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White matter hyperintensity (WMH) shape has been associated with the severity of the underlying brain
pathology, suggesting it is a potential neuroimaging marker of WMH impact on brain function.
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In 563 patients with vascular disease (58 + 10 years), we examined the relationship between WMH
volume, shape, and cognitive functioning. WMH volume and shape were automatically determined on
1.5T brain MRI data. Standardized linear regression analyses estimated the association between WMH
volume and shape (concavity index, solidity, convexity, fractal dimension, and eccentricity) and memory
and executive functioning, adjusted for age, sex, educational level, and reading ability.

Larger WMH volumes were associated with lower executive functioning Z-scores (b (95%-CI): -0.09
(-0.17;-0.01)). Increased shape complexity of periventricular/confluent WMH associated with lower exec-
utive functioning (concavity index +1SD: -0.13 (-0.20;-0.06); solidity -1SD: -0.09 (-0.17;-0.02)) and lower
memory function (fractal dimension +1SD: -0.10 (-0.18;-0.02)). Of note, the association between concav-

ity index and executive functioning was independent of WMH volume (-0.12 (-0.19;-0.04)).

Our results suggest that WMH shape contains additional information about WMH burden, not other-
wise captured by WMH volume.

© 2022 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

White matter hyperintensities of presumed vascular origin
(WMH) are a common finding in magnetic resonance imag-
ing (MRI) of the aging brain and represent a key imaging fea-
ture of cerebral small vessel disease (CSVD) (Gouw et al., 2011;
Wardlaw et al., 2013). CSVD comprises a group of neuropatholog-
ical disease processes with various etiologic and pathologic corre-
lates and neuroimaging features (Pantoni, 2010).

Previous studies have shown that increased WMH volume is
associated with worse cognitive functioning, but the effect sizes
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on individual cognitive domains are relatively small (Gouw et al.,
2011; Vogels et al., 2007, Kloppenborg et al., 2014). An explanation
for these small effect sizes could be that WMH volume is a rel-
atively crude metric that does not fully capture the heterogeneity
of the underlying pathology (Gouw et al.,, 2011). Histopathologic
studies have shown that WMH shape is related to the underly-
ing pathology, for example, smooth periventricular WMH are as-
sociated with mild, non-ischemic, parenchymal changes, whereas
confluent and irregular WMH are associated with more severe
changes, such as spongiosis and necrosis (Gouw et al., 2011). This
suggests that, compared to volume, WMH shape may be a more
important determinant of the functional consequences of WMH.
Recently, we showed that WMH shape can be automatically de-
termined on magnetic resonance imaging (MRI) data (de Bresser
et al., 2018; Ghaznawi et al., 2019). Furthermore, we showed
that WMH shape is associated with different underlying etiology
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(de Bresser et al., 2018), and that a more complex WMH shape is
associated with presence of lacunes (Ghaznawi et al., 2019) and
with physical frailty (Kant et al.,, 2019). Another study has shown
that the irregularity of WMH was related to mental speed and fluid
abilities, where in this study WMH volume was not (Lange et al.,
2017). This suggests that WMH shape could show a better poten-
tial as a descriptor of the relation between WMH and certain cog-
nitive functions (Lange et al., 2017). Therefore, in the current study
we examined the relationship between WMH volume and shape
and cognitive functioning in a large group of patients with vascu-
lar disease.

2. Material and methods
2.1. Study sample

The Second Manifestations of ARTerial disease-Magnetic Reso-
nance (SMART-MR) study is a prospective cohort study at the Uni-
versity Medical Center Utrecht with the objective to study deter-
minants and clinical correlates of brain changes on MRI in patients
with vascular disease (Geerlings et al., 2010). From May 2001 to
December 2005, patients newly referred to the University Medical
Center Utrecht with coronary artery disease, cerebrovascular dis-
ease, peripheral arterial disease, or an abdominal aortic aneurysm,
and without MRI contraindications, were asked to participate. A to-
tal of 1309 patients were enrolled during this period. On a single
visit to the University Medical Center Utrecht all patients under-
went: a physical examination, carotid ultrasound, blood and urine
samplings, and 1.5T brain MR imaging.

Questionnaires were used for the assessment of demograph-
ics, risk factors, medical history, medication use and cognitive
and physical functioning. Neuropsychological assessment was in-
troduced in the study in 2003 and performed on the same day as
the other examinations.

