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Background: White matter hyperintensities (WMH) observed on magnetic resonance imag-
ing (MRI) are associated with aging, vascular risk and cerebral small vessel disease. Limited 
findings suggest that WMH may influence the clinical presentation of Parkinson’s disease 
(PD), although their significance and pathophysiological origins in PD remain largely unre-
solved.  Studies examining WMH have identified pathogenic variants in NOTCH3 as the 
underlying cause of cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL), an inherited monogenic form of cerebral small vessel dis-
ease.  
Methods: We examined the presence of NOTCH3 variants and MRI-quantified (3T) WMH 
volumes in 139 PD patients enrolled in the multi-centre Ontario Neurodegenerative Disease 
Research Initiative (ONDRI) study.  
Results: We determined that there were 13 PD patients (~9%) with rare (seen in <1% of the 
general population), non-synonymous NOTCH3 variants. Bayesian linear modelling compar-
ing patients that were NOTCH3 variant positive vs. NOTCH3 variant negative, accounting for 
conventional risk factors using an aggregate risk score, demonstrated greater volumes of 
WMH in the variant positive group. The magnitude of the multiplicative effect of NOTCH3 
on WMH volume was ~2.2 (between 1.2 and 3.7, 95% probability), demonstrating a doubling 
of WMH volume between NOTCH3 variant negative patients (3.1mL) compared to variant 
positive patients (6.9mL) at the mid-range value of the aggregate risk score. Large effect siz-
es between NOTCH3 variant positive and negative patients were observed for periventricular 
(Cohen’s d = 0.78) but not deep WMH, and with lacunes (Cohen’s d = 1.22) but not with 
enlarged perivascular spaces.  Pearson correlations across the entire sample suggest an overall 
negative association between WMH volumes and general cognition measured by the Montre-
al Cognitive Assessment (r = -0.19, C.I.: -0.32, -0.02), but not with motor phenotype. 
Conclusion: This previously unrecognized over-representation of NOTCH3 rare variants in 
PD may significantly contribute to the increased burden of WMH which in turn, may nega-
tively influence cognition as demonstrated in this and other studies.  Replication of our cur-
rent findings is recommended in larger PD cohorts with structural MRI complimented with 
genetic analysis allowing for identification of NOTCH3 variants. 

Introduction 

White matter hyperintensities (WMH) of presumed vascular 
origin are radiologically defined brain regions of increased 
signal intensity on T2/FLAIR magnetic resonance imaging 
(MRI) that have been associated with aging, vascular risk and 
cerebral small vessel disease.1 Recently, WMH have been 
observed in Parkinson’s disease (PD) patients,2 however, their 
significance and pathophysiological origin remain largely 
unresolved.  Although some studies demonstrate WMH in PD 

to be significantly associated with motor, gait, mild cognitive 
impairment, and decline to dementia,3–11 other studies have 
found no independent association with motor, tremor, falls, 
and/or cognitive decline, beyond that of normal aging.12–19 

Cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) is a monogenic 
form of cerebral small vessel disease with hallmark signs of 
WMH.  CADASIL is caused by heterozygous pathogenic 
mutations in the Notch Receptor 3 gene (NOTCH3),20,21 which 
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is located on chromosome 19p13 and encodes a transmembrane 
receptor in the cytoplasmic membrane of smooth muscle cells 
and pericytes.22 The protein’s extracellular domain comprises 
34 epidermal growth factor-(EGF) like repeats that each have 
six cysteines forming disulphide bonds integral to NOTCH3’s 
tertiary structure and overall function.23 Traditionally, 
pathogenic variants for CADASIL were considered to be those 
that occurred in an EGF-like repeat (most commonly EGF-like 
repeats 1-6) and contributed to the loss or gain of a cysteine 
residue.24 These variants disrupt disulphide bridging, leading to 
protein misfolding, and ultimately NOTCH3 aggregation in 
smooth muscle cell walls, notably within the brain’s 
vasculature.25–27  NOTCH3 variants have also been discovered 
within EGF-like repeats not affecting cysteine residues, yet 
were pathogenic for diffuse WMH and the CADASIL 
phenotype.28 In addition, variants outside the 34 EGF-like 
repeats may contribute to milder cerebrovascular disease.29   

There is also evidence that individuals with CADASIL who 
have pathogenic NOTCH3 variants can present with late-onset, 
slowly progressive parkinsonism.  In general, these cases are 
not levodopa responsive, have more falls, and display greater 
levels of cognitive impairment.30  However, the contribution of 
NOTCH3 variants to PD has not been previously described.  
Here we examine the presence of NOTCH3 variants and WMH 
volumes in PD patients from the Ontario Neurodegenerative 
Disease Research Initiative (ONDRI) cohort. 

