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Abstract

11  Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu).  As such, the investigators within the ADNI contributed to the design and
implementation  of  ADNI and/or  provided  data  but  did  not  participate  in  analysis  or  writing  of  this  report.  A
complete listing of ADNI investigators can be found at:
http://adni.loni.usc.edu/wp-ontent/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

2 Data used in preparation of this article were obtained from the Frontotemporal Lobar Degeneration Neuroimaging 
Initiative (FTLDNI) database (http://4rtni-ftldni.ini.usc.edu/). The investigators at NIFD/FTLDNI contributed to the 
design and implementation of FTLDNI and/or provided data but did not participate in analysis or writing of this 
report.
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White matter hyperintensities (WMHs) are commonly assumed to represent non-specific cerebrovascular
disease comorbid to neurodegenerative processes, rather than playing a synergistic role. We compared the
impact of WMHs on grey matter (GM) atrophy and cognition in normal aging (N=571), mild cognitive
impairment  (MCI,  N=551),  Alzheimer’s  dementia  (AD,  N=212),  fronto-temporal  dementia  (FTD,
N=125), and Parkinson’s disease (PD, N=271). Longitudinal data were obtained from ADNI, FTLDNI,
and  PPMI  datasets.  Mixed-effects  models  were  used  to  compare  WMHs and  GM atrophy  between
patients and controls and assess the impact of WMHs on GM atrophy and cognition. MCI, AD, and FTD
patients had significantly higher WMH loads than controls. WMHs were related to GM atrophy in insular
and parieto-occipital  regions in MCI/AD, and frontal  regions and basal  ganglia in FTD. In addition,
WMHs contributed to more severe cognitive deficits in AD and FTD compared to controls, whereas their
impact  in MCI and PD was not  significantly different  from controls.  These results  suggest  potential
synergistic effects between WMHs and proteinopathies in the neurodegenerative process in MCI, AD and
FTD.

Keywords: White matter hyperintensities, small-vessel disease, neurodegenerative disease, Alzheimer’s
disease, fronto-temporal dementia, Parkinson’s disease, mild cognitive impairment



Introduction

White matter hyperintensities (WMHs), defined as nonspecific hyperintense regions in the white matter

(WM) tissue of the brain on T2-weighted or FLuid-Attenuated Inversion Recovery (FLAIR) magnetic

resonance images (MRIs) are common findings in the aging population (Hachinski et al., 1987). These

age-related WMHs are considered to be the most common MRI signs of cerebral small-vessel disease and

are generally due to chronic hypoperfusion and alterations in the blood brain barrier  (McAleese et al.,

2016) secondary  to  common  vascular  risk  factors  (e.g.,  hypertension,  cigarette  smoking,  diabetes).

However,  there are several  other pathological  causes of WMHs including demyelination,  axonal  and

neuronal loss, higher levels of microglial activation, inflammation, degeneration, and amyloid angiopathy

(Abraham et al., 2016; Gouw et al., 2010).

In clinical dementia practice, these frequent WMHs are generally assumed to be a non-specific comorbid

vascular contribution to cognitive decline. However, various evidence suggests that WMHs could play a

more direct role in the progression of neurodegenerative processes (Lee et al., 2016). First, WMHs have a

higher prevalence in neurodegenerative diseases such as Alzheimer’s disease (AD) (Dadar et al., 2017b;

Dubois  et  al.,  2014;  Tosto  et  al.,  2014),  dementia  with  Lewy bodies  (DLB)  (Barber  et  al.,  1999),

Parkinson’s disease (PD) (Mak et al., 2015; Piccini et al., 1995), frontotemporal dementia (FTD) (Varma

et al., 2002), as well as individuals with mild cognitive impairment (MCI) due to AD  (DeCarli et al.,

2001; Lopez et al., 2003; Dadar et al., 2017b). Second, patients with WMHs present with significantly

more severe cognitive deficits and suffer greater future cognitive decline compared with individuals with

the same level of neurodegeneration related pathologies without WMHs (Au et al., 2006; Carmichael et

al., 2010; Prins and Scheltens, 2015; Dadar et al., 2020b, 2019, 2020a, 2018b). 