For the current analysis, we had to exclude patients because
of missing MRI data of one or more MRI sequences due to mo-
tion artifacts or logistic reasons (n = 239), irretrievable MRI data
(n = 19), unreliable brain volume data due to motion artifacts in all
three MRI sequences (n = 44), severe undersegmentation of WMH
by the automated segmentation program (n = 4), and no WMH
greater than five voxels (n = 4). Moreover, because of the later
introduction of neuropsychological assessment during the enroll-
ment period, data on cognitive functioning was not available in all
patients, leaving 563 patients for the current study.

The SMART-MR study was approved by the medical ethics com-
mittee of the University Medical Center Utrecht according to the
guidelines of the Declaration of Helsinki of 1975 and written in-
formed consent was obtained from all patients.

2.2. Vascular risk factors

Questionnaires were used to assess smoking habits, alcohol in-
take, medication use and educational level. An overnight fasted ve-
nous blood sample was used to determine glucose and lipid levels.
Height and weight were measured, and the body mass index (BMI)
was calculated (kg/m?2). Systolic blood pressure (mmHg) and dias-
tolic blood pressure (mmHg) were measured twice with a sphyg-
momanometer, and the averages of the two measures were calcu-
lated. Hypertension was defined as a mean systolic blood pressure
of >160 mmHg, a mean diastolic blood pressure of >95 mmHg,
self-reported use of antihypertensive drugs, or a known history of
hypertension at inclusion. Diabetes mellitus was defined as use of
glucose-lowering drugs, a history of diabetes mellitus, or a fast-
ing plasma glucose level of >11.1 mmol/L. Hyperlipidemia was de-
fined as total cholesterol of >5.0 mmol/L, a low-density lipopro-

tein cholesterol of >3.2 mmol/L, use of lipid-lowering drugs, or a
known history of hyperlipidemia.

2.3. Neuropsychological assessment

Neuropsychological tests were used to assess memory and ex-
ecutive functioning (Muller et al., 2011). Memory was assessed
with the 15 Word Learning Test (a modification of the Rey Au-
ditory Verbal Learning test) using a composite score of: the im-
mediate recall based on 5 trials, the delayed recall, and the re-
tention score; and the delayed recall of the Rey-Osterrieth Com-
plex figure test (Brand and Jolles, 1985; Osterrieth P., 1944). Exec-
utive functioning was assessed with the Visual Elevator test, the
Brixton Spatial Anticipation test, and the Verbal Fluency test us-
ing the letter n (Burgess and Shallice, 1996; Robertson et al., 1996;
Wilkins et al., 1987). Natural logarithm transformation was applied
to the Visual Elevator test scores, because of non-normal distribu-
tion. For the Visual Elevator test and the Brixton Spatial Anticipa-
tion test, scores were multiplied by -1 to ensure that lower scores
represented worse performance. Lastly, composite domain-specific
Z-scores were calculated. Reading ability, a measure of premorbid
intellectual functioning, was assessed using the Dutch version of
the National Adult Reading Test (Schmand et al., 1998). Educational
level was divided into 7 categories: graded from primary school
(around 6 years of education) to academic degree (around 16 years
of education), according to the Dutch educational system.

2.4. Brain MRI

Brain MRI scans were performed on a 1.5 T whole-body
system (Gyroscan ACS-NT, Philips Medical Systems, Best, The
Netherlands). The standardized scan protocol consisted of four
two-dimensional sequences (transversal acquisition, 38 contiguous
slices, and 1.0 x 1.0 x 4.0 mm? voxel size): T1-weighted [repeti-
tion time (TR) = 235 ms; echo time (TE) = 2 ms]|, T1-weighted
inversion recovery [TR = 2900 ms; TE = 22 ms; TI = 410 ms],
T2-weighted [TR = 2200 ms; TE = 11 ms], and fluid-attenuated
inversion recovery (FLAIR) images [TR = 6000 m; TE = 100 ms;
inversion time (TI) = 2000 ms].

2.5. Image processing of brain volumes and WMH volume and type

A probabilistic segmentation method using k-nearest neighbor
classification was used to segment gray matter, white matter, cere-
brospinal fluid, and WMH (Anbeek et al., 2004) using the T1-
weighted, FLAIR, and T1-weighted inversion recovery sequences of
the MRI scans. Cerebral infarcts were manually segmented. Seg-
mentation of WMH was checked by an investigator (RG) blinded
to patient characteristics using an image processing framework
(MeVisLab 2.7.1., MeVis Medical Solutions AG, Bremen, Germany),
and corrected if needed.

