.2% of the SPARE-BA variance. Only white matter hyperintensities significantly mediated the age
effect on SPARE-AD explaining 32.8% of the variance. The direct age effect explained 66.0% of the SPARE-AD variance.
Multivariable regression showed significant relationship between white matter hyperintensities volume and hypertension
(P=0.001), diabetes mellitus (P =0.023), smoking (P =0.002) and education level (P =0.003). The only significant association
with cognitive tests was with the immediate recall of the California verbal and learning memory test. No significant association was
present with the APOE genotype. These results support the hypothesis that white matter hyperintensities contribute to patterns of
brain atrophy found in beyond-normal brain ageing in the general population. White matter hyperintensities also contribute to
brain atrophy patterns in regions related to Alzheimer’s disease dementia, in agreement with their known additive role to the
likelihood of dementia. Preventive strategies reducing the odds to develop cardiovascular disease and white matter hyperintensities
could decrease the incidence or delay the onset of dementia.
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Introduction

White matter hyperintensities (WMH), which are typically
detected on fluid-attenuated inversion recovery (FLAIR)
brain MRI, are common findings in older adults. WMH
are considered a type of sporadic small vessel disease
(Wardlaw and Pantoni, 2014). The aetiology and the
pathophysiology of WMH are not yet completely under-
stood. Pathological substrates of WMH are heterogeneous
in nature and severity (Gouw et al., 2011). Previous studies
proposed that axonal loss and demyelination contribute to
the appearance of WMH, which could be a consequence of
chronic ischaemia caused by cerebral small vessel disease
(Prins and Scheltens, 2015). Others suggest hypoperfusion
due to altered cerebrovascular autoregulation or dysfunc-
tion of blood-brain barrier (Simpson et al., 2007), inflam-
mation and amyloid angiopathy (Gouw et al., 2011).

In addition to the poorly understood pathophysiological
aetiology of WMH, their relationship with vascular risk fac-
tors is not completely uncovered. Sporadic small vessel dis-
ease is often proposed to be associated with hypertension
(Dufouil et al., 2001); however, it occurs in normotensive
patients as well (Wardlaw et al., 2013). Major vascular risk
factors such as smoking and diabetes mellitus are also asso-
ciated with increased WMH volume (Jeerakathil et al.,
2004; Jongen et al., 2007). Finally age, which is a key vas-
cular risk factor, is also a consistent risk for WMH (Grueter
and Schulz, 2012; Prins and Scheltens, 2015).

Structural brain changes related to ageing (referred to as
‘brain ageing’ herein) are associated with pronounced grey
matter loss, particularly in frontal and parietal lobes
(Rachael et al., 2003; Resnick et al., 2003). Recent studies
showed distributed patterns of age-related predominant
subcortical atrophy, as well as more localized patterns in
regions such as amygdala, striatum, prefrontal, cerebellum

and in the midline structures, cingulate cortex and precu-
neus (Draganski et al., 2011). Age-related changes in the
brain vary in trajectories across the different regions (Raz et
al., 2010). Brain ageing may be associated with a number
of possible underlying neuropathologic mechanisms such as
synapse loss, vascular pathology (Debette et al., 2011) and
small vessel disease (Jagust, 2013). Previous studies showed
that high WMH burden was correlated with total grey
matter atrophy (Aribisala et al., 2013; Wang et al., 2014)
and atrophy in regions like the temporal lobe (Tuladhar et
al., 2015; Wen et al., 2006), and the frontal cortex (Raji et
al., 2012). The spatial patterns of brain atrophy associated
with higher volume of WMH and advanced brain ageing
(deviated from normative age-related atrophy patterns) are
still not well understood in the general population.

Additional studies have shown links between WMH and
the presence of Alzheimer’s disease pathology (Brickman ez
al., 2015; Prins and Scheltens, 2015) and cognitive decline
(Carmichael et al., 2010; Vermeer et al., 2003; van der
Flier et al., 2005). WMH were associated with grey
matter atrophy in Alzheimer’s disease-related regions such
as medial temporal (Appel et al., 2009), and it was pro-
posed that the appearance of WMH doubles the risk of
dementia (Wardlaw er al., 2015). The overlap between
WMH- and dementia-related atrophy patterns should be
better understood, as the additional atrophy induced by
WMH in regions typically affected by dementia, is likely
to impose an additive effect on symptoms caused by the
dementia pathology itself.

We hypothesized that WMH are partially associated with
brain atrophy patterns seen in older individuals and in
Alzheimer’s disease dementia. The goals of our analysis
were to evaluate the association of WMH with advanced
brain ageing and elucidate the WMH proportion in med-
iating the age effect on the atrophy related to brain ageing
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in a large ageing sample from the adult general population.
Towards this hypothesis we summarized patterns of brain
atrophy using two indices (Fan et al., 2007; Kloppel et al.,
2008; Franke et al., 2010; Gaser et al., 2013): the SPARE-
BA index (capturing age-related brain atrophy), and the
SPARE-AD index (previously developed to capture patterns
of atrophy found in patients with Alzheimer’s disease)
(Davatzikos et al., 2009), and examined whether individ-
uals with high WMH burden displayed differences in those
defined patterns.

