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White matter hyperintensities associated
with small vessel disease impair social
cognition beside attention and memory
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Abstract

Age-related white matter hyperintensities (WMH) are a manifestation of white matter damage seen on magnetic res-

onance imaging (MRI). They are related to vascular risk factors and cognitive impairment. This study investigated the

cognitive profile at different stages of WMH in a large community-dwelling sample; 849 subjects aged 21 to 79 years were

classified on the 4-stage Fazekas scale according to hyperintense lesions seen on individual T2-weighted fluid-attenuated

inversion recovery MRI scans. The evaluation of cognitive functioning included seven domains of cognitive performance

and five domains of subjective impairment, as proposed by the DSM-5. For the first time, the impact of age-related WMH

on Theory of Mind was investigated. Differences between Fazekas groups were analyzed non-parametrically and effect

sizes were computed. Effect sizes revealed a slight overall cognitive decline in Fazekas groups 1 and 2 relative to healthy

subjects. Fazekas group 3 presented substantial decline in social cognition, attention and memory, although characterized

by a high inter-individual variability. WMH groups reported subjective cognitive decline. We demonstrate that extensive

WMH are associated with specific impairment in attention, memory, social cognition, and subjective cognitive perform-

ance. The detailed neuropsychological characterization of WMH offers new therapeutic possibilities for those affected by

vascular cognitive decline.
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Introduction

Aging-related structural and functional brain changes
are crucial determinants of individual health, behavior,
and cognition in later life.1–3 Besides grey matter atro-
phy, white matter changes are a frequent finding among
the elderly that can affect cognitive functioning. White
matter hyperintensities (WMH) are the main manifest-
ation of white matter changes. They are investigated
with T2-weighted fluid-attenuated inversion recovery
(FLAIR) magnetic resonance imaging (MRI).
Although the etiology is not entirely known, small
vessel disease is considered the main mechanism
behind age-related WMH.4 It reduces myelination
and leads to gliosis and axonal damage due to thick-
ened vessel walls and narrowing of the lumen.5
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Vascular risk factors such as hypertension, diabetes
mellitus, cholesterol, smoking, and increased homocyst-
eine levels are crucial for WMH development.4,6–8 The
prevalence of WMH increases exponentially with age.9

In the general population, 11–21% of adults in their
mid-60s,10 and more than 90% of the healthy elderly
older than 80 years are affected.10–13 WMH vary highly
in their degree and location across individuals, ranging
from small punctate lesions to extensive damage in the
deep or periventricular white matter.5

Although WMH are associated with an increased
risk of stroke, cognitive dysfunction, incident dementia,
and death,10 ‘an up-to-date, domain-specific quantifica-
tion of the effect of WMHs on cognition in the normal
population is unavailable’ (see Kloppenborg et al.,12

p. 2127). This may be due to a variety of WMH
classification scales and the diversity of applied neuro-
psychological measures. Yet, the cognitive profile of
age-related WMH may be characterized by global func-
tional decline on the one hand10 or domain-specific
impairment on the other. The latter has previously
been described as frontal lobe syndrome with a pre-
dominant impairment in processing speed and execu-
tive functioning,1,5,6,10,12,14–17 while memory was not
consistently affected.5,10,12,15,18,19 In their meta-
analysis, Kloppenborg et al.12 showed that the WMH-
associated memory decline was small but robust.
Although processing speed and executive functions are
predominantly affected as disease progresses,12 WMH
seem to cause a more complex deficit-pattern.

Recently, the Diagnostic and Statistical Manual of
Mental Disorders 5th edition (DSM-520) re-defined the
dementia concept by introducing neurocognitive dis-
order (NCD) as new term for acquired cognitive dys-
function. The NCD diagnostic procedure requires the
domain-specific evaluation of cognitive performance
based on the integration of multiple neuropsychological
measures. Thus, the DSM-5 shifts the focus from the
(Alzheimer-centristic) assessment of memory (dys-)
function towards an integrative approach additionally
covering complex attention, executive functions, lan-
guage, visuospatial skills, and social cognition.
Following these guidelines, language and visuospatial
skills have been omitted in the context of WMH.
Moreover, social cognition has been rarely investigated
in this context, although it is essential for social inter-
actions,21 and several mental conditions and neurode-
generative diseases present social cognitive deficits.22–25

One major component of social cognition is ‘Theory of
Mind’ (ToM). ToM is described as the ability to iden-
tify mental states of oneself and others.26 This informa-
tion can be used to predict another person’s future
behavior, and to react and interact adequately. The
consequences of white matter changes have been
explored specifically in individuals with ToM deficits,

e.g. autism27 or schizophrenia,28–30 but also in normal
adults31,32 using different brain connectivity measures
derived with MRI. Studies analyzing white matter
lesion volume in the context of ToM are scarce and
no relation was found in an elderly cohort,32 or in a
cohort of multiple sclerosis patients.33 In the current
study, ToM was assessed with the ‘Reading the Mind
in the Eyes’ Test (RMET).34,35 This test is frequently
applied in research and clinical practice and it has been
shown to reliably detect ToM deficits (e.g. in autism34).
The RMET captures the ability to attribute mental
states from eye gaze. Previous studies consistently
reported a decline in RMET performance with
aging,36–38 but it has never been related to white
matter damage before. Thus, this is the first study inves-
tigating RMET performance in the context of age-
related WMH.