Segmentation of the lateral ventricles was performed using the
automated lateral ventricle delineation (ALVIN) algorithm in Sta-
tistical Parametric Mapping 8 (SPMS8, Wellcome Trust Centre for
Neuroimaging, University College London, London, UK) for Matlab
(The MathWorks, Inc., Natick, MA, USA) (Ghaznawi et al., 2019;
Kempton et al., 2013). The ALVIN mask was used to establish the
margins of the lateral ventricles.

WMH probability data were processed into binary data using
a threshold of 0.10. The arbitrary chosen threshold of 0.1 resulted
in a good balance between retaining information and introduc-
tion of noise. A WMH lesion was defined as a group of voxels
with touching corners, edges or faces. We labeled WMH lesions as
periventricular, confluent or deep, based on their contiguity with
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the ventricular margins and depth of extension into the white mat-
ter (Ghaznawi et al., 2019). Periventricular WMH were defined as
lesions contiguous with the margins of the lateral ventricles and
extending up to 10 mm from the lateral ventricles. Confluent WMH
were defined as lesions contiguous with the margins of the lateral
ventricles and extending more than 10 mm from the lateral ventri-
cles. Deep WMH were defined as lesions that were not contiguous
with the lateral ventricles (regardless of their distance to the ven-
tricular margins). Labels were visually checked by an investigator
(MJC) blinded to patient characteristics and corrected if needed.

Total periventricular, confluent and deep WMH volumes were
obtained by summing all WMH lesion volumes per type. Total
WMH volume was calculated by summing all WMH lesion vol-
umes. Total brain volume was calculated by summing the volumes
of gray matter, white matter, total WMH and other brain lesions.
Intracranial volume was calculated by summing the cerebrospinal
fluid volume and total brain volume (Geerlings et al., 2010).

2.6. Image processing of WMH shape

We analyzed WMH shape with the use of shape features
(de Bresser et al., 2018). Shape features were calculated from the
binary WMH segmentation data using Matlab.

The selection of WMH shape features has been described in de-
tail in a prior study (Ghaznawi et al., 2019). In short, we first exam-
ined which shape features are able to describe the complexity of
periventricular, confluent and deep WMHs (Ghaznawi et al., 2019).
Next, the shape features were graded using the following criteria:
comprehensibility (the ability to relate the shape feature output to
the visual interpretation of WMH shape on MRI), usability on 1.5T
MRI resolution, volume dependence (the degree to which a shape
feature is correlated with WMH volume), robustness (the degree
to which WMH positioning influences the shape feature), presence
of a flooring effect (the minimum measured value is close to or
similar to the smallest possible value of the shape feature) and
presence of a ceiling effect (the maximum measured value is close
to or similar to the highest possible value of the shape feature)
(Ghaznawi et al., 2019). The shape features with the best combi-
nation of criteria (e.g., high comprehensibility, limited volume de-
pendence, usability on 1.5T MRI data, adequate robustness, limited
flooring and/or ceiling effect) were selected. The selected shape
features and their definitions are presented in Supplemental Ta-
ble 1. We decided to group the periventricular WMH and conflu-
ent WMH together into periventricular/confluent WMH. Although
confluent WMH is a more heterogeneous group than periventric-
ular WMH (because it contains periventricular WMHs which ex-
tend into the deep white matter but also deep WMH which extend
into the periventricular white matter to the ventricular wall), they
can be regarded as ends on the same spectrum (Fazekas 1/2 vs.
Fazekas 3), are morphologically more similar (compared to deep
WMH) and well-described by the same shape features.

We analyzed periventricular and confluent WMHs by calculat-
ing their convex hulls and obtaining volume and surface area ra-
tios. Convexity was obtained by dividing the area of the convex
hull by the WMH lesion’s surface area. Solidity was calculated by
dividing the volume of the WMH lesion by the volume of its hull.
The concavity and solidity of a WMH lesion were used to calculate
its concavity index (Liu et al., 2015).

We analyzed deep WMHs by dividing their minor axis by their
major axis, which presents their eccentricity.