Few  studies  have  investigated  the  relationships  between  longitudinal  changes  in  WMHs,

neurodegenerative  changes,  and  cognitive  decline.  Further,  most  studies  do  not  factor  the  WMH

distribution by WM anatomical tracts.  Burton et al. reported significantly greater total load of WMHs in

AD, but not PD or DLB (Burton et al., 2006). In a community-based cohort of 519 older adults, Rizvi et

al. found that increased WMH load in association and projection tracts were related to worse memory

function (Rizvi et al., 2020). Similarly, Habes et al. reported that WMHs in most tracts were related to

age-related atrophy patterns (Habes et al., 2018). Separating the amnestic and non-amnestic MCI patients

from the ADNI cohort, Bangen et al. found that non-amnestic MCI participants showed greater occipital

WMH volumes relative to the amnestic MCI group. Further, amnestic MCI participants showed greater

temporal and occipital WMHs relative to the controls whereas non-amnestic MCI participants had greater

frontal, temporal, parietal, and occipital WMHs. Greater WMH in temporal and occipital regions was also

associated with faster decline in everyday functioning, with temporal lobe WMHs  disproportionately



associated with accelerated decline among the non-amnestic MCI (Bangen et al., 2020). In a cohort of 51

healthy controls, 35 subjects with MCI, and 30 AD patients from tertiary neurology centers in Singapore,

Vipin et al. showed higher WMH loads in AD, as well as a significant association between WMH burden

(particularly  for  frontal  and  parietal  lobe  WMHs)  and  GM  atrophy  in  MCI.  They  also  reported  a

significant association between parietal WMH load and global cognition in their MCI cohort (Vipin et al.,

2018). 

In  a  sample  comprising  359  participants  from  the  Wisconsin  Registry  for  Alzheimer's  Prevention

(WRAP), Birdsil et al. reported significant associations between lower cognitive speed and flexibility (a

component of executive function) and WMH in the superior corona radiata  (Birdsill et al., 2014). In a

large community-based cohort of older individuals (N = 461), Jiang et al. reported that poorer performance

in global cognition, processing speed and executive function was associated with higher WMH volumes

(Jiang et al., 2018). 

In a sample of 426 subjects with cerebral small vessel disease, Tuladhar et al. found that cortical thickness

mediated  the  association  between  WMH  and  cognitive  performance.   Furthermore,  they  reported

associations  between WMHs in  corpus callosum, internal  capsule,  corona radiata,  posterior  thalamic

radiation,  superior  longitudinal  fasciculus,  and  external  capsule  and  lower  cortical  thickness  in

frontotemporal  regions,  as  well  as  associations  between  WMHs in  corpus  callosum,  corona  radiata,

posterior thalamic radiation, sagittal  stratum, and superior longitudinal fasciculus and greater cortical

thickness in paracentral regions (Tuladhar et al., 2015).

In this study, we quantified WMHs in 3 large multi-center cohorts of neurodegenerative diseases, with a

total of 1730 subjects and 5774 timepoints (see Table 1). We first investigated the differences between the

anatomical distribution of regional WMHs in AD, PD, FTD, MCI, and cognitively normal individuals.

We further investigated the contribution of WMHs to regional GM atrophy and cognitive performance.

Methods

Participants

Data used in this  study includes subjects  from Alzheimer's  Disease Neuroimaging Initiative (ADNI)

database (ADNI1/2/GO), the Parkinson's Progression Markers Initiative (PPMI), and the frontotemporal

lobar degeneration neuroimaging initiative (FTLDNI) that had T1-weighted and either FLAIR or T2-

weighted MR images.

ADNI:  The  ADNI  (adni.loni.usc.edu)  was  launched  in  2003  as  a  public-private  partnership led  by

Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial



MRI,  positron  emission  tomography,  other  biological  markers,  and  clinical  and  neuropsychological

assessment can be combined to measure the progression of MCI and early AD. Data from 1079 ADNI

participants (NControl = 316 , NMCI = 551, NAD = 212) and 4240 timepoints (NControl = 1275 , NMCI = 1954, NAD

= 1011) were included in this study.

PPMI: The PPMI (http://www.ppmi-info.org) is a longitudinal multi-site clinical study of approximately

600 de novo PD patients and 200 age-matched healthy controls followed over the course of five years.

Data from 406 PPMI participants (NControl = 135 , NPD =271 ) and 820 timepoints (NControl = 236 , NPD = 584)

were included in this study.

NIFD: The frontotemporal lobar degeneration neuroimaging initiative (FTLDNI) is founded through the

National  Institute  of  Aging  and  started  in  2010  (http://memory.ucsf.edu/research/studies/nifd).  The

primary goals of FTLDNI are to identify neuroimaging modalities and methods of analysis for tracking

frontotemporal lobar degeneration (FTLD) and to assess the value of imaging versus other biomarkers in

diagnostic roles.  Data from 245  FTLDNI  participants (NControl  = 120, NFTD  = 125) and 714 timepoints

(NControl = 370, NFTD = 344) were included in this study.

