bioRxiv preprint doi: https://doi.org/10.1101/2021.11.23.469690; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

White Matter Hyperintensity Distribution Differences in Aging and

Neurodegenerative Disease Cohorts

Mahsa Dadar* (PhD) mahsa.dadar.1@ulaval.ca
Sawsan Mahmoud? (MD) sawsan.mahmoud@uagtr.ca
Maryna Zhernovaia? (MD, PhD) maryna.zhernovaia@ugtr.ca
Richard Camicioli® (MD) rcamicio@ualberta.ca

Josefina Maranzano®* (MD, PhD) josefina.maranzano@ugqtr.ca
Simon Duchesne! (PhD) simon.duchesne@fmed.ulaval.ca
For the CCNA Group

! Department of Radiology and Nuclear Medicine, Faculty of Medicine, Laval University
2 Department of Anatomy, University of Quebec in Trois-Riviéres
% Department of Medicine, Division of Neurology, University of Alberta, Edmonton, AB

4 Department of Neurology and Neurosurgery, Faculty of Medicine, McGill University.

Corresponding Author Information:

Mahsa Dadar

Cervo Brain Research Centre
2601 Chemin de la Canardiére
Québec, Canada

G1J 2G3

Email: mahsa.dadar@mcqill.ca



mailto:mahsa.dadar.1@ulaval.ca
mailto:sawsan.mahmoud@uqtr.ca
mailto:maryna.zhernovaia@uqtr.ca
mailto:rcamicio@ualberta.ca
mailto:josefina.maranzano@uqtr.ca
mailto:simon.duchesne@fmed.ulaval.ca
https://doi.org/10.1101/2021.11.23.469690
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.23.469690; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

Introduction: White matter hyperintensities (WMHSs) are common magnetic resonance imaging (MRI)
findings in the aging population in general, as well as in patients with neurodegenerative diseases. They are
known to exacerbate the cognitive deficits and worsen the clinical outcomes in the patients. However, it is
not well-understood whether there are disease-specific differences in prevalence and distribution of WMHs

in different neurodegenerative disorders.

Methods: Data included 976 participants with cross-sectional T1-weighted and fluid attenuated inversion
recovery (FLAIR) MRIs from the Comprehensive Assessment of Neurodegeneration and Dementia
(COMPASS-ND) cohort of the Canadian Consortium on Neurodegeneration in Aging (CCNA) with eleven
distinct diagnostic groups: cognitively intact elderly (CIE), subjective cognitive impairment (SCI), mild
cognitive impairment (MCI), vascular MCI (V-MCI), Alzheimer’s dementia (AD), vascular AD (V-AD),
frontotemporal dementia (FTD), Lewy body dementia (LBD), cognitively intact elderly with Parkinson’s
disease (PD-CIE), cognitively impaired Parkinson’s disease (PD-CI), and mixed dementias. WMHs were
segmented using a previously validated automated technique. WMH volumes in each lobe and hemisphere

were compared against matched CIE individuals, as well as each other, and between men and women.

Results: All cognitively impaired diagnostic groups had significantly greater overall WMH volumes than
the CIE group. Vascular groups (i.e. V-MCI, V-AD, and mixed dementia) had significantly greater WMH
volumes than all other groups, except for FTD, which also had significantly greater WMH volumes than
all non-vascular groups. Women tended to have lower WMH burden than men in most groups and regions,
controlling for age. The left frontal lobe tended to have a lower WMH burden than the right in all groups.
In contrast, the right occipital lobe tended to have greater WMH loads than the left.

Conclusions: There were distinct differences in WMH prevalence and distribution across diagnostic
groups, sexes, and in terms of asymmetry. WMH burden was significantly greater in all neurodegenerative
dementia groups, likely encompassing areas exclusively impacted by neurodegeneration as well as areas

related to cerebrovascular disease pathology.

Keywords: White matter hyperintensities, aging, neurodegenerative disease, dementia, magnetic

resonance imaging
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INTRODUCTION

White matter hyperintensities (WMHS) are areas of increased signal on T2-weighted and fluid attenuated
inversion recovery (FLAIR) images that commonly occur in elderly individuals as well as patients with
neurodegenerative diseases. WMHs have been associated with a multitude of underlying histopathological
changes, such as myelin and axonal loss, loss of oligodendrocytes, microglial activation, lipohyalinosis,
arteriosclerosis, vessel wall leakage, and collagen deposition in venular walls. Aetiologically, various
pathophysiological mechanisms have been proposed, including ischemia, hypoperfusion, increased
permeability of the blood-brain barrier, inflammation, degeneration and amyloid angiopathy (Gouw et al.,
2010).

