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A B S T R A C T

Differences between men and women in cognitive impairment and neurodegeneration are not yet
well understood. Although sex differences in brain structure abnormalities, including white
matter hyperintensities (WMH) and grey matter (GM) atrophy, have been associated with
cognitive decline in the ageing population, the evidence is limited and inconclusive. Therefore,
we explored sex differences in brain structure abnormalities and in the association between brain
structure abnormalities and cognitive functioning. We analyzed global and regional volumetric
measures of WMH and GM of 475 patients visiting an academic geriatric memory clinic in the
Netherlands with multiple linear regression analyses. For both global and regional WMH and GM,
we found no sex differences in brain structure abnormalities. We also found no interaction of sex
on the association between brain structure abnormalities and cognitive functioning. We reflect on
using a binary classification of men and women based on sex in this study, which might overlook
individual differences and does not elucidate gender-related factors that influence health and risk
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of pathology. Future studies should focus on exploring the relationship between sex and gender
on brain structure and cognitive functioning beyond this binary model, by including more data on
social context, more diverse populations and using intersectional approaches.

1. Introduction

Within clinical research, there is increasing attention for sex differences in the onset and progression of cognitive impairment and
neurodegeneration [5,6] (Explanatory Box). When comparing men and women as groups, differences have been demonstrated in terms
of prevalence, severity and progression rates of cognitive decline [7,8]. Researchers often relate these to sex, for example by relating
them to (age-related reduction of) sex hormones, risk of comorbidities, and brain anatomy changes [9]. Brain anatomy changes during
ageing and related to cardiovascular pathology include white matter hyperintensities (WMH) and grey matter (GM) atrophy [10],
which are both independently associated with cognitive impairment [11,12,13,14]. We refer to these changes as ‘brain structure
abnormalities’ in this paper.

Some studies show sex-related differences in cognitive functioning, brain structure abnormalities, and in the association between
them. In terms of cognitive functioning, women show faster age-related cognitive decline after onset of cognitive impairment
compared to men [8,15,16]. Furthermore, for brain structure abnormalities, ageing women appear to have more WMH volume
compared to men, but men show a faster decrease in GM volume compared to women [17,18,19]. Lastly, sex differences have been
found in the association between brain structure abnormalities and cognitive functioning. Some studies show that higherWMH volume
disproportionally affects cognitive functioning in men compared to women, while lower GM volumes are more strongly related to
cognitive decline in women compared to men [20,21].

However, the number of studies focusing on sex differences is limited, as many studies that evaluate brain structure abnormalities
only adjust (and not stratify) for sex [18]. Also, when studying sex differences, researchers find conflicting results, and some studies do
not find sex differences in brain structure and cognitive function [22,23].

Within existing literature, we identified two important research gaps which we aim to address in the current study. First, studies
investigating sex differences are often not adequately representative for clinical reality as most studies include relatively young pa-
tients, or participants without cognitive impairment [17,18,19,20,23]. Geriatric memory clinic populations, which are comprised of
people with a large range in cognitive functioning, are less often assessed [24]. In these populations, measurements of brain structure
abnormalities and cognitive functioning are typically used in the process of diagnosis and treatment of dementia [25,26]. Although a
geriatric memory clinic population might be limited by a participation bias, such as the underrepresentation of certain groups [27], we
believe that investigating a clinically relevant population is valuable. Therefore, we focus on this population in the current study.

Second, most sex difference studies only use global measures of brain structure abnormalities, such as visual rating scales or total
volumes. Regional quantification might provide a more sensitive measure for identifying sex differences, enabling the identification of
specific patterns of WMH locations and regional GM atrophy [26,28]. For instance, when focusing on hippocampal atrophy, this is
more strongly indicative of cognitive decline for women compared to men [20,21,29]. Sex differences in the relationship between
regional WMH and cognition are still unclear despite some suggestion of stronger association of cognition with WMH in the occipital
region for men [23]. Therefore, we use regional quantification to investigate sex differences in this study.

Therefore, this study focuses on investigating: (1) if there are sex differences in brain structure abnormalities among memory clinic
patients, and (2) whether there is an influence of sex on the association between these brain structure abnormalities and cognitive
functioning. We will investigate this in memory clinic patients, in which we will evaluate both global and regional measures of WMH
and GM volume with a regional quantification method [30]). We hypothesize that: (i) women have more WMH volume, while men
have less GM volume [18]; (ii) the association between cognitive functioning and WMH volume is stronger for men, with a stronger
association in the occipital region compared to women [20,23]; (iii) the association between cognitive functioning and GM volume is
stronger for women, with a more expressed association in the temporal region compared to men [20,21,29].