The DSM-5 diagnostic criteria further include the
assessment of subjective cognitive complaints, as they
mark subsequent cognitive deficits and conversion to
dementia.39 Subjective cognitive failures are frequent
among individuals with WMH.40 They are predictive
of global cognitive deficits within 12 months41 and
increase the risk of conversion to dementia.42

However, most studies assessed only global markers
of cognition,41–43 or focused on single domains (e.g.
memory complaints) for subjective impairment
rating.40,44

In this study, we apply the DSM-5 criteria for the
diagnosis of NCD to investigate domain-specific cogni-
tive performance and subjective complaints associated
with different stages of WMH. Besides attention, execu-
tive function and memory, the previously neglected
domains language and visuoconstruction are investi-
gated. Moreover, a special focus lies on social cogni-
tive abilities that have been rarely explored in the
context of WMH.

WMHs were assessed on the well-known Fazekas
scale in FLAIR images (Figure 1) as this reliable scale
is broadly applied in clinical routine in contrast to new
quantitative algorithms. A very large population-based
cohort was investigated, including 849 persons with a
broad age range from 21 to 79 years. Based on previous
findings, we expected attention, executive and memory
performance to be negatively associated with WMH
burden. Also, subjective complaints were assumed to
be more frequent in individuals with extensive WMH.

Materials and methods

Participants

The current study is part of the population-based
LIFE-adult study at the University of Leipzig,
Germany.45 The total sample comprised 10,000

Kynast et al. 997



randomly selected residents of the city of Leipzig, of
whom 2600 completed structural and functional brain
MRI. Adults aged 40 to 79 years completed
in-depth-testing, including neuropsychological assess-
ment, medical examinations, and interviews on individ-
ual lifestyle conditions. Persons younger than 60 years
completed a less extensive test battery. For the current
study, individuals with the following characteristics
were excluded: (a) incidental findings on brain MRI
(vascular malformations, aneurysm, tumor, congenital
lesions), (b) history of neurological diseases (e.g. epi-
lepsy, Parkinson’s disease, multiple sclerosis), (c) his-
tory of non-silent strokes, (d) cardio-vascular events
(cardiac infarction, coronary heart disease, cardiac
insufficiency), (e) intake of medication active on the
central nervous system (opioids, hypnotics and
sedatives, anti-parkinsonian drugs, anxiolytics, anti-
psychotics, anti-epileptic drugs), or (f) actual cancer
therapy. In total, 849 persons (age: M¼ 60,
SD¼ 13.1, range 21–79; 54% male) with full WMH
rating on the Fazekas scale46 were analyzed. Written,
informed consent was obtained from each subject. The
research protocol was approved by the ethics commit-
tee of the medical faculty of the University of Leipzig
(approval number 263-2009-14122009), and was in
accordance with the latest version of the Declaration
of Helsinki.

Quantification of white matter hyperintensities

T2-weighted FLAIR MRI scans (3 Tesla, repetition
time 5000ms, inversion time 1800ms, echo time
395ms, 1mm isotropic resolution, acquisition time
7.02min) were used for the classification of cerebral
white matter lesions. The amount of WMH was quan-
tified on the four-stage Fazekas scale.46 Three experi-
enced neuroradiologists, blinded to the individual
diagnosis, rated the T2 FLAIR MRI scans of all

individuals. Raters were trained for rating WMH with
this scale in clinical routine. MRI scans were randomly
assigned to the three raters. The Fazekas scale ranges
from zero to three and the value reflects the overall
burden of cerebral WMH. Figure 1 illustrates the
stages on this scale with MRI examples. Here, we con-
centrate on the conservative visual rating of WMH
using the Fazekas scale, as this is the most frequently
applied method in everyday clinical practice. The appli-
cation is quick and easy, and the amount of WMH can
be reliably quantified.5,12,47–49

Neuropsychological assessment

Cognitive performance was assessed with a set of stand-
ard neuropsychological tests. The detailed assessment
procedure is described elsewhere.45 In the current study,
the results of the Stroop Test, the Reading the Mind in
the Eyes Test (RMET) and the extended version of the
Consortium to Establish a Registry of Alzheimer’s
Disease (CERADplus) test battery were analyzed.
Data were carefully checked for missing values and
plausibility.