Materials and methods

Participants of SHIP

We included in this study 2367 subjects from the SHIP (Study
of Health in Pomerania) cohort, led by the Institute for
Community Medicine at the Medical Faculty of the
University of Greifswald. SHIP started at baseline with SHIP-
0 between 1997 and 2001. From 2008 to 2013 the second
follow-up examination SHIP-2 was carried out. Concurrent
with SHIP-2 a new sample from the same area was drawn
and similar examinations were undertaken between 2008
and 2012 (SHIP-Trend). SHIP-2 and SHIP-Trend included
whole-body MRI scans (Hegenscheid et al., 2009; Volzke et
al., 2011; Habes et al., 2013). Supplementary Fig. 1 shows a
flowchart for the included subjects. Table 1 presents a com-
plete description for the sample included in this study.
Supplementary Table 1 shows the characteristics of all
excluded cases and compares them to the final sample included
in the study. The Ethics Committee of the Medical Faculty of
the University of Greifswald approved the SHIP study.

Data assessment in SHIP

Clinical data were collected by a computer-assisted face-to-face
interview. We divided smoking in three categories, specifically:
current smoking, former smoking, and never smoked. We sub-
divided the highest attained level of school education into three
categories: <8 years, 8-10 years, and >10 years. For the
assessment of leisure time physical activity (sportive exercise,
e.g. jogging) we specified the following groups: no activity, low
(>0-1 h/week), moderate (1-2 h/week) and high (>2 h/week)
activity in summer and in winter.

Having completed the interview, participants underwent
medical examinations: including the measurement of height
and weight (continuous variable). Waist circumference was
measured in cm (continuous variable). After a 5-min resting
period, blood pressure was measured three times on the right
arm of seated subjects using a digital blood pressure monitor
(HEM-705CP, Omron), with each reading being followed by a
further resting period of 3 min. Cuffs were applied according
to the circumference of the participant’s arm. The mean of the
second and third measurements (mmHg) was used for the ana-
lyses (continuous variables). All subjects were informed to
bring in the packaging of all medication taken during the
last 7 days, as well as their drug prescription sheets. Every
compound was recorded. We focused on antihypertensive,
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anti-diabetic and lipid-lowering drugs, as indicators for cardio-
vascular disease risk factors in the general population.

In SHIP two cognitive tests were obtained: the verbal learn-
ing and memory test (the German version for California verbal
learning and memory test) (Woods et al., 2006) for the sub-
cohort SHIP-2 (n = 730), and the Nurnberg age inventory for
the sub-cohort SHIP-Trend (7 =1637. The Nurnberg age in-
ventory is a German test developed to measure the cognition
abilities during brain ageing (Fleischmann and Oswald, 1999).
The verbal learning and memory test and Nurnberg age inven-
tory consist of subtests, including immediate and delayed
memory tests. Carotid artery stenosis was assessed in SHIP
(Supplementary material) and available for 2360 participants,
APOE genotype was available for 1472 individuals. A com-
plete description of genotyping in SHIP can be found in the
Supplementary material.

Laboratory work

Glycated haemoglobin (HbAlc, measured in %) concentra-
tions were determined with high-performance liquid chroma-
tography  (Bio-Rad Diamat). High-density lipoprotein
cholesterol concentrations were measured photometrically
(Hitachi 704, Roche). HbAlc, total cholesterol, low-density
lipoprotein and high-density lipoprotein were measured as di-
mensional scores.

Image acquisition

We used Ti-weighted and FLAIR MRI to measure regional
patterns of WMH as well as ageing-related brain atrophy.
The image acquisition parameters have been described in
Hegenscheid et al. (2009) for SHIP. Briefly, all images were
obtained using a 1.5 T Siemens MRI scanner (Magnetom
Avanto, Siemens Medical Systems) with an axial MPRAGE
sequence and the following parameters: 1 x 1 mm in-plane spa-
tial resolution, slice thickness = 1.0 mm (flip angle 15°), echo
time = 3.4ms and repetition time = 1900 ms as well as axial
T,-FLAIR sequence with the following parameters: 0.9 x
0.9mm in-plane spatial resolution, slice thickness = 3.0 mm
(flip angle 15°), echo time = 3250 ms and repetition time = 50
000 ms.

Image preprocessing

Preprocessing contained the following steps, which were
applied on all scans. Multi atlas-based algorithm removed
extra-cranial material (skull-stripping) (Doshi et al., 2013).
All skull-stripped images were visually inspected for quality
control by M.H. and all scans rated as low skull-stripping
quality (i.e. over or under-segmented brains) were excluded
(n=121). Images were corrected for bias field (Tustison et
al., 2010) and tissue segmentation into grey matter, white
matter and CSF was performed using an in-house developed
algorithm (Li et al., 2014). Finally, intracranial volume was
calculated and defined as the total of white matter, grey
matter and cortical and ventricular CSF, and has been calcu-
lated using the binary brain mask of a subject.
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Table | Description of the SHIP sample included in this study
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Characteristic

SHIP subcohort SHIP-2 SHIP-Trend SHIP study
sample
(n = 730) (n = 1637) (n = 2367)
Age, mean (SD), years 55.60 (12.30) 51.00 (14.06) 52.42 (13.71)
Gender n (%), female 399 (54.60) 920 (56.20) 1319 (56.72)
Systolic blood pressure, mean (SD), mmHg 131.20 (17.98) 125.54 (17.11) 127.29
17.58

Glycated haemoglobin (HbAIc), mean (SD) 5.37 (0.822) 5.25 (0.70) (5.29 ()0.74)
Total cholesterol, mean (SD), mmol/l 5.51 (1.07) 5.53 (1.07) 5.52 (1.07)
High-density lipoprotein, mean (SD), mmol/l 1.46 (0.38) 1.46 (0.37) 1.46 (0.37)
Low-density lipoprotein, mean (SD), mmol/l 3.35 (0.93) 3.42 (0.92) 3.40 (0.92)
Waist circumference, mean (SD), cm 89.77 (12.75) 88.70 (12.80) 89.03 (12.79)
Body height, cm 169.16 (9.26) 169.75 (9.22) 169.57 (9.23)
Education, n (%)