Lastly, fractal dimension was calculated for periventricular, con-
fluent and deep WMHs. It was calculated with the box-counting
method (Minkowski-Bouligand dimension) (Supplemental Table 1)
as implemented in Matlab by Frederic Moisy (Moisy, 2008). We
chose for box-counting because it is a straightforward and robust

method which can be applied easily to a large variety of shapes.
The algorithm works as follows. As a general step, the binarized
WHM image is partitioned into square boxes of size r x r x r
and the number of boxes (n(r)) containing a portion of the shape
are counted. The algorithm starts with the smallest box fitting the
entire binarized WMH and being a 2 multiple of the voxel size.
Next, r is divided by two and the process repeated, each time di-
viding r by 2 until the voxel size is reached. The fractal dimension
is calculated as the absolute value of the slope of the line obtained
from the linear regression of the (log(n(r)), log(1/r) curve. Visual
examples of this calculation are shown in Supplemental Fig. 1. The
images show an excellent correlation between the input data and
the fitted linear regression, indicating that the FD computation is
valid. In addition, the code was verified using an artificial ‘Menger
Sponge’, which resulted in the expected value of 2.7. All shape val-
ues were expressed as mean values per patient with only frac-
tal dimension having separate mean values per WHM subgroup
(periventricular, confluent, and deep WMH).

The reproducibility of the WMH shape feature calculation was
examined because of the potential influence of manual infarct seg-
mentation. In a random dataset of 15 persons with infarcts a sec-
ond rater repeated the process of automatic brain segmentation,
manual infarct segmentation and WMH shape feature calculation.
Spearman’s p was used to test for correlations between the initial
and second segmentations. With a correlation coefficient of 1.0 for
each of the WMH shape features, the reproducibility of the shape
feature calculation was regarded as excellent.

2.7. How to interpret WMH shape parameters

We use the term ‘complexity’ to denote roughness of a shape.

Solidity and convexity both measure roughness, solidity on a
morphological level, and convexity on a textural level (Liu et al.,
2015). As can be derived from Supplemental Table 1, lower solid-
ity and convexity indicate a more complex shape. For example, a
WMH with several long protrusions will likely have a relatively
large convex hull volume compared to the contained WMH vol-
ume, which will cause solidity to trend downward.

Concavity index is a compound parameter that combines the
information from solidity and convexity into a single parameter
(Liu et al., 2015). As shown in Supplemental Table 1, a lower solid-
ity and/or convexity will lead to a higher concavity index. Hence,
a higher concavity index correlates with a more complex shape.

Fractal dimension is another measure of textural roughness and
higher values indicate a more geometrically complex surface area
of a WMH lesion (Esteban et al., 2009; Zhang et al., 2006).

Eccentricity measures the form of a shape (Loizou et al., 2015;
Murphy et al., 2009). A lower eccentricity means a more elon-
gated lesion, while a higher eccentricity means a relatively round
WMH lesion. Of note, for convexity and solidity lower values in-
dicate higher complexity whereas for concavity index and fractal
dimension higher values indicate higher complexity. We have clar-
ified this in the results section with the use of negative or positive
standard deviations.

2.8. Statistical analysis

Baseline characteristics and WMH volume and shape features
were calculated for the study sample.

Standardized linear regression analyses were used to estimate
the association between total WMH volume Z-scores and WMH
shape feature Z-scores with Z-scores of memory and executive
functioning. WMH volume was natural-log transformed, to achieve
a normal distribution, and expressed as a percentage of intracra-
nial volume (%ICV), to adjust for variations in head size. All anal-
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Table 1
Characteristics of the study sample (N=563)

Age (years) 58.1 + 10.2
Sex, % male 76

Educational level (range 0 - 7) 3(1-6)
Reading ability (range 0 - 100) 83 (56 - 97)
Alcohol use, % current 75
Cigarette smoking (pack-years) 18.2 (0.0; 50.4)
Hypertension, % 55
Diabetes, % 19
Hyperlipidemia, % 79
History of arterial disease
Coronary heart disease, % 58
Cerebrovascular disease, % 20
Peripheral artery disease, % 25
Abdominal aortic aneurysm, % 8

Characteristics are presented as mean =+ SD, % or median (10th, 90th percentile).