WMH burden has been linked to various risk factors in the elderly population without neurological co-
morbidities as well as in patients with neurodegenerative diseases. Age and hypertension are the main
known risk factors of WMHSs in the aging population in general, as well as hypercholesterolemia, diabetes,
obesity, smoking, and alcoholism (Wardlaw et al., 2014; Morys et al., 2021; Grueter and Schulz, 2012).
Similar associations with these risk factors have also been observed in MCI and AD populations (Dadar et
al., 2020a). In contrast, in genetic frontotemporal dementia (FTD), severe WMH burden can be observed
in absence of significant vascular risk factors and pathology, likely due to progranulin pathological
processes (Caroppo et al., 2014; Woollacott et al., 2018). In Parkinson’s disease (PD), WMHs have also
been linked to orthostatic hypotension and dysautonomia (Dadar et al., 2020b; Oh et al., 2013).

In terms of clinical symptoms, WMHSs are associated with increased cognitive deficits (particularly in
executive function and higher-order cognitive functions, such as planning, organizing, and monitoring
behaviour) and neurobehavioral and psychiatric problems (e.g., depression, irritability, apathy, anxiety, and
agitation), and gait difficulties (Anor et al., 2021; Arvanitakis et al., 2016; Baezner et al., 2008; Dadar et
al., 2021, 2020a, 2020c; Kapasi et al., 2017; Misquitta et al., 2020; Srikanth et al., 2010; Teodorczuk et al.,
2007; Van Der Flier et al., 2018). Of particular relevance, WMH are known to increase the risk of dementia
for the same level of neurodegenerative pathology (Anor et al., 2021; Arvanitakis et al., 2016; Baezner et
al., 2008; Dadar et al., 2021, 2020a, 2020c; Kapasi et al., 2017; Misquitta et al., 2020; Srikanth et al., 2010;
Teodorczuk et al., 2007; VVan Der Flier et al., 2018).

Previous studies in the literature have reported differences in WMH loads between patients with probable
Alzheimer’s disease (AD), mild cognitive impairment (MCI), and age matched cognitively healthy controls
(Barber et al., 1999; Dadar et al., 2018b; Desmarais et al., 2021; Tosto et al., 2014b). Similar results have
been reported in patients with FTD and Lewy body dementia (LBD) (Barber et al., 1999; Desmarais et al.,

2021; Anoop R. Varma et al., 2002). The findings have been more inconsistent in patients with PD, with
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some studies reporting significant differences between PD patients and matched controls, and others not
(Dalaker et al., 2009b; Huang et al., 2020; Kandiah et al., 2014; Liu et al., 2021; Sunwoo et al., 2014). In
general, later stage PD patients with MCI and dementia tend to have greater levels of WMH, whereas de
novo cognitively normal PD patients seem to have similar WMH loads to controls (Butt et al., 2021; Dadar
et al., 2018d; Liu et al., 2021), suggesting a possible link between WMHSs and cognitive decline in PD.

Previous studies of neurodegenerative disorder have, in general, focussed on one disorder (e.g. pure AD
without comorbid cerebrovascular pathology), limiting their ability to study the overlap between these
disorders and recognize vascular contributions across neurodegenerative disorders. Investigating
differences in prevalence and distribution of WMHSs across different neurodegenerative diseases provides
additional insights into the mechanisms through which cerebrovascular and neurodegenerative pathologies
interact, possibly shedding light on potential synergistic relationships between theses pathologies.

Differences in image acquisition protocols and parameters, recruitment criteria, and variability in WMH
assessment techniques has hindered the meaningful comparisons of WMH burden across different
populations and studies. In essence, previous studies comparing WMH burden across different
neurodegenerative diseases with the same image acquisition and WMH assessment methods have generally
been performed in relatively small populations and with visual assessments of WMH burden, limiting their
statistical power and sensitivity to detect the more subtle differences in WMH burden and distribution
across cohorts (Burton et al., 2006; Erkinjuntti et al., 1994; Liu et al., 2021).

Our report addresses these issues. Taking advantage of the Comprehensive Assessment of
Neurodegeneration and Dementia (COMPASS-ND) cohort of the Canadian Consortium on
Neurodegeneration in Aging (CCNA) and our extensively validated automated WMH segmentation method
developed to quantify WMHSs in multi-center and multi-scanner studies of aging and neurodegeneration
(Dadar et al., 2017b, 2017c), we have compared burden and distribution of WMHSs across 11 diagnostic
cohorts: cognitively intact elderly (CIE), subjective cognitive impairment (SCI), mild cognitive impairment
(MCI), vascular MCI (V-MCI), Alzheimer’s dementia (AD), vascular AD (V-AD), frontotemporal
dementia (FTD), Lewy body dementia (LBD), cognitively intact elderly with Parkinson’s disease (PD-
CIE), cognitively impaired Parkinson’s disease (PD-CI), and mixed dementias as well as between men and
women in each group. To our knowledge, this is the first study that consistently compares the distribution
of WMHs across all these neurodegenerative disease populations using a large dataset (N=976) acquired

consistently with a harmonized protocol.
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METHODS
Participants

Data included 976 participants from the Comprehensive Assessment of Neurodegeneration and Dementia
(COMPASS-ND) cohort of the CCNA, a national initiative to catalyze research on dementia (Chertkow et
al., 2019). COMPASS-ND includes cognitively intact elderly subjects as well as patients with various
forms of dementia and degenerative disorders and mild memory loss or subjective cognitive concerns.
Ethical agreements were obtained at all respective sites. Written informed consent was obtained from all
participants.