<8 years 135 (18.49) 234 (14.29) 369 (15.58)

8-10 years 420 (57.53) 900 (54.97) 1320 (55.76)

> 10 years 175 (25.97) 503 (30.72) 678 (28.64)
Cigarette smoking, n (%)

Never-smoker 291 (39.86) 676 (41.29) 967 (40.85)

Ex-smoker 300 (41.09) 577 (35.24) 877 (37.05)

Current smoker 139 (19.04) 384 (23.45) 523 (22.09)
Physical activity, n (%)

No 206 (28.21) 536 (32.74) 742 (31.34)

>0-1 h/week 111 (15.20) 256 (15.63) 367 (15.50)

1-2 h/week 215 (29.45) 447 (27.30) 662 (27.96)

>2 h/week 198 (27.12) 398 (24.31) 596 (25.17)
Medication

Anti-diabetics, n (%) 38 (5.20) 62 (3.78) 100 (4.22)

Antihypertensive, n (%) 269 (36.84) 504 (30.78) 773 (32.65)

Lipid lowering drugs, n (%) 116 (15.89) 137 (8.36) 253 (10.68)
Internal carotid artery stenosis (left or right)

<50%, n (%) I (0.13)* 5 (0.30)° 6 (0.25)°

50-60%, n (%) 0 (0)* 4 (0.24)° 4 (0.16)°

60-70%, n (%) 0 (0)* 3 (0.18)° 3 (0.12)°

70-80%, n (%)° 0 (0)* I (0.06)° | (0.04)°

Occlusion, n (%)° I (0.13)* 3 (0.18)° 4 (0.16)°
Verbal Learning and Memory Test, mean (SD) 8.58 (2.97)

Nurnberg Age Inventory, mean (SD) 11.23 (2.54)

25:Measures available for 727, 1633, and 2360, participants, respectively.
dAccording to the European Carotid Surgery Trial criteria.
®Considered as clinically relevant and 99.78% from the population are healthy.

Fully automated WMH segmentation

FLAIR and T; images were co-registered to the same space. We
segmented WMH using a support vector machine-based method
(Lao et al., 2008), used in previous studies of a similar nature
(Coker et al., 2009; Launer et al., 2011). Minimum WMH
volume was set to 25mm>, to ensure ischaemic origin of the
detected hyperintense area. All automatically segmented images
were visually inspected for quality control by M.H. and all re-
sults rated as low segmentation quality (i.e. over or under-seg-
mented WMH) were excluded (7 = 154). To visualize the spatial
extend of WMH accumulation, we non-linearly aligned individ-
ual lesion segmentations to a common template space using the
registration method described in Ou et al. (2011), and com-
puted lesion frequency maps.

Calculation of tissue density maps

Images were non-linearly aligned to a standardized brain atlas
(Ou et al., 2011), and regional volumetric maps, named
RAVENS maps, were calculated (Davatzikos et al., 2001) for
grey matter, white matter, CSF and WMH, considering seg-
mented WMH as a distinct tissue class in the generation of
RAVENS maps. The RAVENS maps enable direct comparison
of tissue distribution on magnetic resonance images of different
subjects. The RAVENS approach has been extensively vali-
dated and applied to a variety of studies (Davatzikos et al.,
2001, 2009; Good et al., 2002; Stewart et al., 2006; Fan et al.,
2008). Grey matter RAVENS maps were normalized by intra-
cranial volume to adjust for global differences in head size.
Extended information on WMH segmentation and the
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generation of RAVENS maps can be found in the

Supplementary material.

MRI pattern classification

Visualizations of statistical parametric maps reflecting spatial
patterns of brain atrophy are frequently used in neuroima-
ging. However, quantifying such patterns and integrating
them into indices that can be further related to other relevant
measures, such as WMH and clinical measures, is less
common. We evaluated the beyond normal brain ageing at-
rophy patterns in SHIP subjects using a high-dimensional pat-
tern classification methodology, which was initially proposed
for quantifying spatial pattern of abnormality for recognition
of early Alzheimer’s disease (SPARE-AD) (Fan et al., 2007;
Davatzikos et al., 2009). The SPARE-AD index is derived
from a support vector machines classifier (Vapnik, 1999)
trained for optimal discrimination between healthy controls
and age-matched Alzheimer’s disease patients (Da et al.,
2014), summarizes the high dimensional image data with a
single score that indicates the distance of the test sample from
the classification hyperplane. More positive SPARE-AD
implies more Alzheimer’s disease-like brain structure, and
more negative SPARE-AD implies more normal structure.
SPARE-AD scores have been shown to detect earliest preclin-
ical cognitive changes (Toledo ez al., 2015) and predict con-
version from normal cognition to mild cognitive impairment
(Davatzikos et al., 2009; Toledo et al., 2014) and from mild
cognitive impairment to Alzheimer’s disease dementia (Da et
al., 2014; Toledo et al., 2014). We calculated SPARE-AD
scores for all SHIP subjects using a linear support vector ma-
chines-based model trained on the external training dataset
described in Da et al. (2014). SPARE-AD corresponds to
the volume in the Alzheimer’s disease-related regions weighted
together demonstrating an Alzheimer’s disease signature simi-
lar to methods frequently used in the literature (Vemuri et al.,
2008; Dickerson et al., 2009; Frisoni et al., 2010; Wirth et
al., 2013; Jack et al., 2015). Extended information on the
SPARE-AD methodology can be found in the Supplementary
material.