Table 2
WMH volume and shape features of the study sample (N=563)

WMH volume (mL)

Total WMH 0.81 (0.17; 5.51)
Periventricular/confluent WMH 0.66 (0.12; 4.86)
Deep WMH 0.06 (0.01; 0.75)
Periventricular/confluent WMH shape features
Solidity 0.63 (0.24; 0.91)
Convexity 1.03 (0.91; 1.28)
Concavity index 1.04 (0.94; 1.17)
Fractal dimension 1.22 (0.96; 1.51)

Deep WMH shape features
Eccentricity
Fractal dimension

0.47 (0.30; 0.67)
1.44 (1.29; 1.63)

Values are median (10th; 90th percentile).
Key: WMH, white matter hyperintensities.

yses were adjusted for age, sex, level of education, and reading
ability (model 1). The analyses of WMH shape features were ad-
ditionally adjusted for natural-log transformed total WMH volume
(%ICV) (model 2) to test if the associations were independent of
WMH volume. The covariates were added on the basis of their
known influence on cognitive functioning and/or for being a po-
tential confounder. A p-value of < 0.05 was considered to be sta-
tistically significant. SPSS 25.0 for Windows (Chicago, IL, USA) was
used to analyze the data.

3. Results

Characteristics of the 563 patients in our study sample (58 + 10
years; 76% male) are presented in Table 1. The total WMH volume
and WMH shape features are shown in Table 2. The median (10th;
90th percentile) total WMH volume was 0.81 mL (0.17; 5.51).

Larger total WMH volume Z-scores were associated with lower
executive functioning Z-scores (b = -0.09; 95% CI -0.17 to -0.01)
after adjusting for age, sex, educational level, and reading ability
(Table 3). The adjusted R? of this model was 0.34. Larger total
WMH volume Z-scores were also associated with lower memory
Z-scores, but this association did not reach statistical significance
(b = -0.08; 95% CI -0.16-0.00; p = 0.06).

A more complex shape of periventricular/confluent WMH was
associated with lower executive functioning Z-scores (concavity in-
dex +1SD: b = -0.13; 95% CI -0.20 to -0.06; solidity -1SD: b = -
0.09; 95% CI -0.17 to -0.02) after adjusting for age, sex, educational
level, and reading ability (Table 3). After additional adjustment for
total WMH volume, the association between concavity index and
executive functioning remained significant (concavity index +1SD:
b = -0.12; 95% CI -0.19 to -0.04), showing that this association was
independent of WMH volume. The adjusted R? of the latter model

was 0.351 whereas the model without WMH volume adjustment
had an adjusted R? of 0.350. This shows that WMH volume does
not explain additional variation in executive functioning, compared
to concavity index. Furthermore, it suggests that concavity index
explains a little bit more variation in executive functioning com-
pared to WMH volume alone, shown by the adjusted R? of 0.34.
A more complex shape of periventricular/confluent WMH was also
associated with lower memory Z-scores (fractal dimension +1SD:
b = -0.10; 95% CI -0.18 to -0.02) after adjusting for age, sex, educa-
tional level, and reading ability. This association lost statistical sig-
nificance after additional adjustment for total WMH volume (frac-
tal dimension +1SD: b = -0.16; 95% CI -0.36-0.03; p = 0.10). Fig. 1
shows an example of WMH in two patients (A and B) with simi-
lar WMH volume (A = 114 mL; B = 12.2 mL), but a more than 2
standard deviation difference in concavity index (concavity index
Z-score: A = 1.06; B = 2.82). No associations were found between
shape of deep WMH (i.e., eccentricity, fractal dimension) and cog-
nitive functioning (Table 3).

We repeated the analyses for each vascular disease group sep-
arately (Supplemental Table 2 and 3). For memory function the
results were fairly similar although the effect estimates varied
somewhat across disease groups, but confidence intervals showed
considerable overlap. This was also found for executive function-
ing, except for the AAA group where associations with periven-
tricular/confluent WMH shape features were stronger, although it
should be noted that this group was rather small.

4. Discussion

In this large cohort study among patients with a history of vas-
cular disease, a larger total WMH volume was associated with de-
creased executive functioning, but not with memory performance.
A more complex shape of periventricular/confluent WMH was as-
sociated with both decreased executive functioning and decreased
memory performance. Furthermore, the association between WMH
shape measured by the concavity index and executive functioning
was independent of WMH volume. We did not find an association
between deep WMH shape and cognitive functioning.