Note that while MRI acquisition protocols were similar across studies (specifically,  PPMI guidelines

suggested use of similar protocols to those of the ADNI), they were not necessarily harmonized between

the  three  studies.  For  details  on  MRI acquisition  protocols  and scanner  information,  please  refer  to

(http://adni.loni.usc.edu/methods/mri-tool/mri-acquisition/,

http://adni.loni.usc.edu/methods/documents/mri-protocols/) for ADNI, (https://www.ppmi-info.org/study-

design/research-documents-and-sops/,

https://www.ppmi-info.org/sites/default/files/docs/PPMI2.0_002_MRI_TOM_Final_v3.0_20210727.pdf)

for  PPMI,  and  (https://cind.ucsf.edu/research/grants/frontotemporal-lobar-degeneration-neuroimaging-

initiative-0, https://cind.ucsf.edu/resources/mri-center/standard-image-protocol) for FTLDNI.

Measurements

GM Atrophy

 All the preprocessed and linearly registered (9 parameter registration: 3 translations, 3 rotations, and 3

scaling  parameters)  T1-weighted  images  were  nonlinearly  registered  to  the  MNI-ICBM152-2009c

template using  the symmetric diffeomorphic image registration (SyN) tool from ANTS (Avants et al.,

2009), resulting in a deformation field sampled on a 1 mm3 grid for each subject/timepoint. Deformation-

based morphology (DBM)(Ashburner  et  al.,  1998) maps were calculated by computing the Jacobian

determinant of the deformation fields obtained from these nonlinear transformations, as a proxy of the



relative local volume difference between the individual and  MNI-ICBM152-2009c  template. CerebrA

atlas was used to calculate average regional GM volume in 85 cortical and subcortical regions (Manera et

al., 2020, 2019). 

WMHs

All  T1-weighted,  T2-weighted,  proton  density  (PD),  and  FLAIR  MRI  scans  were  preprocessed  as

previously described, including the following steps: image denoising, intensity inhomogeneity correction,

and intensity normalization into range [0-100]  (Dadar et al., 2017c, 2017a). For each subject, the T2-

weighted, PD, and FLAIR scans were then co-registered to the T1-weighted scan of the same visit, using

a rigid body registration (6 parameters: 3 translations and 3 rotations) with a mutual information cost

function  (Dadar et al.,  2018a). Using a previously validated WMH  segmentation method, the WMHs

were automatically segmented for all longitudinal visits,  using the preprocessed and co-registered scans

(Dadar et al., 2017c). The quality of the registrations and segmentations was visually assessed, and the

results that did not pass this  quality control were excluded (N=102 out of 5774 timepoints).  Using the

WM tracts atlas by Yeh et al. derived from diffusion MRI data of 842 young healthy individuals from the

human connectome project (https://db.humanconnectome.org/), the WMH volume in 80 WM tracts were

calculated by multiplying the WMH mask of each individual (and each timepoint) with each WM tract

mask provided by Yeh et al. and calculating the volume of overlapping voxels (in mm3)  (Yeh et al.,

2018).  To achieve this, the WMH masks were first nonlinearly registered to the MNI-ICBM152-2009c

average template by applying the nonlinear transformations calculated using the symmetric diffeomorphic

image registration (SyN) tool from ANTS (the same transformations used for DBM analyses, detailed in

the previous section) (Avants et al., 2009). The WM tract atlas of Yeh et al. (Yeh et al., 2018) resides in

the MNI-ICBM152-2009c space. The WMH tract volumes were then log transformed to achieve a normal

distribution. To avoid computing regressions in tracts with little WMH data, regions that had no WMH

voxels in more than 80% of the subjects were discarded, leaving 45 WM tracts with some WMHs in at

least  20% of the population.  Table S1 in the supplementary materials  lists  the WM tracts  that  were

discarded from the analyses.  Note that all WMH segmentations were performed consistently using the

same technique (Dadar et al., 2017c).

Cognitive Performance

The Alzheimer's  Disease  (AD) Assessment  Scale-Cognitive  Subscale  (ADAS13)  scores  were  used to

assess cognitive performance for the ADNI subjects, and the Montreal Cognitive Assessment (MoCA)

scores were used as the cognitive scores of interest for the NIFD and PPMI subjects (no single cognitive



score was consistently available for all datasets). In each study, the cognitive performance of the disease

cohort was compared against the control group from the same study.

Statistical Analysis

Longitudinal mixed-effects models were used to assess the differences between MCI, AD, FTD, and PD

cohorts and their age-matched normal controls in each population, in 1) WMH burden in each WM tract,

2) average DBM value in each CerebrA GM region, 3) the relationship between regional (anatomical)

WM tract WMH loads and regional GM changes, and 4) the relationship between WMHs and cognitive

performance.  To  ensure  that  the  characteristics  of  the  control  subjects  and  patients  have  been

appropriately matched and there is no recruitment-specific difference between the patients and controls,

each patient cohort was compared against the matched controls from the same study. 