We used a similar machine learning methodology for quan-
tifying brain ageing-related atrophy patterns in SHIP subjects,
denoted here as SPARE-BA scores. For training the model, a
training dataset was constructed by selecting young and old
subject groups from the SHIP data, defined as subjects <45
years (7 = 841, mean age &+ SD 36.6 + 6.2) and subjects =60
years (n =871, 68.1 £ 5.6), respectively. Training groups were
well balanced in terms of gender (53.6% and 54.3% female in
young and old groups, respectively). For all subjects in the
training dataset, the SPARE-BA score was calculated with
the leave-one-out cross-validation principle to ensure that the
SPARE-BA index of each subject was derived from a model
that was trained on an independent dataset. For all other sub-
jects (ages 46 to 59), a model trained using the whole training
set was used for calculation of the score, since these subjects
were by construction different from the training set. Higher
(positive) values of SPARE-BA index implied that the subject
had less pronounced brain ageing patterns and vice versa for
lower (negative) values.
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Cardiovascular disease risk score

To summarize the cardiovascular disease risk profile for every
individual in a single score, we calculated the equation of the
Framingham risk score (D’Agostino et al., 2008), considering
the following risk factors: age, gender, total cholesterol level,
high-density lipoprotein, systolic blood pressure, systolic blood
pressure treatment status, diabetes mellitus and smoking.

Statistical analysis

We used ordinary least squares multivariable regression
models to identify demographic and clinical factors signifi-
cantly associated with increasing WMH load in the whole
SHIP sample (7=2367). We considered the total WMH
burden rather than the common distinction between periven-
tricular and deep WMH, as these measures were highly corre-
lated (DeCarli et al., 2005). Two models were built separately
for all participants in this study to assess relationships between
the risk factors and the increasing WMH volume and count
(i.e. discretizing the WMH into single lesions and then sum-
ming them up). Since WMH volume is a right-skewed meas-
ure, we considered a simple cubic root transformation to
normalize the distribution in the regression models and in-
crease the statistical power. Furthermore, we investigated
whether the risk factors have similar association with WMH
volume and count after exclusion of possibly impaired individ-
uals according to their age-adjusted cognitive scores (7 =232)
as a supplementary analysis.

To study the relationship between grey matter atrophy
related to high WMH burden and brain ageing, we focused
on SHIP subjects >40 years, as the prevalence of WMH starts
to increase after this age. WMH is a highly skewed measure
with a large variability for subjects with low values. For this
reason, instead of applying a regression type of analysis using
continuous values, we focused on the extremes of the distribu-
tion, by identifying subjects with high and low WMH burden,
to capture the most discriminative patterns associated with
WMH. Selection of high and low WMH burden subjects is
done independently in two age categories: (i) middle age
from 40 to 65 years in which WMH start to appear increas-
ingly with age; and (ii) old age =635 years, as the exponential
increase of Alzheimer’s disease prevalence starts from this age.
In each age category, we modelled the relationship between
age as independent variable and WMH volume as dependent
variable in a quantile regression approach. We defined, in each
age category, the high WMH burden individuals as above the
80th percentile of WMH volume as a function of age and low
individuals as below the 20th percentile.

To identify subjects with advanced and resilient to brain age,
we modelled the relationship between age as independent vari-
able and SPARE-BA as dependent variable in a linear regres-
sion approach. Residuals were transformed with z-score
transformation. Subjects with z-score >0.5 were grouped as
resilient to brain ageing and those below —0.5 as advanced
brain ageing (Supplementary Fig. 2).

We performed statistical group comparisons using on
optimal-discriminative ~ voxel-based analysis (Zhang and
Davatzikos, 2011, 2013; Erus et al., 2014) (ODVBA) on the
grey matter RAVENS maps to detect spatial patterns of re-
gional volumetric differences between high and low WMH
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load groups. A similar analysis was performed independently
to detect significant imaging patterns that differentiate between
advanced and resilient to brain ageing groups. Final statistical
maps of group differences were corrected using the false dis-
covery rate correction and values are reported at a significance
level of q < 0.05.

To study the mediation effect of cardiovascular disease
risk score (CVD-RS) and WMH volume (both jointly and
separately) on individual brain ageing we performed medi-
ation analysis using structural equation modelling, which
recently showed significant mediation effects on age-related
differences in a cross-sectional ageing study (Kievit ez al.,
2014). We used the technique implemented in the lavaan, an
R package, (https://cran.r-project.org/web/packages/lavaan/
index.html) for latent variable analysis including structural
equation modelling (Rosseel, 2012). We modelled the
SPARE-BA index as dependent variable, age as independent
variable as well as CVD-RS and WMH volume as medi-
ators. We independently constructed a similar model with
the SPARE-AD index as the dependent variable. Analyses
and graphics were performed using R software (v3.0)
(Team RDC, 2008).

Results

Prevalence of WMH in the general
population

Figure 1 shows the WMH volume plotted as a function of
age for each individual of SHIP included in this study
(n=2367). In general, WMH volumes larger than
2000 mm® started to appear after the fifth decade of life,
and became increasingly larger for subjects >65 years. The
Spearman’s rank correlation coefficient between increasing
WMH volume and age was 0.58 (P < 0.0001) for the
whole SHIP sample. Age in turn had a Spearman’s rank
correlation coefficient of —0.80 and 0.38 (P < 0.0001)
with SPARE-BA and SPARE-AD, respectively.

Figure 2 shows the SHIP subjects in middle (40-65 years)
and old ages (>65 years) divided in two groups: high
(n =282 middle age, #=102 old age) and low WMH
burden (17 =282 middle age, 7 =101 old age) groups, re-
spectively as well as the group corresponding SPARE-BA
index as function of age. Mean SPARE-BA and SPARE-AD
of the high WMH group were significantly different com-
pared to the mean SPARE-BA and SPARE-AD of the low
WMH group in the middle and old age categories
(Supplementary Table 2).