Clinical diagnoses

Clinical diagnoses were determined by participating clinicians based on longitudinal clinical, screening,
and MRI findings and based on standard diagnostic criteria (i.e. diagnosis reappraisal was performed using
information from recruitment assessment, screening visit, clinical visit with physician input, and MRI).
Diagnostic groups included, AD, CIE, FTD, LBD, MCI, PD-CIE, PD-MCI, PD-Dementia (for this study,
PD-MCI and PD-Dementia groups were merged into one PD-CI group), SCI, V-AD, and V-MCI. For
details on clinical group ascertainment, see Section 1 in the supplementary materials as well as Pieruccini-

Faria et al. (Pieruccini-Faria et al., 2021).
MRI data

All CCNA participants were scanned using the Canadian Dementia Imaging Protocol, a harmonized MRI
protocol designed to reduce inter-scanner variability in multi-centric studies (Duchesne et al., 2019). The

following sequences were used to detect WMHS:

- 3D isotropic T1w scans (voxel size=1.0 x 1.0 x 1.0 mm?®) with an acceleration factor of 2
(Siemens: MP-RAGE-PAT: 2; GE: IR-FSPGR-ASSET 1.5; Philips: TFE-Sense: 2)
- Fluid attenuated inversion recovery (T2w-FLAIR) images (voxel size = 0.9 x 0.9 x 3 mm?), fat

saturation, and an acceleration factor of 2.

Table 1 shows the acquisition parameters for each sequence and scanner manufacturer. A detailed

description, exam cards, and operators' manual are publicly available at: www.cdip-pcid.ca.
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Table 1. Acquisition parameters of the CDIP protocol.

Sequence Scanner Matrix Resolution Number TR TE Tl Flip
Model (mm?d) of Slices (msec)  (msec)  (msec) Angle

GE 256 x 256 1.0x1.0x1.0 180 6.7 2.9 400 11

Tiw Philips 256 x 248 1.0x1.0x1.0 180 7.3 33 935 9
Siemens 256 x 256 10x10x1.0 192 2300 2.98 - 9
GE 256 x 256  0.94 x0.94 x 3.0 48 9000 140 2500 125

FLAIR Philips 256x224 094 x0.94%3.0 48 9000 125 2500 150
Siemens 256 x 256  0.94 x0.94x3.0 48 9000 123 2500 165

TR: repetition time; TE: echo time; TI: inversion time.
MRI preprocessing

All images were pre-processed using the following steps: image denoising (Coupe et al., 2008), intensity
non-uniformity correction (Sled et al., 1998), and image intensity normalization into range 0-100. FLAIR
images were co-registered (rigid registration, 6 parameters) to the T1w images with a mutual information
cost function. The T1w scans were also linearly (Dadar et al., 2018a) and nonlinearly (Avants et al., 2008)
registered to the MNI-ICBM152-2009c unbiased average template (Manera et al., 2020).

WMH Segmentations

A previously validated segmentation method was used to segment WMHs (Dadar et al., 2017c, 2017b,
2018c). The technique employs a set of location and intensity features in combination with a random forests
classifier to detect WMHSs using T1w and FLAIR images. The training library consisted of manual, expert
segmentations of WMHSs from 60 participants from the CCNA (Dadar et al., 2017c, 2017b, 2018c). WMHSs
were automatically segmented for all participants in native FLAIR space.

Volumetric WMH Measures: The volumes of the WMHSs for left and right frontal, parietal, temporal, and
occipital lobes as well as the entire brain were calculated based on Hammers atlas (Dadar et al., 2018c;
Hammers et al., 2003). The WMH volumes were normalized for intracranial volume to enable population

comparisons and log-transformed to achieve normal distribution.