We applied the cognitive domains and neuropsycho-
logical measures proposed by the DSM-520 for the
investigation of cognitive performance and subjective
cognitive complaints. In particular, neuropsychological
measures representing the DSM-5 domains attention
(trail making test [TMT] part A: time to complete,
Stroop neutral: reaction time [RT]), executive function
(TMT time to complete part B/part A, Stroop RT
incongruent/RT neutral), memory (CERADplus
wordlist sum trial 1-3, wordlist delayed recall,
wordlist recognition, figure delayed recall), language
(Boston Naming Test), visuoconstructive abilities
(CERADplus figure copy), and social cognition
(RMET) were combined. Recent publications support
the robust assignment of neuropsychological measures

Figure 1. Axial FLAIR images showing the classification of white matter hyperintensities on the four stage Fazekas scale: the healthy

brain (Fazekas 0) contrasted with punctiform (Fazekas 1), early confluent (Fazekas 2) and diffuse confluent (Fazekas 3) white matter

hyperintensities.
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to cognitive domains.50,51 We expanded the DSM-5
dimensional approach by verbal fluency (phonematic
fluency, semantic fluency) because verbal fluency tasks
require more abilities than solely language.52,53

Furthermore, it is supposed to be an independent
marker of cognitive decline.54

Subtest results were translated into scores inform-
ative of cognitive performance. Thus, individual test
scores were z-standardized (M¼ 0, SD¼ 1) to the
mean of the corresponding age group (<65, 65–69,
70–74, 75þ years; Table S2). Cognitive tests were age-
standardized within the study sample, as standard
scores are not published for all measures, i.e. the
RMET and the ‘Stroop Test’. Furthermore, the
CERADplus neuropsychological battery is not standar-
dized for individuals younger than 49 years (‘basic
tests’) and 55 years (‘plus tests’), and, importantly,
our study sample is larger than the official CERAD
standardization sample for the ‘plus tests’.
Correlation analyses revealed no relation between age
and performance in cognitive subtests within the age
group younger than 65 years for most tests, justifying
this broadly defined age group. Only the time to com-
plete TMT A (r¼ .394, p< 0.001) and Stroop test neu-
tral (r¼ .441, p< 0.001) were related to age. Overall,
standardization within our sample not only grants the
homogeneity of the measures’ analyses, but also relies
on large sample sizes appropriate for standardization.

Standard scores pertaining to identical cognitive
domains were then averaged to seven composite
scores reflecting domain-specific cognitive performance
(see van Boxtel et al.53). Composite scores were only
computed if all measures of the respective domain
were available. Scores of attention, executive function
and verbal fluency were computed for 99% of the
sample. Due to the design of the LIFE-adult study,
focusing on in-depth phenotyping of the cohort aged
60 years and older, performance scores for memory,
social cognition, language, and visuoconstruction
were available for fewer participants with Fazekas 0.
Yet, the number of Fazekas 0 individuals exceeds 100
subjects per domain. Table S1 provides detailed infor-
mation about the number of individuals per Fazekas
group that have been included in the analyses.

The inter-dependency between cognitive tasks has
been widely discussed. The contribution of executive
functions on ToM was of special interest.31,55–57 We
investigated the inter-dependencies between cognitive
scores with partial correlations in the whole sample
(Table S3), corrected for the effects of age, sex, educa-
tion, and Fazekas score. No significant relation
between social cognition and executive function was
found, being in line with other studies.31 However,
the used ToM task depends highly on verbal skills, as
reflected in the significant association with language,

verbal fluency and verbal memory in our study. Also,
attention as a basic cognitive ability is related to ToM
performance. Although this inter-relatedness of cogni-
tive domain scores might generally be considered by
including them as covariates in the statistical analyses,
the application of non-parametric statistics makes the
inclusion of covariates difficult and we abstained from a
statistical adjustment of other cognitive abilities.

Subjective cognitive complaints were assessed with
the 20-item Dysexecutive questionnaire (DEX) of the
behavioral assessment of the dysexecutive syndrome58

battery. Each item captures the frequency (range:
1¼ never; 5¼ very often) of a certain event. As the fac-
torial structure of the DEX has been controversially
discussed, and there is no straightforward evidence
for a universal factorial structure,59 items were categor-
ized to five domains based on their content: attention
(items 10, 18), executive function (items 2, 4, 5, 7, 8, 12,
14, 15, 16, 19), memory (items 3, 6), language (item 1),
and social cognition (items 9, 11, 13, 17, 20) to capture
domain-specific subjective impairment. The values of
all items assigned to a domain were summed and sub-
sequently age-standardized (M¼ 0, SD¼ 1) to the
mean of the corresponding age group (<65, 65–69,
70–74, 75þ years; Table S2). Individual domain
scores were calculated for all individuals with full
DEX information. Table S1 provides information
about the number of individuals per Fazekas group.

Statistical analyses

Firstly, we tested potential differences between the four
WMH groups on age, education and sex. Age-
differences between groups were tested with a univari-
ate ANOVA and differences between each pair of
Fazekas groups were further tested with separate inde-
pendent sample Student’s t-tests. To control for
multiple comparisons, the alpha level was Bonferroni-
adjusted to p< 0.008 (six tests conducted). In case of
non-equal variances (as tested with Levene’s test),
adjusted degrees of freedom are reported. Separate
Chi-square statistics tested differences in ratios of sex,
education, diabetes and hypercholesterolemia accord-
ing to medical history, and arterial hypertension (as
defined by the diagnostic guidelines of the European
Society of Hypertension and of the European Society
of Cardiology60) between Fazekas groups.