Explanatory Box: Sex differences

When looking at differences between men and women, it is important to distinguish between sex and gender, while recognizing
that they coexist and interact. We define sex as a cluster of biological differences between men, women and intersex individuals
which are the results of genes, gonads and genitals (3G’s) [1,2]. Gender refers to a sociocultural construct with culture-bound
roles, conventions and behaviors. Sex and gender are not always easily distinguishable in quantitative research, and these
concepts are often ill-defined and conflated in biomedical research [3,4]. A binary distribution of men and women that focusses
on sex but inherently also includes elements of gender, is used in this study.
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2. Methods

2.1. Participants

We used cross-sectional data of 475 patients from the Amsterdam Ageing Cohort [31]. The Amsterdam Ageing Cohort recruits
patients visiting the geriatric outpatient memory clinic of the Amsterdam UMC, a large academic hospital in the Netherlands. Referral
to the clinic was typically based on complaints reported to their general practitioner. Patients were included if they underwent a brain
MRI and visited the clinic between February 2016 and June 2022. This study was approved by the local Medical Ethics Committee and
patients gave written informed consent for their data to be used.

Each patient received a standardized extensive evaluation as part of routine care, including detailed medical history, physical and
neurological examination, and brain MRI. The presence of cardiovascular disease and other comorbidities were assessed in this
diagnostic assessment. Cardiovascular disease is classified as reported cardiovascular event, which includes a reported event of at least
one of the following: stroke, myocardial infarction, angina pectoris, heart failure or atrial fibrillation. Furthermore, current medication
use, height, weight, smoking, alcohol use, and living situation were assessed for each patient in the diagnostic assessment. Gait speed
was measured in meter/second, calculated from the time needed to complete a distance of 4 m at the patients’ usual pace. Educational
level was assessed with the qualitative Verhage score, ranging from 1 (less than 6 years of primary education) to 7 (university degree)
[32]. The presence of depressive symptoms was evaluated with the Geriatric Depression Scale (GDS) [33]. The Mini Mental State
Examination (MMSE) was used to assess general cognitive functioning [34]. Most patients also underwent neuropsychological testing
to assess cognitive functioning on different domains (see below for details). After the diagnostic assessment, a multidisciplinary
consensus meeting was held to assess the presence of subjective cognitive decline (SCD), mild cognitive impairment (MCI) or clinical
dementia (with differentiation of possible or probable etiologies such as Alzheimer’s disease or vascular dementia) [35,36,37].

2.2. Materials

2.2.1. MRI acquisition, processing and brain structure parameters
Structural MRI scans were acquired on a range of 1.5 T and 3 T scanners [38]. TheMRI scan protocol included T1- and T2-weighted,

and fluid-attenuated inversion recovery (FLAIR) sequences. Using the method described by Sudre et al. [30], the regional WMH and
GM volumes were automatically segmented with a previously developed algorithm from the MRI scans for each patient. The algorithm
applies an iterative model selection framework based on the combination of T1-weighted and T2-FLAIR MRI pulse sequences that
models normal and outlier observations as a multivariate Gaussian mixture, informed by anatomical atlases. Once the data model is
fitted, lesion segmentation is performed through voxelwise comparison to normal-appearing white matter.

To characterize the location of WMH, a subject-specific coordinate system was created. Regional WMH and GM volumes were
automatically segmented, with the GM was divided into frontal, parietal, temporal and occipital lobes for each hemisphere. WMH
volumes were assigned to each of these lobes based on distance maps. An additional region comprising basal ganglia, thalami and
infratentorial region (BGIT) was also defined. These lobes and BGIT region were further divided into 4 equidistant layers spanning the
space between ventricular surface and cortical grey matter, with layer 1 being the most periventricular and layer 4 the most juxta-
cortical. This resulted in 36 regions to define the location of WMH and 9 regions for GM volume. An overview of the quantification of

Fig. 1. Quantification of WMH volume in different brain regions and layers. Fig. 1. Representation by Sudre et al. [30] showing the quantification of
WMH volume and the distribution of the regions (in the distinctive hemispheres) and layers. (A) Reflects the WMH volume segmentation. (B)
Represents the separation in different brain regions (frontal, parietal, temporal, occipital lobes and BGIT). (C) Shows the layer separation from the
ventricles (layer 1) to the cortical sheet (layer 4).
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WMH volume in the different brain regions and layers is provided in Fig. 1. The regional volumes were also combined to compute
global WMH (combining the 4 layers in the 9 lobar zones) and GM volume (combining the 9 lobar zones).