Only a few studies have been published on WMH shape anal-
ysis in CSVD (de Bresser et al., 2018; Ghaznawi et al., 2019;
Gwo et al, 2019; Kant et al, 2019; Lange et al, 2017). To the
best of our knowledge, only one study has examined the relation-
ship between WMH shape and cognitive functioning (Lange et al.,
2017). This study found that in two heterogeneous samples largely
consisting of patients with cognitive impairment of various etiolo-
gies (e.g., Alzheimer’s disease, vascular dementia, mixed-type), a
more irregular shape of WMH (expressed by the “confluency sum
score”) was associated with a decrease in mental speed, execu-
tive functioning and mini-mental state examination performance
(Lange et al., 2017). Notably, these associations were also indepen-
dent of WMH volume, which is in agreement with our findings.
Additionally, our study shows that this association already exists
in persons with preclinical cognitive decline. We also show that
within this population the association more specifically pertains to
periventricular/confluent WMH and not too deep WMH, whereas
Lange et al. examined shape of WMHs as a whole.

A wide variety of shape features and shape analysis methods
exist (Ghaznawi et al., 2019; Gwo et al,, 2019; Lange et al., 2017;
Li and Tavares, 2014). Because WMH shape analysis in CSVD is
a new area of research, it is unclear which shape features best
capture the relevant shape variation of WMH. Gwo et al. examined
the applicability of Zernike polynomials of WMH lesions, which
describe both lower order features such as gross shape and global
contour and higher order features such as fine topological details
(Gwo et al., 2019; Gwo and Wei, 2016). Although they were able to
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Memory (Z-score),
b (95% CI)

Executive functioning (Z-score),

b (95% CI)

Table 3
Association between WMH volume, shape and cognitive functioning
Model
Total WMH volume (Z-score)? 1
Periventricular/confluent WMH shape features (Z-scores)”
Solidity, per -1 SD 1
2
Convexity, per -1 SD 1
2
Concavity index, per +1 SD 1
2
Fractal dimension, per +1 SD 1
2

Deep WMH shape features (Z-scores):
Eccentricity, per +1 SD

1
2
Fractal dimension, per + 1 SD 1
2

-0.08 (-0.16 - 0.00)

-0.08 (-0.16 - 0.00)
-0.04 (-0.17 - 0.09)
0.02 (-0.05 - 0.09)
0.00 (-0.07 - 0.08)
-0.06 (-0.13 - 0.02)
-0.04 (-0.12 - 0.04)
-0.10 (-0.18 - -0.02)"
-0.16 (-0.36 - 0.03)

-0.09 (-0.17 - -0.01)

-0.09 (-0.20 - -0.02)

-0.07 (-0.20 - 0.06)
-0.02 (-0.09 - 0.05)
-0.04 (-0.12 - 0.03)

-0.13 (-0.20 - -0.06)**
-0.12 (-0.19 - -0.04)*

-0.06 (-0.14 - 0.01)
0.07 (-0.12 - 0.25)

0.07 (-0.02 - 0.16) 0.03 (-0.06 - 0.13)
0.07 (-0.03 - 0.16) 0.02 (-0.07 - 0.11)
0.05 (-0.05 - 0.15) 0.04 (-0.06 - 0.13)
0.05 (-0.04 - 0.15) 0.04 (-0.05 - 0.14)

85

b values are unstandardized linear regression coefficients with 95% confidence intervals.
Model 1: adjusted for age, sex, educational level, and reading ability. Model 2: model 1 with additional adjustment for natural log-transformed total

WMH volume (%ICV).

Key: %ICV, percentage of intracranial volume; SD, standard deviation; WMH, white matter hyperintensities.

@ Natural log-transformed total WMH volume (%ICV).

b the +1 or -1 change in standard deviation denotes the direction of increasing shape complexity. For example, lower solidity and higher concavity

both indicate increasing shape complexity.

¢ Analysis performed only in patients with deep WMH lesions (n = 340).

* p < 0.05;
“ p <001;
* p < 0.001.

Fig. 1. Example of WMH shape difference in two patients (A, B) with comparable WMH volume (11.4 mL vs. 12.2 mL, respectively) but a 2.7 SD difference (Z-scores: 0.10
vs. 2.82, respectively) in concavity index. The 3 leftmost images in each row are axial FLAIR images at three different levels. The rightmost image is a top-down view of
a volumetric rendering of the periventricular/confluent WMH segmentation. Note, the more complex shape of the periventricular/confluent WMH in the patient with the
highest concavity index (B). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

quantify shape, and cluster WMH lesions into distinctive groups,
associations with determinants and outcomes were not assessed.
We previously performed a broad exploration of available shape
features to determine the most optimal features that capture the
possible variations in WMH shape best (de Bresser et al., 2018;
Ghaznawi et al., 2019). However, examining the relation of these
features with determinants and outcomes is also important to de-
termine which variations in shape of WMHs are clinically relevant.