Methods 

Participants 

Patients were recruited from multiple tertiary care centers as 
part of ONDRI (http://ondri.ca/), a multi-centre study with 
multiple data platforms including standardized genetics, brain 
MRI and detailed demographic/clinical assessments31 (see 
Supplementary Methods for a full list of recruitment sites).  
Ethics approval was obtained from all participating institutions. 
Study participants and study partners gave written informed 
consent.  Patients met criteria for idiopathic PD defined by the 
United Kingdom’s Parkinson’s Disease Society Brain Bank 
clinical diagnostic criteria at the time of enrollment,32 had a 
good and sustained response to dopamine replacement therapy 
as established by the investigator, and had a Hoehn and Yahr 
stage 2-3  in the “on” medication state.  

Genomics, Neuroimaging & Clinical Assessments 

Blood samples were obtained from all participants following 
informed consent and in accordance with the Research Ethic 
Boards at each ONDRI approved location. DNA was then 
sequenced using ONDRISeq, a custom-designed next-
generation sequencing panel that targets 80 genes, each 
associated with Alzheimer’s disease; amyotrophic lateral 
sclerosis; frontotemporal dementia; PD; and/or cerebrovascular 
disease (e.g. NOTCH3).33,34 Briefly, the Nextera Rapid Custom 
Capture Enrichment Kit (Illumina, San Diego, CA, USA) was 
used to prepare next-generation sequencing libraries and were 
sequenced using the Illumina MiSeq Personal Genome 
Sequencer and the MiSeq Reagent Kit v3 (Illumina) at the 
London Regional Genomics Centre, according to 
manufacturers’ instructions. Resulting FASTQ raw sequencing 
files were aligned to the human reference genome build 
GRCh37/hg19 and variants were called, using a customized 
workflow in CLC Bio Genomics Workbench 10.1.1 (CLC Bio, 
Aarhus, Denmark). Variants were annotated with a customized 
Annotate Variation (ANNOVAR) script. 

Variants identified within the NOTCH3 gene were analyzed, 
and variants were prioritized if they were nonsynonymous in 

sequence ontology and appeared at a minor allele frequency 
(MAF) of less than 1% in the Exome Aggregation Consortium 
database (ExAC).  Variants were further prioritized if they 
displayed evidence of being likely deleterious, either with an in 
silico Combined Annotation Dependent Depletion (CADD) 
Phred score of >20 (top 1% of deleterious variants in the 
human genome) or having previously been associated with 
disease by the Human Gene Mutation Database (HGMD) or 
ClinVar. Individuals that harboured at least one prioritized 
NOTCH3 variant are hereafter referred to as NOTCH3 variant 
positive, whereas those who did not harbour a variant are 
referred to as NOTCH3 variant negative. 

Due to the association between the apolipoprotein E (APOE) 
E2 allele and increased WMH volume in individuals with 
CADASIL,35 APOE genotypes were obtained from the 
ONDRISeq data. The customized ANNOVAR script was used 
to extract calls for the APOE variants rs429358
(CT):p.Cys130Arg and rs7412(CT):p.Arg176Cys and map to 
the respective APOE genotype for each participant, as 
previously described.36 

Harmonized with the Canadian Dementia Imaging Protocol,37 
3T MRI was performed at each ONDRI site and included the 
following sequences: 3D T1-weighted (T1), T2-weighted fluid 
attenuated inversion recovery (FLAIR), and an interleaved T2-
weighted (T2) and proton density. MRI scans were fully 
evaluated by a neuroradiologist (S.S.) for incidental findings.  
MRI-based volumetrics were acquired using previously 
published methods,38 which included quantification of WMH 
volumes and an individualized measure of head size obtained 
from the supra-tentorial intracranial volume (ST-TIV). 

Standard clinical and demographic assessments were acquired, 
including the Movement Disorder Society-Unified Parkinson’s 
Disease Rating Scale (MDS-UPDRS)39 and the Montreal 
Cognitive Assessment test (MoCA).40  Blood pressure (seated 
and standing), cholesterol (HDL/LDL), blood sugar (HbA1C), 
history of depression, and hip/waist ratio were all collected. 