Due to their skewed distribution, all WMH volumes were log transformed. Both the regional and global WMH and GM volumes
were adjusted for intracranial volume (ICV), age and scanner type using a linear regression analysis including these variables. This
linear regression model was used to calculate a predicted WMH and GM volume for each patient. Then, a corresponding W-score was
calculated with the following formula: W-score = (observed – predicted) / standard deviation of the volumes [39]. The W-scores of both
global and regional WMH and GM volume were used for further analysis.

2.2.2. Neuropsychological testing
Cognitive functioning was assessed by trained neuropsychologists. In this study, cognitive functioning was evaluated across four

domains: memory, language, processing speed and executive function. Memory was tested using a Dutch version of the Rey Auditory
Verbal Learning Test [40,41]and the Visual Association Test (VAT) [42]. Language was examined with the Category Fluency Animals
Test [43]and the VAT-A-naming test, a component of the VAT. Processing speed was evaluated with the Stroop Color-Word Test
(SCWT) with the average score of card I (word reading) and card II (color naming) [44,45]and the Trail Making Test-A (TMT-A) [46].
Finally, executive function was assessed with the TMT B/A index and the SCWT interference score of card III (color-word interference),
corrected for the average of card I and II. All test results were converted to Z-scores based on this study sample. Scores of TMT and
SCWT were inversed to align all tests with a higher test score reflecting a better cognitive performance. Test Z-scores were averaged to
create Z-scores for each domain.

2.3. Statistical analysis

2.3.1. Characteristics of the sample
All statistical analyses were executed in RStudio version 4.2.1 [47]. Patient demographics and clinical information were compared

between men and women with Mann-Whitney U tests for non-parametric data and chi-squared analyses for proportions, with post-hoc
comparisons if indicated.

2.3.2. Multiple imputation
There can be missing values in geriatric memory clinic populations due to numerous reasons [48]. To overcome omitting patients

with worse cognitive functioning (e.g. due to termination of neuropsychological testing when this becomes too hard), it is rather
beneficial to impute missing values. Multiple imputation is particularly suited for this when the missing data is missing at random
(MAR), as it allows for more accurate estimates by considering the relationships between observed data. Therefore, we performed
multiple imputation using predictive mean matching with the Mice procedure [49]. In this sample, there were missing values for the
Education Verhage score (17%), MMSE score (0.4 %), gait speed (7 %), memory (17%), language (17 %), processing speed (21%) and
executive function (28 %). In total, 32 % of the sample had 1 or more missing values for these variables, and of which 71 % had a
dementia diagnosis, which is larger compared to the whole sample (56 %). We therefore considered these variables to be sufficiently
missing at random, meaning that the chance of missing values is dependent on observed values [49]. This is crucial because it allows
for unbiased and accurate estimation of missing values using the observed data [50]. For example, general cognitive functioning
(measured with MMSE score) can be used to predict missing values of executive functioning in the imputation model. Test scores were
imputed before calculating domain scores of memory, language, processing speed and executive function. Global cognitive function
was imputed passively by calculating the average of the Z-scores across all four domains. A total of 15 variables were included in the
imputation model, with 14 main variables used for further analysis and gait speed included as an auxiliary variable. Further analyses
that include the variables Education Verhage score, MMSE score, memory, language, processing speed, executive function and global
cognitive function represent the pooled analysis results of 10 imputed datasets with 20 iterations per imputation, which resulted in
convergence of the model. Also, we evaluated the differences in density between observed and imputed data, for reviewing the quality
of the imputation model [49](Sup. 6).

2.3.3. Sex differences in brain structure abnormalities
First, we compared the global WMH and GM volume between men and women with Mann-Whitney U tests. Also, we used multiple

linear regression analyses to test the association between global WMH and GM volume and sex. The variables sex (1), age (2), Edu-
cation Verhage score (3), reported cardiovascular event (4) and MMSE score (5) were incrementally added to the model as covariates.