Differences in anatomical distribution of WMHs between disease groups

To assess whether the patients with MCI, AD, PD, and FTD have significantly higher regional WMH

loads (compared with the respective study matched controls), the following mixed-effects models were

tested in each of the 45 WM tracts:

Regional WMH load ~ 1 + Cohort + Age + Sex + (1|Subject)                 (eq.1)

A similar model was used to assess regional GM differences across each cohort (compared with the

matched controls) in each of the GM regions:

Regional GM volume ~ 1 + Cohort + Age + Sex + (1|Subject)                         (eq.2)

The variable of interest in eq. 1 and eq. 2 was Cohort, reflecting the differences between the patients and

the appropriate matched controls.

Relationship between WMHs, GM atrophy and cognitive decline

The relationship between regional GM DBM values and regional WMH burden was assessed using the

following model for each possible combination of the GM regions and the WM tracts:

Regional GM volume ~ 1 + Regional WMH load + Cohort +Regional WMH load:Cohort + Age + Sex + (1|Subject)  (eq.3)

The relationship between regional WMH loads and cognition was assessed through the following models

for all tracts and regions:

Cognitive Score ~1+ Regional WMH load + Cohort + Regional WMH load:Cohort + Age + Sex +(1|Subject) (eq.4)

The  variable  of  interest  in  eq.  3 was  the  interaction  between  regional  WMH load  and  Cohort  (i.e.

Regional  WMH load:Cohort),  reflecting the additional  contribution of  WMH burden to GM atrophy



(compared with the matched controls). Similarly, the variables of interest in  eq. 4 was  Regional WMH

load:Cohort, reflecting the additional contribution of WMHs to cognitive performance in each cohort.

ADAS13 was used as the cognitive score of interest for the ADNI subjects (i.e. MCI and AD cohorts),

and MoCA was used for the NIFD and PPMI subjects (no single cognitive score was available for all

datasets as MoCA was available only for ADNI2 subjects). 

Age was considered as a continuous fixed variable. Sex, and Cohort were considered as categorical fixed

variables. Subject was considered as a categorical random effect. All continuous variables were z-scored

in all the analyses. All statistical analysis was performed in MATLAB (version R2015b).

Multiple Comparison Correction

There  were  45  comparisons  completed  for  eq.  1 and  eq.  4,  85  comparisons  for  eq.  2,  and  45×85

comparisons completed for  eq. 3.  All  p values are reported after correction for multiple comparisons

using false discovery rate (FDR) controlling method with a significance threshold of 0.05.  All statistical

analyses were performed using MATLAB version 2021a.

Results

Demographics

Table 1 provides a summary of the descriptive characteristics for the participants included in this study.

Differences in anatomical distribution of WMHs between disease groups

Figure 1 shows the significant differences between WMH burden in each tract (after FDR correction for

number  of  tracts)  for  each  cohort  with  respect  to  their  study-specific  age-  and  sex-matched  normal

controls (variable  Cohort in  eq. 1, i.e., the amount of WMH due to disease). Warmer colors indicate

greater WMH burden. A table containing significant t-statistics of the top 20 regional WMH differences

between MCI, AD, and FTD cohorts and their corresponding study age-matched controls can be found in

Table  S2  (Supplementary  materials).  In  the  MCI  (due  to  probable  AD)  cohort,  the  results  show

significantly greater WMH burden (in comparison to the matched controls) predominantly in the fornix,

anterior commissure, corpus callosum, bilateral cortico-striatal tract and inferior fronto-occipital vertical

occipital  fasciculi.  In the dementia due to probable AD cohort,  the results showed significant higher

WMH burden for all WM tracts and of greater magnitude compared to MCI subjects, especially in corpus

callosum,  fornix,  anterior  commissure,  cortico-striatal  and  corticothalamic  tracts,  optic  radiations,

longitudinal  pathways,  and  parieto-pontine  tracts.  In  the  FTD  cohort,  the  results  showed  higher

asymmetric  WMH burden with greater involvement of the uncinate fasciculi and cingulum relative to

other  WM  tracts  (as  a  remarkable  finding  in  comparison  to  MCI  and  AD),  but  also  significant



involvement in fornix, corpus callosum, cortico-striatal and corticothalamic tracts. Of note, increase in

WMHs was also present in posterior brain areas. No significant differences were observed in any WM

tracts between the de novo PD patients and the PPMI age-matched controls. Of note, increase in WMHs

was also present in posterior brain areas. No significant differences were observed in any WM tracts

between the de novo PD patients and the PPMI age-matched controls. 