Differences between the four Fazekas groups in
domain-specific measures of (1) objective cognitive per-
formance (seven scores) and (2) subjective cognitive
complaints (five scores) were investigated with the non-
parametric rank-sum test with data-alignment
(p< 0.05; see Bortz et al.,61 p. 239). Nonparametric
statistics were applied due to (a) differing numbers
of individuals between Fazekas groups, and
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(b) distribution characteristics of the outcome variables
did not fulfill the requirements for parametric testing.
Since the individual subtest scores and cognitive
domain scores have been adjusted for the effects of
age in a previous step, data were aligned for the effects
of sex and education and their interaction with the
Fazekas score, and corrected for identical ranks (see
Bortz et al.,61 p. 231 and Schaich and Hamerle63).
Significant differences were further examined using
the single comparison algorithm proposed by Schaich
and Hamerle (see Bortz et al.,61 p. 233 and Durlak64).
For each of the seven cognitive performance scores,
and each of the five subjective complaints scores, six
post hoc comparisons were conducted to test differ-
ences between each pair of Fazekas groups. To control
for multiple comparisons, the Bonferroni corrected
significance level was, accordingly, set to p< 0.008
(p¼ 0.005/6).

Effect size measures inform about the magnitude and
direction of the difference between two groups or vari-
ables, and thus provide valuable information about the
relevance of an effect beyond the p-value of statistical
tests.64 Here, we computed Hedges g* and respective
95%-confidence intervals for each cognitive score as a
standardized mean difference between healthy individ-
uals (Fazekas 0) and individuals at different Fazekas
stages (see Durlak,64 p. 927 (1)). Fazekas group 0 was
defined as reference group, while any other Fazekas
group served as ‘experimental’ group. A negative
effect size indicates worse performance for these
groups compared to Fazekas 0. Hedges g* is the meas-
ure of choice for effect size analysis of samples with dif-
ferent numbers of individuals. As standardized
measure, effect sizes can be directly compared in mag-
nitude and direction. Statistical analyses were per-
formed using IBM SPSS Statistics for Windows.65 All
graphs were created using Microsoft Excel66 and Adobe
Illustrator CS5.67

Results

Epidemiological and clinical characteristics

Table 1 illustrates the epidemiological and clinical char-
acteristics of the cohort; 43.3% of the sample were free
of age-related WMH as rated in FLAIR MRI scans
(Fazekas 0), whereas WMH were detected in the
larger proportion of the sample. In 43.8% only focal
lesions (Fazekas 1) were found, while 11% displayed
early confluent WMH (Fazkeas 2); 1.9% of the
sample was diagnosed with severe and widespread
changes in white matter (Fazekas 3).

As expected, age was strongly associated with WMH
burden. Healthy individuals (Fazekas 0) were signifi-
cantly younger than persons with WMH (Fazekas 1:
t(699.697)¼�12.738, p< 0.001; Fazekas 2: t(236.591)¼
15.255, p< 0.001; Fazekas 3: t(19.016)¼�8.746,
p< 0.001). Fazekas group 1 was significantly younger
than Fazekas group 2 (t(181.803)¼�5.249, p< 0.008;
Student’s t-tests, respectively). Furthermore, sex, edu-
cation, arterial hypertension and diabetes were signifi-
cantly associated with Fazekas scores (see Table 1),
which was not the case for hypercholesterolemia (Chi-
square tests). Note that data were adjusted for the
effects of age, sex and education in the following ana-
lyses to control for a potential bias.

Objective cognitive performance

Performance in cognitive tests and results of the statis-
tical analyses and post hoc comparisons are illustrated
in Figure 2 and Table 2. Fazekas groups significantly
differed in attention (v2(3846)¼ 13.773, p< 0.01) and
executive functions (v2(3846)¼ 12.838, p< 0.01), inde-
pendent of age, sex and education. Analyses yielded
marginally significant group differences for memory
performance (v2(3438)¼ 7.74, p¼ 0.05), social cogni-
tion (v2(3679)¼ 7.78, p¼ 0.05) and visuoconstructive

Table 1. Demographic and clinical characteristics of the four groups as defined by amount of white matter hyperintensities.

Fazekas score

0 1 2 3 Group comparisons

N (%) 368 (43.3) 372 (43.8) 93 (11) 16 (1.9)

Mean age (SD) 53.1 (13.2) 64.2 (10.5) 69.4 (7.9) 71 (7.7) F(3845)¼ 87.326***

Sex (% male) 59.8 50 51.6 31.3 v2(3849)¼ 10.898*

Education (%� 10 years) 87.5 69.8 58.1 43.8 v2(3848)¼ 60.652***

Diabetes# (%) 6.9 13.3 15.7 20 v2(3833)¼ 11.16**

Arterial hypertension## (%) 47.3 59.8 84.4 86.6 v2(3827)¼ 47.87***

Hypercholesterolemia# (%) 30.7 35.2 39.7 37.5 v2(3807)¼ 3.265

***p< 0.001, **p< 0.01, *p< 0.05 as tested with univariate ANOVA or Chi-square statistics. #According to medical history, ## defined by the diagnosis