Second, we used multiple linear regression analyses to explore the association between sex and the WMH volume in different
regions and layers, and GM volume in different regions. These associations were evaluated with incrementally adding the 1 – 5
covariates in the model (model 5 is shown).

The beta coefficients of sex were plotted in a radial plot to visualize these associations for the frontal, parietal, temporal, occipital
and basal ganglia infratentorial region in the left and right hemisphere. We adjusted the p-values of all regional volume analyses for
multiple comparisons with the False Discovery Rate (FDR) correction (Benjamini-Hochberg procedure) at a significance threshold of q
< 0.05. This was done separately for the associations with the regional measures of WMH, which included 36 analyses in one radial
plot, and regional volumes of GM, which included 9 analyses in one radial plot.

A. Lamé et al.
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2.3.4. Association between brain structure abnormalities and cognitive function
Third, we executed multiple linear regression analyses to identify the association between both global and regional WMH and GM

volume and the four cognitive domains and global cognitive function, stratified by sex. We added the covariates 1 – 4 incrementally to
the models, leaving out covariate 5 (MMSE score) as this variable is too closely related to cognitive function (model 4 is shown). The
beta coefficients of the regional volumes were plotted in a radial plot to visualize the associations. We adjusted the p-values for
multiple testing for regional analyses with the FDR procedure.

2.3.5. Interaction of sex and brain structure abnormalities in the association with cognitive function
Fourth, we used multiple linear regressions to evaluate the interaction of sex on both global and regional WMH and GM volume in

the association with the cognitive domains and global cognitive function. The interaction term of sex * volume was used for these
associations, and we evaluated them with incrementally adding the 1 – 4 covariates in the model (model 4 is shown). The beta co-
efficients of the interaction were plotted in a radial plot to visualize the associations. We adjusted the p-values for multiple testing for
regional analyses with the FDR procedure.

3. Results

3.1. Demographics

The demographics and clinical characteristics of the sample are presented in Table 1. From the total of 475 participants (age 79.1
[75.8, 83.2] years), 48 % were women. 56 % of the sample had a dementia diagnosis, which includes Alzheimer’s disease, vascular
dementia and other forms. Men had a higher educational level, higher BMI and higher gait speed compared to women. Furthermore, a
greater proportion of men had a diagnosis of diabetes, a cardiovascular event reported in their medical history, and men more often
smoked and used alcohol. Finally, a larger proportion of men received no care at home compared to women. There were no sex
differences in MMSE, GDS or cognitive diagnosis.

3.2. Sex differences in brain structure abnormalities

3.2.1. Sex differences in global measures of WMH and GM volume
As visualized in Fig. 2, we found no sex differences in global WMH (W = 25621; p = 0.09; Fig. 2A) or GM volume (W = 26570; p =

Table 1
Demographic and clinical information of study participants.

All (n = 475) Men (n = 247) Women (n = 228) p-value

Age, in years 79.1 [75.8, 83.2] 78.6 [75.7, 82.9] 79.2 [76.0, 83.3] 0.28
Education Verhage score 5 [4, 6] 6 [4, 6] 5 [4, 6] 0.014
BMI 25.2 [22.5, 28.2] 25.5 [23.3, 28.2] 24.9 [21.8, 28.1] 0.017
MMSE 25 [21, 27] 24 [21, 27] 25 [21, 27] 0.82
GDS 3 [1, 5] 3 [1, 5] 3 [2, 5] 0.07
Gait speed, in m/s 1.0 [0.8, 1.1] 1.0 [0.8, 1.1] 0.9 [0.7, 1.1] 0.003
Cognitive diagnosis    0.26

SCD 68 (14 %) 30 (12 %) 38 (17 %) 
MCI 130 (28 %) 72 (29 %) 58 (26 %) 
Alzheimer’s disease 177 (38 %) 86 (35 %) 91 (40 %) 
Vascular dementia 44 (9 %) 29 (12 %) 15 (7 %) 
Other a 52 (11 %) 29 (12 %) 23 (10 %) 