Statistical Analysis 

Data visualization was performed using RStudio version 
1.2.1335 (RStudio, Inc., Boston, MA) and ITKSnap.41  
Statistical analyses were performed using the R package.42 

Our primary aim was to determine the prevalence of NOTCH3 
variants in the ONDRI PD cohort, and to test the hypothesis 
that WMH volumes were significantly higher in the patients 
with NOTCH3 variants after controlling for hypertension, 
diabetes, age, sex, and the presence of the APOE E2 allele.43,44 
The secondary aims were to examine whether NOTCH3 
variants were associated with greater overall motor impairment 
(MDS-UPDRS: Part III total score), particularly lower limb 
parkinsonism (MDS-UPDRS: lower extremity rigidity, toe tap, 
leg agility, rest tremor amplitude for lower extremities), less 
tremor (MDS-UPDRS: postural, kinetic, and rest), greater 
postural instability, and more freezing (FoG-Q), b) a history of 
depression, and c) greater general cognitive impairment 
measured by total MoCA score.  Lastly, Pearson r correlations 
between WMH and tremor, postural instability/gait, and motor 
phenotype (tremor dominant vs. postural instability/gait 
disorder) were also examined. 

In order to account for the commonly observed highly skewed 
distribution of WMH volumes, and individual differences in 
head size,45,46 we determined that a natural log transform 
yielded a more normal appearing sampling distribution and 
variance that was more stable across the range of head sizes 
assessed by the ST-TIV (see Supplemental Figure 1).  To 

http://ondri.ca/


3 

account for conventional risk factors and presence of the APOE 
E2 allele,47,48 we found significant bivariate associations with 
hypertension, diabetes, age and male sex (odds ratios ranging 
from 0.72 to 1.41).  Based on associations between these 
variables, we calculated a weighted risk score as follows:  
hypertension (+2), diabetes (+2), male (+1), less than or equal 
to 60 years (-1), greater than 80 years of age (+2), and a 
constant (-2.5) (Risk scores, demographics and clinical history 
by counts and percentages are summarized on Supplementary 
Tables 1 and 2).  In order to estimate the magnitude of 
association between NOTCH3 variation and WMH volume, we 
fit a Bayesian linear model using the R2WinBUGS package in 
R.49  Thus, the outcome measure was log-transformed, head 
size adjusted total WMH volume.  Regressor variables included 
risk score, an APOE E2 allele indicator variable, and a 
NOTCH3 variant indicator variable. An uninformative prior 
normal distribution (m = 0, s = 1,000) was specified for each of 
the intercept and regression coefficients and a gamma 
distribution for residual variance. Results 

Of the 140 PD patients enrolled in the ONDRI study, 139  were 
sequenced using the ONDRISeq panel. In total, 13 PD patients 
harboured prioritized non-synonymous rare variation in the 
NOTCH3 gene. Twelve patients each harboured a single 
variant, and one patient harboured two variants (c.3704A>T: 
p.His1235Leu and c.6201dupC: p.Gly2068Argfs). In total, 
there were 13 unique variants, with only one variant identified 
in two different individuals (Table 1). Twelve of the prioritized 
variants were missense variants and one was a frameshift 
insertion. Eight of the prioritized variants were previously 
associated with disease according to HGMD or ClinVar. 
Importantly, three of the variants were cysteine-modifying — 
one identified in EGF-like repeat 14 and two identified in EGF-
like repeat 31.  Overall, the n=13 PD patients that were 
NOTCH3 variant positive were compared with n=126 patients 
that were NOTCH3 variant negative.  

A comparison of patient demographics, MRI-based whole brain 
volumetrics, clinical measures, and effect sizes estimated from 
Cohen’s d and Cramér's ф (for categorical variables) according 
to NOTCH3 status are reported in Table 2. Large effect sizes 
are highlighted in bold and marked with an asterisk.  Overall, 
there was a greater representation of men compared to women 
in the NOTCH3 variant negative group as indicated by 
Cramér's ф = 0.77.  Periventricular WMH volumes were greater 
in the NOTCH3 variant positive group (8379.2mm3 vs. 
4079.0mm3, Cohen’s d = 0.78).  Lacunar volumes were also 

Abbreviations: AD, Alzheimer’s disease; CADASIL, cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy; cDNA, coding DNA; EGFr, epidermal 
growth factor-like repeat; ExAC, Exome Aggregation Consortium; MAF, minor allele fre-
quency; NA, not applicable; WML, white matter lesions. Previous disease associations were 
defined based on the Human Gene Mutation Database. 

Table 1 – Prioritized non-synonymous rare variants identified within the 

† Cohen's d for continuous variables, Cramér's ф for categorical variables. 
Large effect sizes are highlighted with an asterisk (*). 
a Data available in 125/126 individuals. 