guidelines of European Society of Hypertension and of the European Society of Cardiology.61
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abilities (v2(3434)¼ 7.739, p¼ 0.05). On these cognitive
domains, performance significantly declines with larger
WMH burden (Fazkas stage 2 and 3) as shown with
post hoc tests, while small, punctate lesions (Fazekas 1)
were generally not associated with a deterioration of
cognitive performance (Figure 2(b)). For attention,
post hoc analyses yielded significant differences
between Fazekas 0 and 2 (v2(1460)¼ 93.61, p¼ 0.001)
and Fazekas 2 and 3 (v2(1109)¼ 54.66, p¼ 0.001).
Persons without WMH and individuals classified as
Fazekas 1 outperformed persons with moderate
WMH (Fazekas 2) in measures of executive function
(v2(1460)¼ 62.73, p¼ 0.001). Memory performance
was significantly worse for individuals with Fazekas
grade 2 (v2(1184)¼ 45.8, p¼ 0.001) and 3
(v2(1118)¼ 46.92, p¼ 0.001) compared to the healthy
subgroup. Persons with progressed WMH had signifi-
cantly worse visuoconstructive abilities compared to
lesion-free (Fazekas 2: v2(1183)¼ 39.76, p¼ 0.001;
Fazekas 3: v2(1118)¼ 128.06, p¼ 0.001) or individuals
with Fazekas grade 1 (Fazekas 3: v2(1251)¼ 115.92,

p¼ 0.001). Social cognitive abilities were significantly
worse for Fazekas group 3 compared to Fazekas
groups 1 (v2(1317)¼ 102, p¼ 0.001) and 2
(v2(1,83)¼ 68.17, p¼ 0.001).

The results of the effect size analyses are displayed in
Figures 3 and 4. While Figure 3 gives an extensive
formal overview about the domain-specific effect sizes
and respective 95% confidence intervals for each group,
Figure 4 illustrates the cognitive profile at distinct
stages of white matter damage. Effect sizes can be clas-
sified as small (�W0.4W), medium (W0.4W–W0.8W), and large
(�W0.8W). Figures 3 and 4 illustrate that differences in
cognitive outcomes become more substantial with
larger WMH burden. The cognitive profile of persons
with low lesion WMH burden (Fazekas 1) differs only
slightly from healthy individuals (Figure 4(a)).
Negative Hedges g* values indicate a performance
decrease. The effect can be interpreted as small, ranging
from �0.15 (fluency) to 0.03 (social cognition, visuo-
construction). At the stage of moderate WMH
(Fazekas 2), performance on all cognitive domains

Figure 2. Effects of WMH on (a) seven domains of objective cognitive performance and (b) five domains of subjective cognitive

complaints covering the whole cognitive spectrum. The graphs depict domain-specific means and standard mean errors of the age-

standardized cognitive scores for each of the four Fazekas groups. P-values indicate the main effect of Fazekas score on the respective

cognitive domain. The significant main effect of the factor group is marked as follows: ***p< 0.001, **p< 0.01,þ p¼ 0.05. The color

code for each Fazekas group is displayed in Figure 1.
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Figure 3. Effect sizes (Hedges g*) and the respective 95% confidence intervals for domain-specific (a) objective cognitive impairment

and (b) subjective cognitive complaints for Fazekas groups 1, 2, and 3, relative to Fazekas group 0. Negative values indicate cognitive

decline or more frequent cognitive complaints compared to healthy individuals (Fazekas 0). Based on the established conventions,

effect size values are interpreted as follows: g*< 0.2 small effect, g*¼ 0.5 medium effect, g*> 0.8 large effect.

Table 2. Results of the global tests for the different Fazekas groups for all measures of objective performance and subjective

complaints.

Fazekas group [M (SD)]
Significant post

hoc comparisons##0 1 2 3

Objective performance#

Attention** 0.753 (0.804) �0.023 (0.832) �0.146 (0.873) �0.675 (1.82) 0> 2, 0> 3

Executive function** 0.316 (0.755) 0.021 (0.692) �0.175 (0.683) �0.137 (0.715) 0> 2, 1> 2

Memoryþ 0.074 (0.619) 0.028 (0.586) �0.138 (0.72) �0.355 (0.748) 0> 2, 0> 3

Language 0.074 (0.803) 0.035 (1.047) �0.169 (1.045) �0.095 (0.651)

Verbal fluency 0.097 (0.619) �0.056 (0.896) �0.111 (0.873) �0.147 (0.964)

Visuoconstructionþ 0.009 (0.993) 0.045 (0.952) �0.094 (1.14) 0.167 (0.864) 0> 2, 0> 3

1> 2, 1> 3

Social cognitionþ 0 (1.01) 0.05 (0.99) �0.14 (0.96) �0.49 (1)

Subjective complaints#

Attention 0.035 (0.977) �0.005 (1.03) �0.101 (0.972) �0.289 (0.726)

Executive function*** 0.015 (0.985) 0.037 (1) �0.106 (1.063) �0.443 (0.646) 0> 3, 1> 3, 2> 3

Memory*** �0.005 (1.037) 0.036 (0.927) �0.063 (1.112) �0.296 (1.081) 2> 3

Language 0.015 (0.992) �0.005 (1.022) �0.085 (0.927) 0.249 (1.038)

Social cognition �0.033 (0.976) 0.043 (1.01) 0.029 (1.01) �0.299 (1.061)