Diabetes 87 (18 %) 54 (22 %) 33 (15 %) 0.049
Hypertension 251 (53 %) 124 (50 %) 127 (56 %) 0.27
Hypercholesterolemia 143 (30 %) 76 (31 %) 67 (29 %) 0.82
Cardiovascular event reported b 224 (47 %) 142 (58 %) 82 (36 %) < 0.001
- Stroke 104 (22 %) 66 (27 %) 38 (17 %) 0.011
- Myocardial infarction 61 (13 %) 47 (19 %) 14 (6 %) < 0.001
- Angina pectoris 52 (11 %) 35 (14 %) 17 (8 %) 0.028
- Heart failure 29 (6 %) 15 (6 %) 14 (6 %) 1
- Atrial fibrillation 73 (15 %) 47 (19 %) 26 (11 %) 0.030
Number of medications 5 [3, 8] 5 [3, 8] 5 [2.8, 7.0] 0.44
(History of) smoking 277 (58 %) 166 (67 %) 111 (49 %) < 0.001
Alcohol use 2 [0, 10] 3 [0, 10] 1 [0, 7] 0.004
Living independent 447 (94 %) 234 (95 %) 213 (93 %) 0.46
No care at home 108 (23 %) 70 (29 %) 38 (17 %) 0.002

Table 1. Demographic and clinical information of study participants. Values are represented as median [25th percentile, 75th percentile] or as the
amount of the population and percentage, n(%), of the sample with that trait. * represents p < 0.05 when comparing men and women. a Other
dementias, neurologic and psychiatric diseases. b Cardiovascular event reported is the total amount of participants that had either one or more
cardiovascular events reported, such as stroke, myocardial infarction, angina pectoris, heart failure and atrial fibrillation. Abbreviations: BMI, body
mass index (calculated as weight/height^2); MMSE, Mini-Mental State Examination; GDS, Geriatric Depression Scale; SCD, subjective cognitive
decline; MCI, mild cognitive impairment.
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0.29; Fig. 2B). Furthermore, we found no association between global WMH (β = 0.11, CI= [-0.08, 0.29]) and GM volume (β = -0.01, CI
= [-0.18, 0.17]) and sex, while including covariates 2 – 5 (age, Education Verhage score, reported cardiovascular event and MMSE
score) in the model.

3.2.2. Sex differences in regional measures of WMH and GM volume
Also when assessing regional measures of WMH and GM volume, we found no association with sex, as shown in Fig. 3. Yet, we did

observe a trend in which women have lower WMH volumes than men in layer 1 and 2 of the left- and right-hemispheric frontal lobes,
and layer 3 of the right-hemispheric occipital lobes (beta coefficients and significance ranges between [FL1 – OR3]: β = [-0.20 –
− 0.26]; p = [0.0380 – 0.0060]; Fig. 3A). Also, women appeared to have lower GM volume in the occipital right cortex compared to
men (β = -0.24, CI = [-0.43, − 0.06]; Fig. 3B). This trend did not remain significant after correction for multiple testing.

3.3. Association between brain structure abnormalities and cognitive function

3.3.1. Association between global measures of WMH and GM volume and cognitive domains
For both men and women, lower GM volume was associated with a lower score for global cognitive function, memory, language

and processing speed (Table 2). Although lower GM volumewas associated with lower scores of executive function in men, this was not
the case for women. For all associations with global measures of WMH and GM volume, there seemed to be a trend of a stronger
relation with the cognitive domains for women than for men. However, there were no associations between global WMH volume and
the cognitive domains for men or women.

Fig. 2. Boxplot of sex differences in global WMH and GM volume. 2A. Sex differences in global WMH volume. 2B. Sex differences in global
GM volume. Fig. 2. Boxplot figures with W-scores of global WMH and GM volume, compared between men and women. (A) No difference for WMH volume
between men and women. (B) Also, no difference for GM volume between men and women.

A. Lamé et al.
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Fig. 3. Radial plot of the association of sex with regional WMH and GM volumes. 3A. Association of sex with regional WMH volumes 3B.
Association of sex with regional GM volumes. Fig. 3. The beta coefficients of sex from model 5 including covariates 1–5 for regional WMH (A) and GM
(B) volumes. No association between sex and regional WMH or GM volume. Regions in left and right hemisphere are frontal (FL, FR), parietal (PL, PR),
temporal (TL, TR), occipital (OL, OR) and basal ganglia infratentorial region (BGIT). In Fig. 3A, the inner layers (1 and 2) represent the region closest to the
ventricles, as the outer layers (3 and 4) represent the layers closest to the cortex. Red indicates that being female is associated with higher WMH volume (A), or
lower GM volume (B).