In Fig. 3 we show lesion frequency maps of subjects in
the high WMH group for each age category. The figure
shows a clear pattern of lesions that accumulate from peri-
ventricular areas in middle age (40-65 years, 7 =282) to
more pronounced and frequent periventricular lesions with
larger spatial extend and deep white matter frontal lobe
lesions in old age (>65 years, n=102). The lesion fre-
quency maps for the whole SHIP sample for every
decade, starting from the fifth one, are presented in
Supplementary Fig. 3.
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Figure | WMH volume as function of age for the whole
SHIP sample included in this study (n = 2367).

Risk factors associated with WMH
volume

Multivariable regression models revealed significant associ-
ations between age, gender, hypertension, diabetes mellitus,
smoking and education level and increased WMH volume
and count (Table 2). In Supplementary Table 3 the associ-
ations of those risk factors with increased WMH volume
and count are reported after exclusion of possibly impaired
individuals based on low age adjusted cognitive scores
(n=234), which lead to similar results. In Supplementary
Table 4 the associations of those risk factors with increased
WMH volume and count are reported after considering the
internal carotid stenosis variable as an additional risk
factor, which also leads to similar results. The association
between WMH volume and the CVD-RS was significant
(P =0.003) after adjusting for age, gender and education
in a linear regression model in the full SHIP sample of
this study.

Association with cognitive scores

WMH volume was significantly associated with the imme-
diate recall of the verbal learning and memory test subscore
for SHIP-2 (n = 730), but the delayed recall was not. With
Nurnberg age inventory subscores there was no significant
association for SHIP-Trend (7 =1637) after adjusting for
age, education and gender in linear regression approaches.
The results are represented in Supplementary Table 5.

Association with the presence of
APOE £4

No significant association was detected between WMH
volume or count and the presence of at least one APOE
€4 allele in the SHIP sample with available APOE genotyp-
ing (n=1472).
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Figure 2 SHIP individuals with high and low WMH burden and the corresponding SPARE indices. Top row: WMH volume for SHIP
subjects in middle (40—65 years old) and old (> 65 years old) age categories. Based upon WMH volume, we grouped these subjects into subjects
with high WMH load (red dots; above the 80th percentile of WMH volume as a function of age, n = 282 for middle and n = 102 for old ages) and
low WMH load (black dots; below the 20th percentile of WMH volume as a function of age, n = 282 for middle and n = 101 for old ages). Middle
row: The relationship between age and SPARE-BA (reflecting ageing patterns of brain atrophy) in both groups. Bottom row: The relationship
between age and SPARE-AD (capturing patterns of atrophy in Alzheimer’s disease-related regions) in both groups. Individuals with high WMH load
have higher SPARE-AD and lower SPARE-BA values (P < 0.0001).
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Figure 3 Frequency maps of WMH in the high burden groups in middle (n = 282), and old (n = 102) age categories. Upper row

presents axial view and the lower, sagittal view.

Mediation of age effect through
WMH and CVD-RS on the
SPARE-BA index

Figure 4 shows the model developed in this study to under-
stand the mediation of age effect through CVD-RS and
WMH on SPARE-BA. The model shows that the complete
mediation effect of age through WMH and CVD-RS ex-
plains 29.8% of the variance of SPARE-BA. While 10.4%
of the variance of SPARE-BA can be explained by WMH
mediating age, CVD-RS explains 21.6% of it. The medi-
ation proportion of age through CVD-RS that is exclusively

mediated by WMH was 2.3%. All results were statistically
significant (P < 0.0001). Supplementary Table 6 presents
the complete parameters related to this mediation model.

Mediation of age effect
through WMH and CVD-RS
on the SPARE-AD index

Figure 5 shows the model developed in this study to under-
stand the mediation of age effect through CVD-RS and
WMH on SPARE-AD. The model shows that the complete
mediation of age effect through WMH and CVD-RS explains
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Table 2 Multiple regression models for WMH volume and count in the whole SHIP sample included in this study

(n = 2367)

Factor

~/WMH volume

All participants

WMH count

All participants

>20 years n = 2367 >20 years n = 2367
Estimate SE P-value (factor) Estimate SE P-value (factor)

Gender, female —0.695 0.265 0.008" —0.694 0.281 0.013*
Age, years 0.183 0.008 <0.0001* 0.159 0.009 <0.0001"
Systolic blood pressure, mmHg 0.020 0.005 0.001" 0.014 0.006 0.012*
Cholesterol ratio (high-density 0.476 0.445 0.284 0.668 0.472 0.157
lipoprotein/low-density lipoprotein)
Glycated haemoglobin (HbAlc), % —0.127 0.133 0.340 —0.080 0.141 0.568
Cigarette smoking

Ex-smoker 0.588 0.193 0.002" 0.649 0.205 0.001*

Current smoker 0.623 0.232 0.007* 0.607 0.246 0.013"
Waist circumference, cm —0.005 0.009 0.548 —0.001 0.009 0.975
Education

8-10 years —0.767 0.262 0.003* —0.657 0.278 0.018"

> 10 years —0.529 0.285 0.063 —0.459 0.302 0.129
Physical activity

No sport related activity 0.004 0.231 0.982 0.132 0.245 0.589

>0-1 h/week —0.129 0.275 0.637 —0.281 0.292 0.335

> |-2 h/week 0.022 0.232 0.921 —0.056 0.246 0.820
Body height, cm 0.008 0.013 0.532 0.007 0.014 0.588
Antihypertensive drugs 0.395 0214 0.065 0.614 0.227 0.007"
Antidiabetic drugs 1.089 0.479 0.023" 0.680 0.509 0.181
Lipid lowering drugs 0.187 0.308 0.542 —0.199 0.326 0.541

R? = 0.333 R? = 0.254

*Significance at level P < 0.05.
SE = standard error.