Figure 2 shows the significant differences in GM volumes (after FDR correction) between each cohort

and their study-specific age- and sex-matched normal controls (variable Cohort in eq. 2, i.e., the amount

of regional GM atrophy due to disease). Colder colors indicate significant shrinkage of the area compared

with the ICBM-MNI152-2009c template, i.e. presence of regional atrophy. Note that since age and sex

are integrated into the model, these maps show the volume differences over and above what is expected

for age (and sex). Table S3 in the Supplementary materials shows t-statistics for the top 20 GM regions

with greater atrophy for MCI, AD, FTD, PD cohorts compared to their corresponding study age-matched

controls.  The  MCI cohort  showed greater  involvement  of  pericalcarine,  entorhinal,  pars  triangularis,

precuneus, cuneus, insula and paracentral regions (Figure 2, first row). The AD cohort had a diffuse

pattern of atrophy with greater involvement of pars triangularis,  pericalcarine cortex, bilateral  insula,

superior and rostral anterior gyri along with asymmetric entorhinal and superior temporal atrophy (Figure

2, second row). The FTD cohort presented with extensive levels of atrophy, more remarkable in the

cingulate,  deep  nuclei  (thalamus  and  putamen)  and  cortical  areas  in  the  frontal  and  temporal  lobes

bilaterally (Figure 2, third row). The  de novo PD cohort had much more limited regions of atrophy,

showing only significantly greater  bilateral  atrophy in the pericalcarine and posterior cingulate areas

(Figure 2, last row). 

Relationship between WMHs, GM atrophy and cognitive decline

Figure 3 shows the significant interactions between regional WMH load and Cohort (i.e. Regional WMH

load:Cohort in eq. 3), reflecting the additional contribution of WMH burden to GM atrophy (compared

with the matched controls) in that region (FDR corrected p<0.05). This corresponds to the amount of GM

atrophy over and above that due to disease shown in Fig. 2, to query if regional WMH have different

damaging effects on the pattern of GM atrophy. In the MCI cohort, bilateral atrophy in the fronto-insular

regions  (i.e.,  insula,  superior  frontal  gyrus,  lateral  orbitofrontal,  rostral  anterior  cingulate  and  pars

triangularis) were associated with greater WMH loads in the anterior commissure, corpus callosum, the

cortico-striatal, cortico-thalamic, inferior fronto-occipital, middle longitudinal, and inferior longitudinal

pathways. Though bilaterally significant, these associations were of greater magnitude for right sided

cortical regions. WMH loads on those tracts were also associated with greater GM atrophy in posterior

parietal and occipital regions (posterior cingulate, precuneus, cuneus, lateral occipital cortices) as well as



temporal gyri and entorhinal regions. The associations between GM atrophy and regional WMH loads in

the AD cohort were similar to those for the MCI, though mainly bilateral and of greater magnitude, i.e.,

higher levels of WMH burden relating to higher levels of GM atrophy. In the FTD cohort, atrophy in

frontal  regions  such as  lingual  and superior  frontal  gyri  were  associated with  WMH load in  corpus

callosum, cortico-striatal and cortico-thalamic tracts, whereas basal ganglia and posterior cingulate was

associated predominantly with WMHs in corpus callosum, corticothalamic, cortico-striatal, frontal aslant

and fronto-pontine tracts and in lesser degree with longitudinal fasciculi.

Figure 4 shows the significant interactions between cohort and WMH burden (i.e., the term  Regional

WMH load:Cohort  in Eq. 4)  in each of the WM tracts affecting cognition, indicating the  additional

contribution of WMH burden to cognitive deficits, compared with the matched controls for each cohort

(FDR corrected p<0.05). WMHs in most tracts contributed to greater cognitive deficits in AD and FTD,

whereas their impact on cognitive performance in MCI and PD cohorts were not significantly different

from their impact on the matched controls. The magnitude of this additional contribution of WMH to

cognitive impairment and the extension of WM tracts involved was greater for AD than FTD.  A table

containing the t-statistic values for the top 20 significant interactions between cohort and WMH loads per

tract affecting cognitive scores can be found in Table S4 in the Supplementary materials. 