Table 2
Association between cognitive domains and brain structure abnormalities, stratified by sex.

Model Global cognitive function Memory Language Processing speed Executive function

WMH volume Men β = -0.11 β = -0.01 β = -0.01 β = -0.02 β = -0.08
[-0.40, 0.17] [-0.12, 0.11] [-0.13, 0.11] [-0.16, 0.12] [-0.22, 0.06]

Women β = -0.31 β = -0.04 β = -0.12 β = -0.09 β = -0.15
[-0.63, 0.01] [-0.18, 0.09] [-0.26, 0.01] [-0.28, 0.10] [-0.32, 0.03]

GM volume Men β = 0.67 * β = 0.26 * β = 0.21 * β = 0.23 * β = 0.13 *

[0.43, 0.91] [0.16, 0.36] [0.10, 0.32] [0.10, 0.36] [0.01, 0.25]
Women β = 0.90 * β = 0.35 * β = 0.32 * β = 0.34 * β = 0.14

[0.57, 1.24] [0.19, 0.50] [0.17, 0.47] [0.16, 0.51] [-0.04, 0.32]

Table 2. Beta coefficients from model 4 with covariates 1–4 of the associations are shown with 95 % confidence intervals, * represents p < 0.05.

A. Lamé et al.
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3.3.2. Association between regional measures of WMH and GM volume and cognitive domains
For both men and women, there were associations with regional GM volumes and global cognitive function (Fig. 4B; 4D). Less

regional GM volume was associated with a lower global cognitive function score in the frontal, parietal, temporal and occipital cortex
in both hemispheres for men (beta coefficients and significance ranges between [OL – TL]: β = [0.29 – 0.64]; p = [0.0270 – < 0.0001];

Fig. 4. Radial plot of the association between regional WMH and GM volume and global cognitive function, stratified by sex. 4A. As-
sociation between regional WMH volume and global cognitive function for men. 4B. Association between regional GM volume and global
cognitive function for men. 4C. Association between regional WMH volume and global cognitive function for women. 4D. Association
between regional GM volume and global cognitive function for women. Fig. 4. The beta coefficients from model 4 including covariates 1–4 of
regional WMH and GM volume for global cognitive function (GCF score) for men and women separately. No associations between regional WMH volume and
global cognitive function for men (A) and women (C). Less GM is associated with lower global cognitive function score for frontal, parietal, temporal and
occipital cortex left and right hemisphere for men (B) and women (D). Red indicates that more WMH and less GM volume are associated with lower cognitive
functioning scores.
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Fig. 4B) and women ([OR – TL]: β = [0.37 – 0.67]; p = [0.0389 – 0.0006]; Fig. 4D). Exact beta coefficients, confidence intervals and p-
values can be found in Sup. 1. In contrast, there were no associations of regional WMH volumes with global cognitive function for either
men or women.

For both men and women, there were associations between less GM volume and a lower score on the cognitive domains separately
(Sup. 2). For men, less GM volume in the frontal left, parietal, temporal and occipital cortex was associated with lower score for
memory, language and processing speed. For women, less GM volume in the parietal right, temporal and occipital cortex was

Fig. 4. (continued).

Fig. 5. Radial plot of the interaction of sex with regional WMH and GM volume for global cognitive function. 5A. Interaction of sex with
regional WMH volume for global cognitive function. 5B. Interaction of sex with regional GM volume for global cognitive function. Fig. 5.
The beta coefficients from model 4 including covariates 1–4 of the interaction of sex with the regional WMH and GM volume for global cognitive function
(GCF score). No interaction of sex with the regional WMH volumes (A) and GM volumes (B) for global cognitive function. Red indicates that the interaction of
sex with WMH and GM volume are associated with lower cognitive functioning scores.

A. Lamé et al.
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associated with lower score for memory, language and processing speed. Contrastingly, there was only one association for regional
WMH volume for men, in which more WMH volume was associated with higher processing speed in layer 3 of the right-hemispheric
parietal lobes (β = 0.24, CI = [0.10, 0.39]; Sup. 3).