Meta-analyses have shown that WMHs have a small and
global detrimental effect on cognitive functioning (Debette and
Markus, 2010; Kloppenborg et al., 2014). We found an association
between WMH volume and executive functioning and memory, al-
though the latter was not statistically significant. For WMH shape,
we found that concavity index was associated with executive func-
tioning but not with memory, and fractal dimension was associ-
ated with memory but not executive functioning. An hypothetical
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explanation for this, is that WMH shape is not only related to the
underlying pathology of WMHs, but also to their etiology, and dif-
ferent small vessel etiologies are known to have different effects
on cognitive functioning.

Several mechanisms have been suggested for the relation be-
tween WMHs and cognitive functioning, all of which revolve
around disruption of brain pathways (Prins and Scheltens, 2015).
However, the extent of disruption for different underlying patho-
logical changes (e.g., non-ischemic changes to necrosis) can vary
(Gouw et al., 2011), which might explain the variable relationship
of WMH volume with cognitive functioning in previous studies
(Debette and Markus, 2010; Kloppenborg et al., 2014). Shape irreg-
ularity and confluency of WMH have been linked to the severity
of WMH pathology (Fazekas et al., 1998; Gouw et al., 2011). This
suggests that WMH shape may be a better determinant of cog-
nitive functioning, compared to WMH volume. Our results seem
to give support to this hypothesis, since the association between
WMH shape (measured by concavity index) and cognitive func-
tioning was independent of WMH volume. We think there are 2
likely explanations for this which partially overlap: WMH shape
correlates with differences in etiology and/or pathological sever-
ity, which in turn differentially relate to cognitive functioning.
As mentioned previously, this has been shown in periventricular
WMH, where irregular (complex) shape is related to ischemia and
more severe tissue damage, and smooth “caps and bands” to non-
ischemic causes and more benign tissue changes (Fazekas et al.,
1998). The exact mechanisms which lead to complex shape remain
to be researched. However, a general observation of human patho-
physiology suggests that — in general — benign processes are often
controlled whereas less benign processes show loss of control and
develop more irregular boundaries (e.g., neoplasms). The same may
hold true for WMH pathophysiology.

Strengths of our study are the large size of the cohort, the semi-
automatic WMH segmentation and automated image processing
techniques to determine WMH shape features automatically, and
the examination of two cognitive domains. Furthermore, the ad-
justment of our analyses for WMH volume allowed us to estimate
if the association of WMH shape with cognitive functioning was in-
dependent of WMH volume. Moreover, the use of neuropsycholog-
ical tests that are sensitive to mild impairments in cognitive func-
tioning and the available data on premorbid cognitive functioning
allowed detection of more subtle associations.

A limitation is that all participants had one or more vascu-
lar diseases, which might limit generalizability of our results to
the general population. However, vascular disease is linked to
the development of WMH and therefore these findings are es-
pecially of interest to this population. Another limitation is the
use of 2-dimensional FLAIR MRI images with anisotropic voxels,
which could have resulted in a less accurate approximation of
WMH shape compared to the use of 3-dimensional FLAIR im-
ages with isotropic voxel size. However, even with use of these
2-dimensional FLAIR MRI images we were able to find relevant
associations with WMH shape. Lastly, values of fractal dimension
were very low. On 3-dimensional data values between 2 and 3
are expected whereas in our data the 90th percentile was already
below 2. A likely explanation is that the implementation of box-
counting that we use is suboptimal for WMH morphology and is
better fitted for cubic shapes. Nonetheless, FD did differ between
WMH lesions and showed a relation with cognitive functioning be-
fore WMH volume correction, suggesting that some relevant infor-
mation about WMH lesions is captured.

Our findings are relevant because they suggest that WMH shape
may be a new method to characterize the impact of WMHs on
cognitive function. WMHs are highly prevalent in the older popula-
tion, but their effect size on cognitive functioning is small, possibly

because conventional methods (e.g., volumetry, Fazekas score) do
not correlate with the severity of underlying pathology. New meth-
ods to better characterize WMHs, for example, with shape features,
will help in the study of risk factors and differential cognitive out-
comes of WMHs.

In conclusion, WMH shape is associated with cognitive func-
tioning in patients with vascular disease. Our results suggest that
WMH shape contains additional information about WMH burden,
not otherwise captured by WMH volume.
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