33.9% of the variance of SPARE-AD. While 32.8% of the
variance of SPARE-AD can be explained by WMH mediating
age, CVD-RS explains 8.4% of it. The mediation proportion
of age through CVD-RS that is exclusively mediated by
WMH was 7.2%. Supplementary Table 7 presents the com-
plete parameters related to this mediation model

Grey matter atrophy patterns related
to high WMH

Figure 6 shows regions where the high WMH group
showed less grey matter compared to low WMH subjects
in middle and old ages. Supplementary Fig. 4 shows brain
sections resulted from the ODVBA comparison showing
hippocampal involvement. Significant grey matter atrophy
was mainly present in the parietal and temporal lobes
during middle age and more in the frontal, parietal and
temporal lobes during older age. Most notable was the
larger frontal lobe atrophy in older subjects. Figure 6 illus-
trates the spatial patterns of regional volumetric differences
between resilient and advanced brain ageing groups (in
blue) and between low and high WMH load groups (in

orange) as well as the overlap between both (in green).
Supplementary Tables 8 and 9 provide complete significant
regions statistics for group comparison between high versus
low WMH groups and Supplementary Tables 10 and 11
provide complete significant regions statistics between resili-
ent versus advanced brain ageing groups.

Discussion

The current study expands upon previous studies that have
shown an association between age and WMH, by quanti-
tatively analysing the relationship between WMH and the
spatial distribution of brain atrophy in a large neuroima-
ging sample from the adult general population. Utilizing
machine learning techniques, we used two indices to quan-
tify atrophy patterns: SPARE-BA measured age-related pat-
terns; and SPARE-AD measured patterns of brain atrophy
found in Alzheimer’s disease patients. We found that indi-
viduals with high WMH burden display spatial patterns of
atrophy that partially overlap with advanced brain ageing,
which was defined as deviation from normal age-related
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SPARE-BA
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Spatial Pattern of Atrophy for Recognition of Brain Aging (SPARE-BA)

Cardiovascular disease risk score (CVD-RS)
White Matter Hyperintensity (WMH)

Figure 4 Path diagram of the factors associated with the SPARE-BA index. WMH had 10.4% [95% confidence interval (Cl): 8.4—
12.4%] mediation of age effect on the SPARE-BA index (paths ab and dcb). CVD-RS had a 21.6% (95% Cl: 17.4-25.7%) mediation of age effect on
the SPARE-BA index (paths de and dcb). The common path through CVD and WMH (path dcb) shows 2.3% (95% Cl: 1.3—3.3%) mediation of age
effect on brain atrophy. The total mediation of age effect through WMH and CVD-RS together (path ab, dcb and de) was 28.9 (95% CI: 25.4-
34.1%). The direct age effect on SPARE-BA (path f) was 70.2% (95% Cl: 65.9-74.6%). All results were statistically significant (P < 0.0001).

patterns of brain change captured by SPARE-BA.
Additionally, high WMH were associated with higher
SPARE-AD values in the general population.

WMH and associations with risk
factors

A recent systematic review provides a comprehensive over-
view of risk factor associations with WMH (Grueter and
Schulz, 2012). The large sample size of our study enabled
analyses of risk factors in relation to WMH. Our findings
of more WMH in smokers are consistent with prior re-
ports demonstrating an increase in WMH volume com-
pared with non-smokers (Jeerakathil et al, 2004). We
also observed that anti-hypertensive medication use was
associated with more WMH volume. Anti-hypertensive
medication could be considered a proxy for chronic and
poorly regulated hypertension, and thus, our findings are
consistent with prior reports that hypertension is asso-
ciated with increasing WMH (Longstreth et al., 1996;
Jeerakathil et al., 2004). Our observations of more
WMH in diabetic individuals compared to those without
diabetes mellitus are in line with a prior report indicating a

similar association in a smaller sample (Jongen et al.,
2007). Furthermore, our results show a significant negative
association between WMH and level of education, which
may be explained in terms of different socio-economic
status between high and low educated individuals and is
in line with a previous study that reported a significant
association between income and WMH (Longstreth ez al.,
1996). Previous studies showed associations between cog-
nitive impairment and WMH (Prins and Scheltens, 2015)
and one related this decline to grey matter atrophy rather
than WMH (Schmidt et al., 2005). However, our results
showed only significant negative association between the
immediate recall score of the verbal learning and
memory test and increased WMH volume. Even with the
rather limited cognitive assessment in SHIP we could ob-
serve partial association with cognitive performance. A
previous study showed no significant association between
large-artery atheromatous disease and WMH (Wardlaw ez
al., 2014), in line with our results for WMH volume.
However our sample included a low number of partici-
pants with clinically relevant stenosis in the left or right
internal carotid artery (<0.02%) and therefore further
studies should be conducted.



1174 | BRAIN 2016: 139; 1164-1179

Mediation effect” (WMH) = 32.8%

M. Habes et al.

CVD-RS

&
[11]
A 4

Age effect” =66.0%

*Significant at P<0.0001

v

SPARE-AD

Mediation effect (CVD-RS) = 8.4%
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Figure 5 Path diagram of the factors associated the SPARE-AD index. WMH had 32.8% (95% Cl: 25.6—40.3%) mediation of age effect
on the SPARE-AD index (paths ab and dcb). CVD-RS had 8.4% (95% Cl: —6-23.1%) mediation of age effect on the SPARE-AD index (paths de and
dcb). The common path through CVD and WMH (path dcb) shows 7.3% (95% Cl: 4.4—10.8%) mediation of age effect on brain atrophy. The total
mediation of age effect through WMH and CVD-RS together (path ab, dcb and de) was 34.0% (95% Cl: 18.7-50.1%). The direct age effect on

SPARE-AD (path f) was 66.0% (95% Cl: 49.9-81.2%).