3.4. Interaction of sex on the global and regional measures of WMH and GM volume for the cognitive domains

However, we found no interaction of sex on the association between global WMH and GM volume and the cognitive domains (Sup.
4). Finally, there was also no interaction of sex with the regional WMH and GM volumes for global cognitive function (Fig. 5) or any of
the other cognitive domains (Sup. 5). Although not significant after correction for multiple testing, we did observe a trend in which
more WMH volume was associated with lower global cognitive function score in the parietal lobes for women, in layer 2 of the left-
hemisphere and layer 3 of the right hemisphere (PL2: β = -0.43, CI = [-0.84, − 0.03]; PR3: β = -0.49, CI = [-0.89, − 0.09]; Fig. 5A).

4. Discussion

4.1. Summary and interpretation of results

In this geriatric memory clinic population, we found (1) no sex differences in brain structure abnormalities, both for global and
regional measures, and (2) no interaction of sex in the association between brain structure abnormalities and cognitive function. We
did observe the expected association between less global and regional GM volume and lower scores on the cognitive domains, but there
were no sex-specific associations. This result diverged from research that did find sex differences in cognitive functioning and brain
structure abnormalities, that was done in younger samples with more homogeneous aetiologies compared to our study [17,18,19].
Investigating a memory clinic population that is relatively older and with more comorbidities might have obscured differences in brain
structure abnormalities and cognitive functioning between women and men.

Although we expected that the regional quantification method used in this study could provide new insights in sex differences
compared to often used global quantification methods, we did not find conclusive sex differences with our method. We did see a trend
in some regional results, with more WMH volume in frontal left and right and occipital right cortex for men, which is partly in
accordance with previous research that shows slightly more WMH in the occipital cortex for men [23]. Moreover, there was a trend for
lower GM volume in the occipital right cortex for women, which was in contrast with previous studies showing more pronounced
temporal atrophy in women [20,21,29]. We also observed a trend in which more WMH volume was associated with a lower global
cognitive function score in the parietal cortex for women, which contrasted our expectation that men are more affected by WMH
volume [20]. However, all these trends in regional results did not remain significant after correction for multiple testing. We will
provide several explanations for this below, and discuss implications.

4.2. Strengths and limitations

There are some strengths and limitations in this study that have impact for the implications and generalizability of our findings.
First of all, a strength of this study is that we used a real world sample derived from a geriatric memory clinic population, aiming to
resemble clinical reality [25,26]. This population is more directly affected by research on brain structure abnormalities, which plays a
crucial role in establishing clinical diagnoses and initiating treatment and support. The inclusion of memory clinic patients with a large
range of cognitive diagnoses and varying levels of cognitive functioning is important, because a homogenous sample in terms of
diagnosis and cognitive function can give rise to a false observation of a negative association between studied determinants and
outcomes, when in reality, these are unrelated or even positively related [51]. Also, studying various forms of dementia (e.g. Alz-
heimer’s disease, vascular dementia) separately limits the translatability to the large spectrum of neurodegenerative diseases, which
often overlap and are simultaneously present in the ageing population [24]. Furthermore, the regional quantification of brain structure
abnormalities in this study provided a more sensitive measure for identifying sex differences in comparison to global measures. Lastly,
using multiple imputation for dealing with missing data is a strength of this study. When comparing the entire sample to those with
missing data, the latter group had a higher proportion of people diagnosed with dementia (diagnosis of 56 % in the whole sample, and
of 71 % in those with missing data). To avoid omitting patients with worse cognitive functioning, it was beneficial to impute missing
values. However, the relatively large proportion of missing values of processing speed (21 %) and executive functioning (28 %) might
have influenced our results. As a larger burden of WMH is associated with less processing speed and executive functioning [14], it is
possible that this relation was underestimated in our sample. Furthermore, a limitation of this study is its sample size. It is possible that
the power was insufficient to substantiate the number of analyses needed for the regional quantification of brain structure abnor-
malities, which a larger sample size might resolve [28]. Additionally, the sample size limited the number of variables we could include
as covariates, resulting in the exclusion of important factors such as smoking and diabetes from the analyses. A larger sample would
have enabled us to look more extensively at other covariates, the influence of using different scanner strengths, or look at stratified
analyses in terms of age groups.