Discussion

In  this  study,  we  combined  data  from  three  publicly  available  large  databases  to  investigate  the

prevalence of regional WMHs in WM tracts and regional GM atrophy, as well as their interplay and

impact on cognitive function in three neurodegenerative diseases; namely AD, FTD, and PD. Our results

showed significantly greater WMH burden in MCI, AD, and FTD patients, compared with the matched

controls, but not in the PD cohort. These findings are in line with previous studies, showing significantly

higher WMH loads in MCI (Dadar et al., 2017b; DeCarli et al., 2001; Lopez et al., 2003), AD (Capizzano

et al., 2004; Dubois et al., 2014; Tosto et al., 2014), and FTD patients (Huynh et al., 2021; Varma et al.,

2002), but not in de novo PD (Dadar et al., 2018b; Dalaker et al., 2009). Other studies investigating later

stage PD patients do however report higher incidence of WMHs (Mak et al., 2015; Piccini et al., 1995),

substantiating the possibility that the increase might occur at later stages of the disease.

We observed significant levels of GM atrophy in regions that are commonly associated with each disease.

The MCI cohort had an overall pattern of atrophy mostly in the medial temporal lobes, insula, cuneus and

precuneus. The AD cohort presented with greater levels of atrophy in similar regions. The diffuse pattern

of atrophy found in AD was consistent with Braak disease progression stages where the neurofibrillary

pathology extends to frontal, superolateral, and occipital directions (Braak et al., 2006; Chan et al., 2001;



Jucker and Walker, 2013). The FTD cohort presented with extensive levels of atrophy, greater in the deep

nuclei, cingulate and cortical areas in frontal and temporal lobes (Cardenas et al., 2007; Landin-Romero

et al., 2017; Manera et al., 2019; Whitwell et al., 2015). Finally, the de novo PD cohort had bilateral

atrophy significantly greater than controls in the pericalcarine and posterior cingulate regions. Of note,

the patterns of GM involvement shown in Figure 2 overlap significantly between AD and FTD cohorts.

This could be in line firstly, with intermediate to advanced stages of the disease for both as reflected in

the cognitive scores (MoCAAD: 17.69 ± 4.64 and MoCAFTD: 19.19 ± 0.06). Secondly, compared to cortical

thickness,  conventional  voxel-based  techniques  are  a  less  sensitive  measurement  to  detect  regional

cortical gray matter changes related to neurodegeneration, but they are also less impacted by the presence

of WMH which, as shown, are remarkably present in both cohorts. Notwithstanding, a few differences

were identified: 1) AD showed more involvement of parieto-occipital regions; 2) we found significant

bilateral parietal involvement in FTD, though with a lesser degree of atrophy compared to frontal and

temporal structures; 3) the involvement showed by FTD was slightly more asymmetrical than AD. We

also observed significant differences in areas not typically associated with the specific diseases, such as

significant insular atrophy in the MCI cohort, and occipital atrophy in the AD cohort. While not a feature

of the disease, atrophy in the posterior regions of insula has been previously reported, particularly in

amnestic MCI patients and has been linked to progression to AD (Davatzikos et al., 2011; Spulber et al.,

2012; Xie et al., 2012). Accelerated rate of atrophy in insular regions and occipital lobes have also been

reported in AD patients along with the progression of the disease (Sluimer et al., 2009). 

Previous studies have reported associations between WMH load and GM atrophy in the elderly and AD

patients  (Dadar  et  al.,  2020a;  Wen et  al.,  2006).  Furthermore,  other  studies  have  shown the  spatial

distribution of WMHs and atrophy in AD  (Brickman et al., 2012; Yoshita et al., 2006) and FTD (Chao et

al.,  2007;  Huynh  et  al.,  2021) as  well  as  its  diagnostic  and  prognostic  relevance.  The  extent  and

progression of WM involvement has also been related to greater cortical thinning in PD (Foo et al., 2016).

However, to our knowledge, no previous studies had investigated the association between WMH loads in

different WM tracts with GM atrophy in different neurodegenerative diseases. In the present study, we

found that WMH loads in WM tracts were associated with GM atrophy in regions connected to those

tracts,  corresponding to  the  patterns  of  atrophy characteristic  of  each disease.  This  might  indicate  a

specific  contribution  of  the  cerebrovascular  pathology  (or  other  aetiologies  reflected  in  the  MRI  as

WMHs)  to the disease-specific patterns of atrophy, as opposed to a nonspecific additional factor that

would have been associated with atrophy over all brain regions. Specifically, 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 certain genetic mutations (Caroppo et al., 2014; Desmarais et al.,



2021; Sudre et al.,  2019; Woollacott et al.,  2018). Unfortunately, our FTD sample is derived from a

mainly sporadic cohort  (FTLDNI),  limiting our ability to investigate whether the FTD patients were

carriers of specific mutations,  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). In a recent

study, Desmarais et al. reported presence of severe gliosis, myelin pallor, and axonal loss in 15 AD and

58 FTD cases with severe WMH burden, but with no distinguishing features indicative of the underlying

proteinopathy. Vascular pathology in the form of venous collagenosis was also reported, but no cases

showed  arteriolosclerosis,  infarction,  or  perivascular  hemosiderin  (Desmarais  et  al.,  2021).  Further

investigations  using  post-mortem  histopathology  assessment  data  are  necessary  to  determine  the

underlying pathology of these WMHs.