M mean; SD standard deviation. ***p< 0.001, **p< 0.01, þp¼ 0.05, Statistical analysis with # nonparametric rank-sum test with alignment for the

effects of sex and education and ##post hoc algorithm by Schaich and Hamerle.62 Post hoc comparisons were carried out if analyses indicated a

significant main effect of Fazekas group. All depicted post hoc comparisons are significant at p< 0.001.
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slightly declines compared to healthy individuals. Effect
sizes are more negative compared to Fazekas 1, but
still in a small to medium range (range �0.32 to
�0.1). For Fazkeas group 3, negative values for atten-
tion (g*¼�0.88), social cognition (g*¼�0.46), and
memory (g*¼�0.65) illustrate a substantial impair-
ment in these domains compared to healthy individuals.
Interestingly, effect sizes of visuoconstruction
(g*¼�0.17), language (g*¼�0.2), fluency
(g*¼�0.24) and executive functions (g*¼�0.21) are
similar to individuals with moderate WMH (Fazekas 2).

Individual cognitive profile of the Fazekas 3 group

To evaluate the relevance of cognitive deficits asso-
ciated with Fazekas score 3 on an individual level, we
conducted a detailed analysis here. Results are illu-
strated in Figure 5 and Table S4. While the Fazekas 3
group showed severe cognitive impairment on specific
domains compared to persons without WMH on a
group level, the examination of the individual cognitive
profiles revealed a broad variability in cognitive
(dys-)functioning (Figure 5(a)). The clinical categoriza-
tion of the Fazekas 3 group according to the diagnostic
criteria for mild and major NCD20 showed that 7 out of
16 individuals (44%) presented normal cognition, as no
domain had a score below �1 SD. Six individuals were
classified with mild NCD (one or more domain scores
<�1 SD and >�2 SD), and three had major NCD (one
or more domain scores <�2 SD). Interestingly, no
person presented executive dysfunctions, deficits in
memory, language, or fluency as severe as major
NCD (Figure 5(b)). Attention was the cognitive
domain most consistently affected in our Fazekas 3

sample: only 11 out of 16 persons performed normal.
Social cognition was the second most affected domain.
Interestingly, only two persons had mild deficits in
memory that were, however, non-exclusive, as they
came along with an impairment in attention.

Subjective cognitive complaints

Results for cognitive complaints are illustrated in
Figure 2(b) and Table 2. Fazekas groups significantly
differed in memory complaints (v2(3796)¼ 18.805,
p¼ 0.001). Fazekas group 3 reported higher impair-
ment than Fazekas group 2 (v2(1,99)¼ 34.86,
p¼ 0.001). Further, significant differences on self-
reported executive dysfunction were obtained
(v2(3796)¼ 93.889, p¼ 0.001). Fazekas group 3
worried significantly more than the other groups
(Fazekas 0: v2(1364)¼ 155.59, p¼ 0.001; Fazekas 1:
v2(1361)¼ 145.48, p¼ 0.001; Fazekas 2:
v2(1,99)¼ 104.75, p¼ 0.001).

Figure 4(b) shows that the effect size profiles of per-
sons with small (Fazekas 1; range �0.04 to 0.07) and
moderate WMH burden (Fazekas 2; range �0.13 to
0.06) largely overlap. In both cases, small effect sizes
obtained for all domains indicate low levels of subject-
ive deterioration. The effect size profile of Fazekas 3
shows a general increase of subjective complaints com-
pared to the other groups (range �0.44 to �0.26). The
only exception is language. Relative to healthy individ-
uals, persons with Fazekas grade 1 and 2 reported lan-
guage impairment more often than persons at Fazekas
stage 3. Effect sizes for subjective decline (Figures 3(b)
and 4(b)) are generally smaller compared to objective
impairment (Figures 3(a) and 4(a)).

Figure 4. Hedges g* was calculated for all cognitive domain scores of (a) objective cognitive performance and (b) subjective

cognitive complaints. Mean scores of the Fazekas groups 1, 2 and 3 were referenced against the means of Fazekas group 0.

According to the established conventions, effect sizes are interpreted as follows: g*<0.2 small effect, g*¼ 0.5 medium effect, g*> 0.8

large effect.
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Discussion

Here, we investigated the complete cognitive profile of
WMH applying the most up-to-date criteria published
by the DSM-520 in 849 participants aged 21 to 79 years.
This not only includes domain-specific objective cogni-
tive performance, but also subjective cognitive com-
plaints. The investigation of the effects of age-related
WMH on social cognitive abilities in this large cohort
study is of special interest. WMHs were assessed in
FLAIR images with the Fazekas scale. As this well-
validated assessment tool is broadly applied in clinical
routine in contrast to new quantitative algorithms, we
enable a translation of our results into clinical practice.