Figure 1 shows an example of the segmented WMHSs and their separation into left and right frontal, parietal,

temporal, and occipital lobes for one case.
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Figure 1. WMH segmentations and separation into left and right frontal, parietal, temporal, and occipital lobes.
WMH Distribution Maps: To obtain comparable voxel-wise WMH distribution maps, we nonlinearly
registered all WMH masks to MNI-ICBM152-2009¢ template by concatenating linear FLAIR-to-T1w,

linear Tlw-to-ICBM, and nonlinear T1w-to-ICBM registration transformations.
Statistical Analysis

The following linear regression models were used to assess differences between WMH volumes across

different diagnoses and regions:
WMH Volume ~ 1 + Cohort + Age + Sex

Where WMH Volume indicates total or lobar WMH burden and Cohort is the variable of interest indicating
the contrast between each disease cohort and the reference (CIE) group. Similarly, pairwise regression

models were run to assess differences between each diagnostic group pair.
The following regression models were used to assess sex differences in WMH burden in each group:
WMH Volume ~ 1 + Age + Sex

In these models, the variable of interest was Sex, contrasting women against men (self-reported sex at birth).
The models were run separately for each diagnostic group. Paired t-tests were used to assess asymmetric
differences between WMH volumes in the left and right hemispheres, contrasting the left hemisphere
against the right. WMH volumes were normalized by lobe volumes in these analyses to ensure that slight
differences in lobe volumes did not impact results.
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WMH volumes were z-scored prior to the regression analyses. All results were corrected for multiple
comparisons using false discovery rate (FDR) method with a significant threshold of 0.05. All statistical
analyses were performed using MATLAB version 2021a.

Data and Code Availability Statement

For information on availability and access to CCNA data, see http://ccna.dev.simalam.ca/compass-nd-

study/. The WMH segmentation pipeline used is publicly available at http://nist. mni.mcgill.ca/white-

matter-hyperintensities/.

RESULTS
MRI data

All preprocessed and registered images were visually assessed for quality control (presence of imaging
artifacts, failure in registrations). WMH segmentations were also visually assessed for missing
hyperintensities or over-segmentation. Either failure resulted in the participant being removed from the
analyses (N = 9). All MRI processing, segmentation and quality control steps were blinded to clinical
outcomes. Note that the provided data was already quality controlled by the CCNA imaging platform for
presence of imaging artifacts, and only scans that had passed this quality control step were collected and
used for this study. In final, 976 participants’ MRIs were entered in our analysis (see Table 2 for details).

WMH segmentations and volumes

The performance of the trained model was also evaluated against the manual expert labels in the
training/validation subset (N = 60 participants), through 10-fold cross validation. Results accuracy was high
(mean Dice similarity index = 0.80 + 0.15).

Table 2 summarizes the WMH volumes (normalized values in cubic centimetres) in each diagnostic group.
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Table 2. Demographic characteristics and WMH volumes (normalized values in cubic centimetres) for the participants used in this

study.
N WMHs

Diagnosis Total Female Male Age Total Frontal Parietal Temporal Occipital

AD 88 37 51 7454 +£7.77 13.81+£9.58 6.13+5.10 397+375 1.69+093 2.01+1.15
CIE 105 78 27 69.99 £ 6.14 8.81 +6.57 4.14 +3.20 221+235 120+x091 1.24+0.88
FTD 37 20 17 65.65+8.67 17.53+1257 8.06+6.33 556+514 1.81+£133 207+133
LBD 26 3 23 72.49+8.02 1759+1352 7.00+4.72 574+573 211+237 270+193
MCI 264 112 152 7209655 1144+10.01 5.34+5.27 3.11+396 140x+093 157+1.08
Mixed 40 16 24 78.87+£6.45 3528+20.70 18.43+11.13 1055+8.29 295+190 3.31+1.80
PD-CIE 76 35 41 67.05+737 9.97+9.41 490+483 248+356 1.24+090 1.33+0.96
PD-CI 51 7 44 7270+£7.68 19.16+1852 8.99+9.98 574+6.86 214+153 226+148
SCI 132 98 34 70.55+6.02 10.86+9.21 563+468 289+373 125+095 1.07+3.85
V-AD 24 14 10 7774 +£7.17 2855+17.17 1249+10.29 9.40+6.17 2.88x129 3.72+210
V-MCI 133 59 74 76.35£6.27 29.21+1754 1431+958 934+£6.94 299x175 253+181

Figure 2 shows the voxel-wise WMH distribution maps for each diagnostic group. WMHs were more

prevalent in the periventricular regions for all groups, with the vascular groups (V-MCI, V-AD, and Mixed)

having the highest WMH prevalence (see also Table 2). The FTD group also had high WMH prevalence,

particularly considering that it included patients that were younger than all other diagnostic groups (mean
age = 65.65).
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Figure 2. Voxel-wise WMH distribution maps for each diagnostic group.

WMH volumes analyses

Table 3 shows the differences in total and regional WMH volumes for each group, contrasted against the
CIE, and controlling for age and sex. The t statistic values contrast each diagnostic group versus CIE; i.e. a
positive value indicates higher WMH in the diagnostic group than the CIE group. Figure 3 shows model 8
estimates for pairwise group differences for each diagnostic group pair and region. Significant differences

after correction for multiple comparisons are marked with *.