In the present study, significant interactions between WMH load and disease groups have been found for

many brain regions, reflecting the additional contribution of WMH burden to GM atrophy in that region

above and beyond the effect expected for the disease by itself. (Figure 3). In general, for MCI and AD

cohorts, WMH load in the anterior commissure, corpus callosum, the cortico-striatal, cortico-thalamic and

inferior longitudinal pathways was associated with greater GM atrophy in the insula, posterior cingulate,

superior frontal and entorhinal regions. In the FTD cohort, WMHs in corpus callosum, cortico-thalamic,

cortico-striatal, frontal aslant and fronto-pontine tracts showed significant interactions with atrophy in

frontal regions (i.e., lingual, and superior frontal gyri) as well as atrophy in the basal ganglia. Figure 3

shows  the  associations  between  WMH  loads  and  additional  GM  atrophy  in  each  cohort,  and  not

connectivity. Therefore, due to the high correlation of the corresponding WMH loads in left and right

WM tracts, some of the associations were also found between cortical regions on one hemisphere and the

association or projection tracts on the other hemisphere, though generally with lower t-statistics values.

WMH burden in most tracts contributed to greater cognitive deficits in the dementia cohorts (i.e. AD and

FTD), whereas their impact on cognitive performance in MCI and PD cohorts were not significantly

different from their impact on the matched controls. In other words, in AD and FTD, a certain amount of

WMHs might have a more negative impact on cognition than in controls, suggesting a synergy between

these proteinopathies and cerebrovascular disease. These findings are also in line with previous studies

reporting greater WMH-related cognitive deficits in AD and FTD  (Au et al., 2006; Carmichael et al.,

2010; Dadar et al., 2019, 2018b; Prins and Scheltens, 2015). As for PD,  while some studies did not find

any association between WM measures and change in cognitive scores  (Burton et al., 2006), Foo et al.

found that progression in WM involvement was associated not only with greater cortical thinning but also

with  domain  specific  cognitive  impairment  (Foo  et  al.,  2016).  However,  their  PD cohort  (mild  PD

patients) had a longer average disease duration (~ 4.7 years at baseline) than the de novo patients studied



here (~ 0.6 years at baseline). Similarly, in a previous study in the same cohort  (Dadar et al., 2018b),

while we did not  find an association between baseline WMHs and baseline cognitive status (all  PD

patients were cognitively normal at baseline), using longitudinal cognitive data (mean follow-up duration

= 4.09 years), we found that whole brain WMH loads at baseline were associated with greater future

cognitive decline in the PD patients. However, since those longitudinal follow-up visits did not have

accompanying MRI data (only a subset of the population was longitudinally scanned, whereas cognitive

assessment was performed longitudinally for all participants), after correction for multiple comparisons,

we did not find significant associations between tract specific WMH loads and cognition in the de novo

PD cohort.

One major limitation of the present study was the inconsistencies between the three datasets used. While

the MRI acquisition protocols were similar across studies (i.e. PPMI guidelines suggested use of ADNI

protocols),  they  were  not  necessarily  harmonized  between  the  three  datasets.  Another  important

difference was in the follow up duration and the number of follow up visits between the different studies

(mean number of follow up visits NADNI= 3.8, NNIFD= 2.6, and NPPMI=1.6). In addition, there was no single

cognitive score that was available for all three datasets (ADNI1 subjects did not have MoCA assessments,

whereas PPMI and NIFD subjects did not have ADAS assessments). To ensure that these differences, as

well as any differences in subject inclusion and exclusion criteria did not impact the results, each analysis

was performed using matched controls from the same study.

Another limitation was the use of the PPMI dataset, which only includes  de novo PD patients, all of

which were cognitively normal at baseline. While this allows us to establish the earliest disease related

changes, lack of later stage PD patients (i.e. PD patients with dementia) might have prevented us from

assessing the full spectrum of both GM and WM changes and their interplay and impact on cognition in

PD  (Foo et al., 2016). Future studies in populations including later stage PD patients are necessary to

establish such associations.