Another limitation of this study is that the sample lacked diversity in socioeconomic and ethnic backgrounds, due to geographic and
cultural homogeneity in the sample. Geriatric memory clinic populations can be challenged with participation bias, due to differences
in referral rates between men and women, and differences in health literacy and socioeconomic status [27]. What exemplifies this, is
the proportion of women in our sample (48 %). This is not concurrent with incidence rates of dementia in The Netherlands, which is
suggested to be slightly higher for women compared to men [52]. Therefore, our sample might have been more homogeneous than
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expected, which influenced our findings. This limits the generalizability of this study to a more diverse population. Moreover, it is
known that a lower socioeconomic status is associated with faster cognitive decline, which can cause health disadvantages [53]. It is
therefore important to strive for the inclusion of more diverse populations in research. Furthermore, our operationalisation of sex as a
binary construct has implications on our findings and conclusions, and we reflect on some of these implications below [54].

4.3. Reflecting on sex differences

We used a binary classification of sex, focusing on differences between men and women as groups. By operationalising sex in a
binary fashion, we not only exclude the reality of intersex individuals, but also risk overlooking within group differences – such as
ethnicity, socioeconomic status and geographical location [53]. In reality, patients belong to multiple social groups, and health-related
behaviour and healthcare experiences are influenced by the relations and overlaps between these social groups and identities [55]).
This complexity might be captured using the framework of intersectionality [56,57]. Due to the absence of available data on other
social variables – including ethnicity and socioeconomic status – as well as a relatively limited number of patients, we were not able to
apply an intersectional framework. However, earlier studies show that sex differences may vary between ethnic groups; therefore our
findings should be generalized with caution [58].

Furthermore, focusing on sex differences falls within a common pattern in biomedical sciences in which researchers have focused
on a sexually dimorphic view of the brain (e.g. ‘female brain’ vs. ‘male brain’), overlooking evidence that there is extensive overlap
between men and women in brain structure as well as brain function [54]. First, there is a large bias towards publication of findings
which suggest differences between men and women in terms of brain structure and cognition, resulting in an excessive attribution of
brain structure and function to sex-linked biology [59,60]. Therefore, we stress the importance of publication of ‘negative’ findings
such as the present study – which might strengthen our understanding of the relations between sex, brain structure and cognition. For
future studies, a better approach for studying the relation between sex and the brain might be starting from the assumption there is
greater heterogeneity within than between groups of men and women [54]. Although there might be sex differences in frequencies of
certain brain structures on a group-level, most individual brains are a uniquely composed mix of these more typically ‘male’ or ‘female’
components. Also, possible group-level differences between men and women in brain structure do not necessarily translate into
functional differences due to compensatory mechanisms, which reduce instead of create differences.

Lastly, gender bias in referral rates and in cognitive assessment, and gender-related socio-structural factors which shape risk of
cognitive impairment and dementia, are relevant in the interpretation of our findings [61,62,63,64]. For example, research has shown
that gender-related differences in the formation and function of social networks among older men and women are linked to cognitive
function [65,66,67], highlighting the importance of studying gender to better understand their impact on cognitive health in aging
populations. Due to limitations of our dataset, we could not assess these variables, and by dichotomizing our data based on sex, we
could not differentiate between the influences of sex and gender on brain structure abnormalities and cognitive functioning. Thus,
while it is evident that both sex and gender-related factors play a significant role in disease progression, our database lacked in gender-
specific data, a limitation that is not unique to our study [68,69]. Not considering or not having the data to consider these gender-
related factors might overlook opportunities to reduce current sex- and gender-based healthcare disparities in the prevention, diag-
nosis and treatment of cognitive impairment and dementia.

4.4. Aims for future research

In future studies investigating brain structure abnormalities and cognitive functioning, gender-specific data and data relating to
intersecting social positions and behavioural contexts should be included [54]. Also, it should bemade explicit whether sex or gender is
being investigated, or both, and researchers should critically reflect on the potential impact and interrelatedness of sex and gender in
their data and interpretation of results [70]. This can aid in a more nuanced understanding of sex and gender-related differences in
brain structure and function, and in the scientific and clinical implications of clinical research in this field.

5. Conclusions

In this study, in which we looked at sex differences in a memory clinic population, we found no differences in brain structure
abnormalities or in the association between brain structure abnormalities and cognitive function between men and women. We reflect
on our methodological approach of dichotomous analysis based on sex, which might overlook differences within groups of men and
women, and does not elucidate the influence of gender-related factors. Future studies should focus on elucidating within group dif-
ferences, by including more diverse patients in terms of social background and using intersectional approaches. This way, we might
move towards better understanding the influence of sex and gender on brain pathology and function, with the ultimate goal of
improving healthcare for all sexes and genders.
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