The CIE group had significantly lower total WMH volumes than all cognitively impaired and dementia
groups, except for the MCI group, likely since MCI participants with WMHs were classified in the vascular
MCI (V-MCI) category. Participants with SCI had slightly higher total WMH volumes than the CIE group
(uncorrected p value = 0.04), but this difference did not survive correction for multiple comparisons. As
expected, V-MCI, V-AD, and Mixed groups had significantly higher WMH volumes than the CIE group in
all regions. FTD group also had significantly greater WMH volumes than the CIE group in all regions. The
(non-vascular) AD group also had significantly greater WMH loads than the CIE group overall and in left
frontal, bilateral parietal and occipital, and right temporal lobes. The LBD group had significantly greater
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WMH volumes than the CIE group overall and in bilateral frontal, parietal, and occipital lobes. The
cognitively impaired PD (PD-CI) group had significantly greater WMH loads than the CIE group overall
and in all regions, except for left occipital lobe for which the significance did not survive correction for
multiple comparisons. The PD-CIE group also had significantly greater WMH loads in left frontal lobe
(uncorrected p value = 0.01), and marginally greater WMH loads in right frontal lobe (uncorrected p value
= 0.08). Finally, the SCI group had significantly greater WMH loads than the CIE group in bilateral frontal

lobes.

Table 3. Total and regional WMH volume differences across diagnostic cohorts, controlling for age and sex. Values represent T
statistics and uncorrected P values. Significant differences after FDR correction are shown in bold font.

Whole Left Right Left Right Left Right Left Right

Region Brain Frontal Frontal Parietal Parietal Temporal Temporal Occipital Occipital
Lobe Lobe Lobe Lobe Lobe Lobe Lobe Lobe

AD 3.32, <0.001 2.26,0.02 1.76,0.07 2.15,0.03 3.14,0.002 1.43,0.15 2.12,0.03 2.16,0.03 3.22,0.001

FTD 7.15,<0.001 5.95,<0.001 6.34,<0.001 5.99, <0.001 6.80,<0.001 3.19,<0.001 4.44,<0.001 4.67,<0.001 3.69, <0.001
LBD 3.48, <0.001 2.52,0.01 2.70,0.007  3.56,<0.001 3.34,<0.001 1.26,0.20 1.93,0.05 3.30,<0.001 3.16, 0.002
MCI 1.53,0.13 1.38,0.16 1.14,0.26 0.51, 0.61 1.07,0.28 0.19,0.85 0.25,0.80 -0.15,0.88  1.35,0.18
Mixed 9.35, <0.001 10.27,<0.001 9.44,<0.001 8.13,<0.001 7.55,<0.001 5.21,<0.001 5.06,<0.001 6.33,<0.001 4.71,<0.001
PD-CI 451, <0.001 4.41,<0.001 4.08,<0.001 4.18,<0.001 3.30,0.001  2.99,0.003 3.33,0.001 1.99, 004 3.36, 0.001
PD-CIE 1.64,0.10 2.42,0.01 1.77,0.08 1.47,0.14 0.45, 0.65 0.52, 0.60 1.02, 0.30 0.33,0.74 0.77,0.44
SCI 2.04,0.04 2.88,0.004  2.70,0.007 1.48,0.14 1.29,0.19 0.51, 0.60 0.04, 0.97 -1.95,0.05  -0.99,1.32
V-AD 6.82, <0.001 5.70,<0.001 5.23,<0.001 6.08, <0.001 6.83,<0.001 4.14,<0.001 5.55,<0.001 5.90,<0.001 6.60, <0.001
V-MCIl  12.00, <0.001 12.07,<0.001 11.67,<0.001 10.62,<0.001  10.92,<0.001 8.43,<0.001 8.97,<0.001 4.19,<0.001 5.05,<0.001

In the pairwise comparisons, vascular groups (i.e. V-MCI, V-AD, and Mixed) had significantly greater
WMH volumes than all other groups, except for FTD, which also had significantly greater WMH volumes

than all non-vascular groups.
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Figure 3. Regional and whole brain group differences in WMH volumes for each diagnostic pair. Colors indicate model { estimates.
Significant differences after correction for multiple comparisons are marked with *.

Table 4 shows the differences in total and regional WMH volumes between men and women, controlling
for age. The t statistic values contrast women versus men, i.e. a positive value indicates higher WMH in
women than men, and vice versa. Overall, women tended to have lower WMH burden than men in most
groups and regions, controlling for age. In the CIE group, women had significantly lower WMH volumes
for whole brain WMHs, as well as right parietal and temporal lobes. In the FTD group, women had
significantly lower WMH volumes for whole brain WMHs as well as right frontal lobe and left parietal and

occipital lobes. In the MCI, V-MCI, and PD-CIE groups, women had significantly lower WMH volumes
for bilateral occipital lobes.
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Table 4. Total and regional WMH volume differences between men and women in each diagnostic cohort. Values represent T
statistics and uncorrected P values. Significant differences after FDR correction are shown in bold font.