The overall neuropsychological profile suggests a
decline in cognitive performance as a function of
WMH burden, which becomes evident at progressed
stages of white matter damage (starting from Fazekas
score 2). Thus, our results are well in line with previous
findings.12 Effect sizes are especially important for
inferring clinical relevance as they provide valuable
information about actual performance differences.
When comparing the performance of Fazekas groups

1 and 2 relative to healthy individuals, small and pre-
dominantly negative effect sizes for all cognitive
domains indicate only a slight performance deficit
which barely differs from normal cognition. There is a
general tendency towards a decrease in global cognitive
functioning that goes along with moderate white matter
changes (Fazekas 2), but without specific impairment of
single cognitive functions. Compared to healthy indi-
viduals, the pattern of deterioration is more specific at
severe stages of white matter damage (Fazekas 3), in
particular for attention, memory and social cognition.
These results speak in favor for a late impact of white
matter lesions on specific cognitive functions, while
small and moderate white matter changes are function-
ally less relevant.18 Our results also correspond to
pathological mechanisms of small vessel disease. In
the initial stages, lesions affect only small proportions
of white matter and most neural structures remain
intact. Intra- and inter-neural communication is less effi-
cient, but functions are still preserved.5 Additionally,
neural plasticity may be a crucial factor for the delay
of functional consequences. As the neural tissue adja-
cent to the lesion is highly vulnerable to subsequent

Figure 5. (a) Individual cognitive domain score profiles of the Fazekas 3 group (N¼ 16). The diagnostic criteria for Neurocognitive

Disorder (NCD) as defined by the Diagnostic and Statistical Manual of Mental Disorders 5th edition20 were applied to categorize

Fazekas 3 individuals with normal cognition (all domain scores>�1 standard deviation [SD]), mild NCD (one or more domains

<�1 SD and >�2 SD), and major NCD (one or more domains <�2 SD). The critical SDs for classification (�1 and �2) are marked

bold grey in each diagram. (b) Domain-specific percentage of Fazekas 3 individuals classified as cognitively normal (white), mild NCD

(grey) and major NCD (black).
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spread of injury,19 it may be primarily affected by mor-
phological and structural changes. Later, alterations in
neural signal transmission and metabolic functions
impact subcortical networks and cortical connections
critical to higher-order cognition, causing functional
consequences.9

Functional networks engaged in attention, memory
and social cognition may be mainly affected by WMH,
as Fazekas 3 individuals presented major cognitive
decline. Remarkably, the expected decline in executive
functioning in our study was only of minor importance
in contrast to deficits in attention and memory.12 This
may be due to the nature of executive functions to be a
broad construct assessed with a wide range of tests.
Here, we focused on executive measures per se by
assessing task-switching, flexibility and inhibition of
automatic responses. Overall, results indicate a trend
towards a functional decline in these subcomponents
at progressed stages of WMH, but their association
may be less strong than previously assumed.12

Most interestingly, our study adds information on
the consequences of WMH on domains that have
been underrepresented or even never investigated in
recent publications: language, visuoconstruction, and
social cognition. Here, the association between exten-
sive WMH (Fazekas 3) and a functional loss in social
cognitive abilities is of decisive interest. In this study,
we assessed ToM, a specific aspect of social cognition
crucial for the identification of mental states, know-
ledge and beliefs of another person. In a previous
study, a lower RMET accuracy was related to an age-
related decline in the structural integrity of white matter
bundles inter-connecting cortical brain areas.31 As stu-
dies analyzing white matter lesion volume in the context
of ToM are rare,32,33 this is the first study showing that
extensive, age-associated white matter damage as mea-
sured with the Fazekas scale is functionally related to
ToM deficits. We assume that progression of small
vessel pathology, as discussed above, finally also dis-
rupts connections between cortical areas commonly
involved in ToM tasks.21

A closer inspection of the individual neuropsycho-
logical profiles of the Fazekas 3 group adds a new per-
spective on white matter-associated cognitive deficits.
Although this group generally presents large WMH
burden, 7 out of 16 individuals can be classified as cog-
nitively normal according to the DSM-5 classification
criteria.20 In total, only three persons presented cogni-
tive deficits as severe as major NCD, comparable to
vascular dementia. These results demonstrate the high
interindividual variability of cognitive consequences of
WMH, as most Fazekas 3 individuals were either un- or
only minimally affected by these structural brain
changes, supporting the concept of an effective coping
with cognitive deficits. Not only individual lifestyle

factors, such as cognitive and social resources, sports
and nutrition may contribute to the cognitive outcome
but also lesion location and a genetic predisposition
may be crucial factors in this relation. Consequently,
these results highlight the necessity of tailored clinical
diagnostics and therapy in the framework of persona-
lized medicine. Of note, results of the individualized
analysis support the assumption that cognitive profiles
differ between small vessel and Alzheimer’s disease (see
further discussion in the limitations section).

Not surprisingly, the profile of subjective cognitive
impairment points in the same direction like objective
cognitive impairment, as larger WMH burden is asso-
ciated with more cognitive complaint. Individuals with
mild and moderate WMH rarely experience cognitive
impairment and don’t report cognitive complaint, while
persons with severe lesions suffer from substantial
cognitive decline. They are frequently confronted with
cognitive deficits in everyday life, and report more cog-
nitive incidents. The effect sizes of subjective impair-
ment are generally lower compared to objective
performance and can be classified as medium-sized.
The discrepancy between objective and subjective cog-
nitive performance may come from the ability to cope
with cognitive deficits in daily life. Coping enables
individuals to manage their everyday activities and
thus, they feel less affected by cognitive deficits.
Alternatively, this finding may indicate problems to
integrate cognitive deficits in the individual self-con-
cept, leading to denial or unawareness of functional
loss, or desirable response behavior in persons with
high WMH burden. This may then be a behavioral
consequence of WMH-associated cognitive decline.