Association with APOE genotype

The results for the association between APOE genotype
and WMH are controversial (Prins and Scheltens, 2015).
Our results showed no association between the presence of
at least one APOE ¢4 allele and WMH in SHIP.
Interestingly, a recent genome-wide association study re-
ported that novel loci contained genes significantly asso-
ciated with WMH volume that have been implicated in
Alzheimer’s disease (Verhaaren et al., 2015).

The mediation effect of WMH
and CVD-RS on SPARE-BA
and SPARE-AD

Several mechanisms have been proposed to explain the as-
sociation between WMH and grey matter atrophy, such as
ischaemic damage (Du et al., 2005) or Wallerian degener-
ation (Erten-Lyons et al., 2013). Cardiovascular disease
risk factors in turn increase the risk of atherosclerosis
that might lead to decreased blood flow in the grey
matter and consequently to more brain ageing patterns
(Dai et al., 2008; Moran et al., 2013). In fact vascular

pathology and axonal loss are both present in ageing
brains and this can explain the association between brain
ageing patterns and the presence of WMH.

Erten-Lyons et al. (2013) suggested two possibilities for
the link between Alzheimer’s disease pathology and WMH
first due to Wallerian degeneration secondary to neurode-
generative changes, second due to ischaemic injury to the
axons, manifested as white matter changes, which may lead
to tangle formation and neuronal degeneration. Thara et al.
(2010) suggested an effect for demyelination in the cases
with Alzheimer’s disease and dementia with Lewy bodies
combined, which in turn could be responsible for the ap-
pearance of WMH. In other words, there is a possibility
that neurodegenerative changes secondarily induce WMH.
Although our study confirms a strong relationship between
WMH and SPARE-BA and SPARE-AD patterns of atrophy
in the general adult population, it cannot reveal the under-
lying biological mechanisms that lead to this relationship.

Wardlaw et al. (2014) reported that WMH have a large
non-vascular, non-atheromatous aetiology. We showed that
the proportion of WMH variance explained by CVD-RS
was only 25.2% (Supplementary Table 12). While this
value is small, and thus suggests that WMH cannot be
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Figure 6 Regions of significant group differences in gray matter atrophy between individuals with high and low WMH burden
in relation to advanced brain aging patterns of atrophy. Blue: regions displaying significant regional atrophy patterns between resilient (n =
439 middle age, n = 167 old age) and advanced brain ageing (n = 393 middle age, n = 158 old age) individuals. Orange: regions displaying significant
WMH-related patterns of atrophy in high (n = 282 middle age, n =102 old age) versus low WMH (n = 282 middle age, n = 101 old age)
individuals. Green: overlap of the blue and orange regions (false discovery rate correction with q < 0.05).

explained uniquely by vascular factors, it is larger than the
2% reported by Wardlaw et al. (2014). We believe that this
difference may be related to differences in sample demo-
graphics: while their study had subjects with similar age,
our study population was sampled from the general popu-
lation with a wide age range (20-90 years), which gives
large age effect within the explained variance from vascular
origin.

Spatial patterns of grey matter
atrophy related to high WMH burden

Recent studies have shown possible relationships between
WMH and global grey matter atrophy reduction and
WMH (Aribisala et al., 2013; Wang et al., 2014), atrophy
in the medial temporal (Appel et al., 2009), temporal (Wen
et al., 2006; Tuladhar et al., 2015), and the frontal cortex
(Raji et al., 2012), bilateral hippocampus (Crane et al.,

2015) and in the superior parieto-occipital cortex (Smith
et al., 2015).

We found significant grey matter regional atrophy in
brains with high WMH burden compared to those with
low WMH burden, which survived false discovery rate cor-
rection. This difference was mainly present in the temporal
lobe as the centre of the affected region in the middle age
group, expanding later in life to more frontal cortex
(Fig. 6). Further regions include anterior temporal lobe
and inferior frontal cortex, hippocampus, parahippocampal
gyrus, insula, amygdala and cingulate (Supplementary Fig.
4 and Supplementary Tables 8 and 9).

This pattern of deposition in the anterior temporal and
inferior frontal cortex may seem somewhat unusual for
WMH. Tullberg et al. (2004) showed that, regardless of
their regional distribution, WMH were associated with
metabolic effects on the frontal lobes. These effects were
more prominent in non-demented subjects with strong
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effects on executive function. More specific were Raz et al.
(2008) in showing that vascular risk was associated with
smaller prefrontal volumes. The anterior temporal lobe in
turn has dense connectivity with a number of sensory mod-
alities e.g. white matter tracts have been observed between
the anterior temporal lobe and the frontal lobe via the un-
cinate fasciculate (Kubicki et al., 2002).