) Whole Left Right L(_eft Ri_ght Left Right Lfeﬁ Ri_ght
Region Brain Frontal Frontal Parietal Parietal Temporal Temporal Occipital Occipital
Lobe Lobe Lobe Lobe Lobe Lobe Lobe Lobe
AD 0.70, 0.48 1.79,0.07 1.33,0.18 0.76, 0.45 0.42,0.67 0.43,0.67 -0.49,0.62 -0.68,0.50 -1.78,0.08
CIE -2.83,0.006 -2.02,0.04 -1.91,0.06 -1.90,0.06 -3.00,0.003 -1.95,0.05 -3.17,0.002 -1.72,0.09  -2.00, 0.04
FTD -3.16, 0.003 -2.40, 0.02 -2.88,0.007 -3.37,0.002 -2.10, 0.04 -1.73,0.09 -1.86,0.07 -2.92,0.006 -1.37,0.18
LBD -1.17, 0.02 -1.04, 0.30 -0.85, 0.40 -0.66, 0.51 -1.08, 0.29 -1.63,0.11 -1.46,0.15 -0.88,0.38 -1.36,0.18
MCI -0.03,0.97 1.68,0.09 0.78,0.43 -0.16, 0.87 0.20,0.83 -1.11,0.26  0.05,0.96 -3.28,0.001 -2.69, 0.008
Mixed  -0.64,0.52 0.38,0.70 -0.64,0.53  -0.89,0.38 -1.18,0.24  -2.34,002 -1.72,009 -2.57,0.01 -1.48,0.14
PD-CI -0.50, 0.62 -0.23,0.82 0.03,0.97 -1.09, 0.28 -1.01,0.31 -0.48, 0.63 -0.46,0.65 -0.05,0.96 -0.30,0.76
PD-CIE -1.56,0.12 -0.58, 0.56 -0.32,0.75 -1.10, 0.27 -1.33,0.18 -1.80, 0.07 -2.74,0.008 -2.78,0.007 -3.60, 0.001
SCI -0.08, 0.94 0.68, 0.50 0.96, 0.33 0.10, 0.92 0.45, 0.65 -1.75,0.08  -2.10,0.03 -2.58,0.01  -2.56,0.01
V-AD -1.02,0.32 -0.02,0.98  -0.25,0.80  -0.40,0.69 -1.32,0.20  0.35,0.73 -0.78,0.44  -1.95,0.06  -2.15,0.04
V-MCl  -2.07,0.04 -1.13,0.25 -0.68, 0.49 -2.65, 0.009 -2.18, 0.03 -2.29,0.02 -2.52,0.01 -3.76,<0.001 -2.85, 0.005

Table 5 shows the asymmetrical differences between left and right hemispheres (paired t-tests). The t

statistic values contrast left versus right, i.e. a positive value indicates higher WMH in the left hemisphere

than the right. Figure 4 shows boxplots of the normalized WMH values for each hemisphere, lobe, and

diagnostic group. The left frontal lobe had lower WMH burden than the right in all groups, except for V-

AD and mixed cohorts. In contrast, the right occipital lobe tended to have greater WMH loads than the left
in all groups, except for PD-CI and V-AD cohorts. CIE, PD-CI and PD-CIE, and SCI groups had
significantly higher WMH loads in the left parietal lobe, and AD, FTD, LBD, V-MCI, and V-AD groups

had significantly greater WMH loads in the right temporal lobe. Figure 5 shows examples of significant

asymmetry for each lobe. Figure S.1 shows the FLAIR images for the same subjects.

Table 5. WMH volume differences between left and right hemispheres in each diagnostic cohort. Values represent T statistics and
uncorrected P values. Significant differences after FDR correction are shown in bold font.

Region Frontal Parietal Temporal Occipital
Lobe Lobe Lobe Lobe
AD -5.29, <0.001 -0.58, 0.56 -3.37,0.001  2.30,0.02
CIE -11.39, <0.001 3.21,0.002 -0.51, 0.61 5.71, <0.001
FTD -4.60, <0.001 -0.59, 0.56 -2.75,0.01  3.21,0.003
LBD -3.45, 0.002 2.29,0.03 -2.75,0.01  3.22,0.004
MCI -13.45, <0.001 1.97,0.05 -2.09, 0.04 4.82,<0.001
Mixed -0.69, 0.49 2.18,0.04 -1.52,0.14 4.84, <0.001
PD-CI  -4.74,<0.001 4.28, <0.001 -1.94,0.06  1.30,0.20
PD-CIE -6.43, <0.001 5.63, <0.001 -1.82,0.07 4.14, <0.001
SCI -8.18, <0.001 3.70, <0.001 1.23,0.22 4.28, <0.001
V-AD -2.28,0.03 -0.63, 0.54 -2.69, 0.01 1.74,0.10
V-MCI  -4.85, <0.001 1.25,0.21 -3.63,<0.001 3.90, <0.001
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Figure 4. Boxplots of WMH volumes for each diagnostic group, lobe, and hemisphere. L
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Right Frontal Left Parietal Right Temporal Left Occipital
Lobe Dominant Lobe Dominant Lobe Dominant Lobe Dominant