Due  to  sample  size  and  statistical  power  limitations  (i.e.  correcting  for  45,  85,  and  45*85 multiple

comparisons for models from eq. 1-3, respectively), we did not investigate potential differences between

specific subtypes in each diagnostic group; such as stable versus progressive or amnestic versus non-

amnestic  in  the  MCI  group,  and  behavioural  versus  language  variants  in  the  FTD  group.  Further

investigations in datasets with larger sample sizes are therefore warranted to assess such differences.

It is important to note that all the image processing, registration, and segmentation pipelines used in this

study have been developed and extensively validated for use in multi-center and multi-scanner settings,

and have since been successfully applied to various multi-center studies of aging and neurodegenerative



disease populations  (Anor et al., 2021; Dadar et al., 2020c; Dadar and Duchesne, 2020; Manera et al.,

2021; Sanford et al., 2019), including the cohorts used in the current study (Dadar et al., 2021, 2020a,

2019; Manera et  al.,  2019; Misquitta et  al.,  2020; Zeighami et  al.,  2019, 2015).  We did not include

scanner  information  or  education  as  covariates  in  our  main  models,  since  not  all  studies  had  this

information available for all the participants. However, to ensure that such differences do not impact the

findings of our study, we repeated the analyses with these variables included in the models (site ID as a

categorical random effect and education as a continuous fixed effect) for the studies that did have the

information available, and obtained results similar to those reported.

In conclusion, WMHs occur more extensively in AD, MCI and FTD patients than age-matched normal

controls. WMH burden on WM tracts also correlates with regional GM atrophy in pathologically relevant

areas (i.e. the frontal lobe for FTD, and diffuse but mainly parietal and temporal lobes for AD). Subjects

with  AD and FTD are  also  more  sensitive  to  the  negative  cognitive  effect  of  WMHs compared  to

controls. This suggests a potentially synergistic involvement of cerebrovascular disease in these specific

pathologies, as opposed to a simple comorbid process. This underlines the need for further longitudinal

investigations  into  the  impact  of  WMHs in  neurodegenerative  diseases  and  its  impact  on  treatment

efficacy in clinical trials. Clinicians should view WMHs as an intrinsic part of the dementia process and

should be targeted with aggressive strategy based on primary and secondary prevention of vascular risk

factors (anti-hypertensive medications, blood sugar management, lipid-lowering treatment, exercise, and

lifestyle  changes)  ,  which might  slow down progression of  WM damage and potentially slow down

cognitive decline in neurodegenerative diseases (Debette and Markus, 2010). 
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Figures:

Figure 1. Regional WMH differences between MCI, AD, FTD, PD cohorts and their corresponding study age-matched controls.
Each row includes different axial slices covering the brain, showing the t-statistics for regions that were significantly different
between controls and patients after FDR correction.  WMH= white matter hyperintensities. MCI= mild cognitive impairment.
AD= Alzheimer’s dementia. FTD= fronto-temporal dementia. PD= Parkinson’s disease. Images presented in neurological format,
i.e. left is on left.



Figure 2.  Regional grey matter differences between MCI, AD, FTD, PD cohorts and their age-matched controls.  Each row
includes different axial slices covering the brain, showing the t-statistics for regions that were significantly different between
controls  and  patients  after  FDR correction.   MCI= mild  cognitive  impairment.  AD= Alzheimer’s  dementia.  FTD= fronto-
temporal dementia. PD= Parkinson’s disease. Images presented in neurological format.



Figure 3. Significant interactions between WMH loads per tract and cohort, impacting regional GM volumes in MCI, and AD,
FTD, and PD patients (Eq. 3). Each blue line represents a statistically significant connection between a WM tract and increased
atrophy in a brain (FDR corrected p-value<0.05). Line intensities indicate t-statistics, with higher intensities indicating higher
levels of atrophy (lower DBM values) relating to higher WMH burden. Node intensities (indicated in red) reflect the overall
weight of the correlations for each region. WMH=White Matter Hyperintensities. DBM= Deformation Based Morphometry. PD=
Parkinson’s Disease. FTD= Fronto-temporal Dementia. MCI= Mild Cognitive Impairment. AD= Alzheimer’s Dementia.



Figure 4. Significant interactions between cohort and WMH loads per tract affecting cognitive scores in PD, FTD, MCI, and AD
patients (FDR corrected p-value<0.05). Colors indicate the t-statistic values from the mixed effects models (eq. 4), with colder
colors indicating poorer cognitive performance relating to higher WMH burden. WMH=White Matter Hyperintensities. PD=
Parkinson’s Disease. FTD= Fronto-temporal Dementia.  MCI= Mild Cognitive Impairment.  AD= Alzheimer’s Dementia.  All
images in neurological format.