Our results showed that individuals with high WMH
burden have higher SPARE-AD values. Higher SPARE-
AD values indicate the presence of more atrophy in
Alzheimer’s disease-related regions, albeit this atrophy
might not be specific for Alzheimer’s disease and might
be present in other types of dementia. Our ODVBA results
showed that high WMH burden is associated with atrophy
in regions associated with age-related atrophy in previous
work; amygdala, prefrontal, cerebellum and cingulate
cortex (Draganski et al., 2011). Our results suggest that
the regions of relatively more pronounced brain atrophy
found in individuals with high WMH burden overlapped
substantially, but only partially with the advanced brain
ageing-related patterns (Fig. 6, in green) mainly in parts
of the temporal lobe as well as frontal lobe, especially in
the old age category (> 65 years). The association between
WMH and brain ageing-related atrophy has been con-
firmed in our analysis with SPARE-BA. Individuals with
high WMH burden had lower SPARE-BA values compared
to individuals with low WMH burden, which is associated
with more ageing atrophy (Fig. 2). Advanced brain ageing
patterns were widespread in the brain (Fig. 6, in blue), but
interestingly WMH-related patterns of atrophy were unique
in orbitofrontal, anterior, medial and inferior temporal re-
gions (Fig. 6, in orange). Atrophy was observed in those
regions in several dementia types such as Alzheimer’s dis-
ease (Wang et al., 2015), frontotemporal lobar degener-
ation, Lewy body disease (Vemuri et al, 2011) and
semantic dementia (Duval et al, 2012). Additionally
those regions are strongly associated with cognitive impair-
ment in other work (Pennanen et al., 2005; DeCarli et al.,
2007).

Using a longitudinal sample of prospectively followed
subjects from the BLSA study, Davatzikos et al. (2009)
examined the longitudinal progression of SPARE-AD, and
displayed that the rate of longitudinal SPARE-AD change
could distinguish between cognitively normal older adults
who progressed to mild cognitive impairment and those
who did not. Our data demonstrate that the SPARE-AD
change due to WMH in Fig. 2 has pushed the participants
about a decade or more along the SPARE-AD curve,
derived from well characterized, prospectively studied
normal controls in Davatzikos et al. (2009) (see their
figure 4). Given that the SPARE-AD was a good predictor
of conversion from normal to mild cognitive impairment,
and from mild cognitive impairment to Alzheimer’s disease,
the SHIP results show that high WMH individuals have an
atrophy in Alzheimer’s disease dementia-related regions by
about a decade, as seen from the brain structure angle.
Previous neuropathological studies have also demonstrated
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the cumulative effect of vascular and Alzheimer’s disease
pathology on cognition (Petrovitch et al., 2005; Toledo
et al., 2013). From a complementary perspective, Fig. 2
indicates that high-WMH individuals have brains that
have more age atrophy for ~8 years, at age 55, and this
difference increases thereafter.

While previous work has been conducted using region of
interest-based analyses (Appel et al., 2009; Aribisala et al.,
2013; Wang et al., 2014), cortical thickness (Smith et al.,
2015; Tuladhar et al., 2015) and voxel-based morphometry
or related methods (Wen et al., 2006; Raji et al., 2012;
Crane et al., 2015), our study also used the SPARE-BA
index to quantify the presence of spatial patterns of atro-
phy on an individual basis indicating that subjects who
present relatively higher WMH burden tend to have
beyond normal brain age-related atrophy.

Strengths and limitations

This study has several strengths including the large sample
size in a population-based community sample with highly
standardized imaging and phenotyping and the use of pat-
tern analysis methods, including the SPARE indices,
ODVBA and mediation analysis, as well as automated
WMH delineation. However, this study also has limita-
tions: (i) the lack of serial magnetic resonance scans did
not offer us the possibility to study longitudinal effects of
WMH; (ii) we lacked the continuous description of some
variables as they were categorically recorded (such as edu-
cation and physical activity); (iii) the determination of
APOE was based on genotyping and not following the
clinical standards for APOE determination; (iv) the cogni-
tive assessment in SHIP was limited, which renders it diffi-
cult to relate the observed patterns of brain atrophy with
cognitive performance; (v) our SPARE-BA model has been
trained with a sample from the general population, in
which possible overlap between WMH and brain ageing
risk factors is present (Debette et al., 2011; Franke et al.,
2012; Gardener et al., 2015). This in turn could lead to
certain circularity in our results. Constructing a classifier
with complete independence between WMH and brain
ageing from any overlapping risk factors is a challenging
task in a sample from the general population. An absolute
healthy subsample could require deeper risk factor analysis
(and some related risk factors might not be recorded in the
SHIP database); (vi) while we show that individuals with
high WMH burden have higher SPARE-AD scores, the
atrophy patterns captured by the SPARE-AD model may
not be specific in differentiating between dementia types,
which cannot be done in the current study in the absence
of any additional Alzheimer’s disease-related marker in
SHIP; (vii) the use of the distance in a binary support
vector machine as an index should be done with caution.
Given that we are using regional volumetric measures as
input features for the classification, the SPARE scores
represent brain volume changes in specific brain regions
(as shown in Supplementary Fig. 5). However, the score
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remains hinged on the training set. For SPARE-BA we used
a training set from the same study (SHIP). On the other
hand there were no demented participants in SHIP; there-
fore we used a training model from a different study pre-
viously derived in Da et al. (2014). For this reason, for the
SPARE-AD score, the distance from the hyperplane might
be less generalizable, although previous studies showed
good generalization power (Davatzikos et al., 2009); (viii)
some modifiable risk factors such as dietary factors (e.g.
salt or sugar intake) and inflammation were not included
in the study; and (ix) finally, our analysis did not include
infarcts and periventricular spaces assessment and those
should be considered in future research.

Conclusion

Our study indicates that high WMH load is associated with
grey matter atrophy overlapping with advanced brain
ageing. Furthermore, CVD-RS and WMH significantly me-
diate the effect of age on cortical grey matter atrophy.
Considering those effects: CVD risk factors and WMH
may constitute a dual hit (of two very common conditions)
that accelerates the clinical manifestation and progression of
neurodegeneration in the general population. Furthermore,
preventive strategies reducing the odds to develop CVD and
WMH (Gorelick et al., 2011) could decrease the incidence
or delay the onset of dementia.
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