Figure 5. Example cases (3 of each) of right frontal (first column), left parietal (second column), right temporal (third column), and
left occipital (fourth column) dominant asymmetry. The WMH segmentations are contoured in red.

DISCUSSION

In this study, we compared the distribution of WMHs across eleven distinct neurodegenerative disease
diagnostic groups using COMPASS-ND dataset from the CCNA acquired consistently with a harmonized
protocol. Our results showed significantly greater WMH burden in all cognitively impaired and dementia
groups compared with matched controls, whereas the cognitively intact PD (PD-CI) and SCI groups had
slightly higher but non-significant differences.

As expected, the highest burden of WMHSs was found in the mixed dementia group, followed by V-MCI
and V-AD (Table 1). In patient groups that were not diagnosed with comorbid cerebrovascular pathology,
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the PD-CI, LBD, and FTD groups had the highest WMH loads. Interestingly, even the AD group not
diagnosed with comorbid vascular pathology had significantly greater WMH burden than the controls,
though this difference was much smaller (Tables 1 and 2). The higher burden of WMHSs in MCI (Dadar et
al., 2017a; DeCarli et al., 2001; Lopez et al., 2003) and AD patients (Burton et al., 2006; Capizzano et al.,
2004; Dubois et al., 2014; Huynh et al., 2021; Tosto et al., 2014a) is relatively well established in the
literature, whereas the results for other neurodegenerative disease cohorts have been more heterogeneous
(Liu et al., 2021).

We found significantly greater overall and regional WMH loads in the PD-CI and LBD groups than the
CIE, but not in PD-CIE. In addition, while the PD-CI group had higher WMH loads than the PD-CIE group
(mean values of 19.16 cm?® versus 9.97 cm? for PD-CI and PD-CIE, respectively, t stat = 1.9, uncorrected p
value = 0.05), the difference did not survive correction for multiple comparisons (Figure 3). Similar to our
findings, while studies in later stage PD patients generally report higher levels of WMHSs (Liu et al., 2021;
Mak et al., 2015; Piccini et al., 1995), studies investigating WMH differences in cognitively normal PD
patients have not found significant differences between the patients and age matched controls (Dadar et al.,
2018e; Dalaker et al., 2009a). Similarly, while some studies with smaller sample sizes have reported no
differences in WMH burden between PD patients with dementia or LBD patients and healthy controls
(Burton et al., 2006), others have found such significant differences (Barber et al., 1999), suggesting that

larger cohorts are necessary to distinguish the more subtle differences (Butt et al., 2021).

Similar to other studies in the literature, FTD patients had significantly greater WMH burden than the CIE
group (Desmarais et al., 2021; Huynh et al., 2021; A. R. Varma et al., 2002). In fact, the FTD group was
the only non-vascular diagnostic group that had significantly greater overall WMH loads than all other
groups, controlling for age and sex (Figure 3). This is particularly interesting, given that the FTD group
was also the youngest group (Table 1), and older age is known to be the most significant correlate of WMHSs.
This might be in part due to the fact that high WMH burden can be observed in FTD patients in absence of
significant vascular risk factors and pathology, possibly due to other pathological processes related to
genetic mutations (Caroppo et al., 2014; Desmarais et al., 2021; Sudre et al., 2019; Woollacott et al., 2018).
Unfortunately, our sample did not have genetic status information available, limiting our ability to
investigate whether the FTD patients were carriers of specific mutations (e.g. progranulin gene), previously
linked to increased WMH burden in genetic forms of FTD (Caroppo et al., 2014; Desmarais et al., 2021;
Sudre et al., 2019; Woollacott et al., 2018).

The SCI group had significantly greater WMH loads in bilateral frontal lobes than the CIE (p < 0.007).
While marginally higher (mean values of 10.86 cm?® versus 8.81 cm? for SCI and CIE groups, respectively,

t-stat = 2.04, uncorrected p value = 0.04), the overall WMH burden difference was not significant after
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correction for multiple comparisons. Previous reports on the association between WMHSs and SCI have
been varied. Van Rooden et al. reported significantly greater WMH volumes and Fazekas scores in SCI
subjects compared to controls (van Rooden et al., 2018), while Caillund et al. did not find such differences
(Caillaud et al., 2020). They did however report significant associations between WMHs and executive
function in SCI (Caillaud et al., 2020). Similarly, Benedictus et al. linked presence of WMHSs to future

cognitive decline and progression to MCI or dementia (Benedictus et al., 2015).