Study limitations

Although this study was carefully conducted, some crit-
ical remarks must be mentioned. The effects of WMH
on cognition were investigated with a cross-sectional
design, limiting inference on cause-effect associations.
Furthermore, quantification of WMH may be inter-
preted as conservative approach, as WMH can poten-
tially be extracted with the help of (semi-) automated
computer algorithms, and no spatial information about
the lesion was considered. Although location informa-
tion may be relevant in the context of WMH-associated
cognitive deficits,4,6,12,15,18 our method was guided by
common practice in clinical settings, where the usage of
WMH rating scales is the method of choice rather the
application of extraction algorithms. Thus, we followed
this clinical approach to investigate the relation
between global WMH burden and the cognitive profile
as defined in the DSM-5. We used the Fazekas scale, as
WMH classification is simple, reliable and highly cor-
related with volumetric measures of WMH.5,12,47–49
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Compared to WMH volume, ceiling effects of the
Fazekas scale may limit definite conclusions about
the association of WMH and cognition.47 The results
of the actual study shall be verified with volumetric
measures. In future, extraction algorithms may be
more often applied in clinical practice, as few algo-
rithms (e.g. Lesion TOADS68) have been validated for
patients with multiple sclerosis. Due to differing patho-
logical mechanisms underlying multiple sclerosis and
age-related WMH, a specification of the algorithms is
necessary for its valid extraction in future.

Another limitation refers to the small number of
individuals classified as Fazekas 3. As participation
was voluntary, a selection bias cannot be completely
ruled out. Handicapped persons suffering from severe
mental or physical impairment may not have partici-
pated in the study, but also limited time capacity or the
nursing of a spouse may have prevented successfully
aged elderly from study participation. Accordingly,
the distribution of individuals to Fazekas groups may
thus be representative for the general population, cf.11

Given this statistically unideal differences sample size,
combined with distribution characteristics of some cog-
nitive outcomes that do not match requirements for
parametric testing, non-parametric statistics can be
regarded as best-practice. Additionally, we included
Hedges g* as an effect size measure as it adjusts for
differences in sample size and adds valuable informa-
tion about the relevance of group differences in cogni-
tion beyond p-values.

The interplay between Alzheimer’s disease and small
vessel disease pathological processes is discussed in the
literature.69,70 Based on the medical history of all indi-
viduals, no participant was previously diagnosed with
Alzheimer’s disease or other types of dementia. The
detailed examination of the cognitive profiles of the
Fazekas 3 individuals (Figure 5, Table S4) revealed
that no person showed cognitive deficits indicative for
(prodromal) Alzheimer’s disease, or had a selective
amnestic cognitive impairment prototypical to pro-
dromal Alzheimer’s disease. Additionally, we compared
the hippocampal volumes of the Fazekas 3 group to
randomly selected age, sex and education matched con-
trols from Fazekas groups 0, 1 and 2. Mean hippocam-
pal volumes did not differ significantly between Fazekas
groups (F(3,60)¼ 0.38, p> 0.05), indicating that the
Fazekas 3 group does not show larger hippocampal
atrophy compared to the other groups. Thus, pro-
dromal Alzheimer’s disease may not be a confounding
factor in this sample.

Regarding the validity of neuropsychological meas-
ures, ceiling effects are an issue to be discussed. Most
participants maximally scored on Boston Naming Test
and the CERADplus visuoconstruction task. Because
of the low response variability, slight differences in

absolute test scores result in major differences in the
z-transformed scores. Thus, slight differences in verbal
and visuoconstructive abilities may be overemphasized
under these conditions.

Finally, the DEX was used to evaluate domain-spe-
cific subjective cognitive impairment. The underlying
factor structure is strongly debated, and it may have
different subscales. As instruments systematically
assessing domain-specific subjective impairment are
still underdeveloped, items of the DEX were grouped
to the DSM-5 cognitive domains, based on their con-
tent. Considering, that DEX is assessing dysexecutive
symptoms, executive functions are over-represented,
while other domains (e.g. language) are only poorly
represented. More research is needed to improve avail-
able tools and construct new instruments for the reli-
able assessment of subjective complaints on the
domain-level.

Conclusions

In conclusion, the study shows that cognitive impair-
ment and subjective impairment are associated with
severe WMH, while small und moderate WMH
hardly affect cognition. This study is the first to fully
investigate the cognitive profile and to include social
cognition changes associated with different stages of
WMH in a population-based study. Processing speed,
memory and social cognition were predominantly
impaired at progressed stages of white matter
damage. However, at an individual level, the cognitive
spectrum associated with large WMH burden is wide-
spread as it ranges from cognitive functioning on a
normal level to impairment as severe as major NCD.
The role of lesion volume and lesion location on the
cognitive profile in WMH will be subject of future
investigation. By disentangling WMHs’ whole neuro-
psychological profile, our study suggests that new diag-
nostic and therapeutic approaches for this disease in the
future.
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