While there are sex specific differences in causes and consequences of WMHs (Kumar and McCullough,
2021), the reports on sex differences in prevalence of WMHSs have been inconsistent, with some studies not
finding a significant difference (Wen et al., 2009; Ylikoski et al., 1995; Zhuang et al., 2018), some reporting
greater WMH burden in women (Algarni et al., 2021; Sachdev et al., 2009) and others reporting the opposite
(Filomena et al., 2015; Geerlings et al., 2010). According to Simon et al., the greater WMH burden reported
in women might be confounded by age, and be biased by premature death in men (which might be
associated with cerebrovascular disease) (Simoni et al., 2012). In the present cohort, women tended to have
lower WMH loads than men in general, controlling for age. In the CIE group, women had significantly
lower WMH volumes for whole brain WMHSs, as well as right parietal and temporal lobes. In the FTD
group, women had significantly lower WMH volumes for whole brain WMHSs as well as right frontal lobe
and left parietal and occipital lobes. In the MCI, V-MCI, and PD-CIE groups, women had significantly
lower WMH volumes for bilateral occipital lobes. Further investigations into associated vascular risk

factors and co-morbidities are necessary to disentangle sex specific differences in prevalence of WMHs.

Regarding asymmetry, we found an overall greater burden of WMHs in right frontal and left occipital lobes
(Figures 4 and 5). CIE, PD-CI and PD-CIE, and SCI groups had significantly higher WMH loads in the left
parietal lobe, and AD, FTD, LBD, V-MCI, and V-AD groups had significantly greater WMH loads in the
right temporal lobe. The presence of hemispheric dominance and predominance of WMH burden in right
frontal lobe has been previously reported by Dhamoon et al. (Dhamoon et al., 2017). They also indicate
that regional WMH volume asymmetry might be associated with lower function and functional decline
(Dhamoon et al., 2017). Low et al. have also reported left-dominant occipital WMH burden in AD patients
which was higher than that observed in MCI and control groups, as well as an association with poorer global
cognition, memory, language, and executive functions among cognitively impaired participants (MCI and
AD) (Low et al., 2019). There are established regional brain asymmetries in the frontal and occipital lobes
which are also phylogenetically evident and have been detected in older primates (Toga and Thompson,
2003). These differences might also indicate differences in the evolutionary development of these lobes,

leading to differences in susceptibility to neurodegeneration and presence of white matter pathology.
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The image processing and WMH segmentation pipelines used in the present study have been developed
and validated for use in multi-center and multi-scanner studies of aging and neurodegenerative disease
populations and have been previously used in such applications (Anor et al., 2021; Dadar et al., 2020c,
2018e; Misquitta et al., 2020; Sanford et al., 2019). In addition to initial validation of the performance of
the pipeline against gold standard manual segmentations which showed excellent agreement, manual

quality control was performed to ensure the quality of the raw images, registrations, and segmentations.

Differences in image acquisition protocols, recruitment criteria, and WMH assessment techniques hinder
reliable comparisons of WMH burden across different populations and studies. Using the COMPASS-ND
cohort, acquired consistently with a harmonized protocol, we have compared burden and distribution of
WNMHs across 11 diagnostic cohorts, showing significantly greater WMH burden in all cognitively impaired
and dementia groups compared with the matched controls, as well as asymmetric and sex specific trends.
This emphasizes the need for further longitudinal investigations into the impact of WMHSs in these
neurodegenerative diseases as well as treatment and prevention strategies for vascular risk factors (anti-
hypertensive medications, blood sugar management, lipid-lowering treatments, exercise, and lifestyle
changes), which might slow down WMH progression and cognitive decline in neurodegenerative disease
populations.

In these cohorts (even in cohorts not formally considered as mixed with vascular pathology), WMHs likely
encompass areas exclusively impacted by neurodegeneration as well as areas related to non-specific MRI
based small-vessel disease pathology. The cohorts formally classified as mixed, V-AD, and V-MCI,
represent populations with more striking vascular pathogenic factors; hence the WMH volume of those
groups are the highest among all cohorts. Future studies, refining and ranking the vascular pathogenic
factors along with the MRI findings (e.g. presence of lacunar infarcts or macroscopic infarcts with clear
vascular distribution patterns following vascular arterial territories) could help determine the extent of
WMHSs exclusively related to neurodegeneration versus small vessel disease and establish which

component has a greater impact on cognitive decline and other clinical outcomes.
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