Figure 1. Scatter plot of WMH (head-size adjusted) versus aggregate 
risk score. NOTCH3 variant positive patients are indicated in red; non-
parametric smoothers (solid) and additive linear fit (dotted) are super-
imposed (see Supplementary Figures for log WMH scatter plot). 

Table 2 – Study participant demographics, raw whole brain volumetrics ob-
tained from MRI, and clinical measures commonly associated with vascular 
risk.  Note that raw volumes are reported for transparency, statistical analyses 
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greater in the NOTCH3 variant positive group (485.0mm3 vs. 
82.6mm3, Cohen’s d = 1.22). 

A scatter plot of total WMH volume versus aggregate risk score 
is plotted in Figure  1: NOTCH3 variant positive patients (red), 
non-parametric smoothers (solid) and additive linear fit 
(dotted).  Note there is an association between the aggregate 
risk score and WMH volumes.  There were two NOTCH3 
variant positive patients, one harbouring c.884T>G: 
p.Leu295Arg and one harbouring c.1931T>A: p.Val644Asp, 
with high aggregate risk score and relatively low WMH.  They 
might be expected to exert a negative bias on the estimate of the 
magnitude of association between NOTCH3 and WMH. 

Graphical diagnostics indicated successful convergence of the 
simulation.  The magnitude of the multiplicative effect of 
NOTCH3 on WMH volume is about 2.2 (between 1.2 and 3.7, 
95% probability).  In order to describe the strength of evidence 
for a conditional association between NOTCH3 and log 
adjusted WMH, we calculated Bayes factor using the 
BayesFactor package in R.  This represents an approximate 
doubling of total WMH volume between NOTCH3 variant 
negative participants (mean ~3.1 mL) and NOTCH3 variant 
positive (mean ~6.9 mL) at the midpoint of the aggregate risk 
score.   

Scatter plots showing log WMH volumes (head size corrected) 
by MoCA total, tremor, motor phenotype, and postural 
instability for the entire PD sample are shown on Figure 2, 
Pearson correlation with WMH volume suggest an overall 
negative association with general cognition as measured by the 
MoCA (r=-0.19, C.I: -0.32, -0.02). No other significant 
associations were demonstrated.  

Discussion 

The main finding from this analysis of PD patients is that 
NOTCH3 variant positive patients have double the total volume 
of WMH compared to NOTCH3 variant negative patients.  
These findings were based on data that was adjusted for age, 
vascular risk factors, and the presence of the APOE E2 allele.  
To our knowledge, this is the first report suggesting that rare 

NOTCH3 variants may be relevant in the brain pathology of 
idiopathic PD. 

The 13 unique NOTCH3 variants identified herein have not 
undergone functional analysis to confirm pathogenicity. 
However, using a nonsynonymous rare variant prioritization 
strategy, along with pathogenicity predictions based on in silico 
analysis or previous association with disease, we aimed to 
select variants most likely to contribute to disease presentation. 
Only one variant had a CADD Phred score below 20 (top 1% of 
deleterious variants) and eight of the variants were previously 
identified in individuals with CADASIL, WMH or atypical 
Alzheimer’s disease. Yet, 10 of the variants were not cysteine-
modifying and six were located outside of the EGF-like repeats, 
both of which would be atypical for CADASIL-related variants. 
Previously, it was hypothesized that these atypical NOTCH3 
variants may contribute to more mild presentations of 
CADASIL and cerebrovascular disease.28,50 Rather than 
contributing to the patients’ PD pathology directly, NOTCH3 
variants may modify disease presentation by influencing WMH 
burden. Yet, the late onset of parkinsonism in some CADASIL 
cases suggests we should not discount the possibility of 
NOTCH3 variation contributing to the pathology of PD. 

Three individuals harboured cysteine-modifying NOTCH3 
variants within an EGF-like repeat that have been previously 
associated with the CADASIL phenotype.24,51–53  These patients 
were individually analyzed and only one (carrier of c.3691C>T: 
p.Arg1231Cys) stood out as having more severe 
cerebrovascular burden, consistently appearing in the top 10 
worst cases of total, periventricular and deep WMH, and with a 
higher burden of lacunes and enlarged perivascular spaces 
(PVS).  Interestingly, the individual with the greatest amount of 
vascular burden harboured a variant in EGF-like repeat 25, but 
is not cysteine-altering (c.2978C>T: p.The993Met) and has not 
been previously associated with disease. Further, this individual 
harboured an APOE E3/3 genotype. Additional analysis 
regarding the pathogenicity of this NOTCH3 variant is needed. 

In addition to total WMH volumes, regional delineations (eg., 
lobar, deep vs. periventricular), lacunes and enlarged PVS, are 
well established MRI-based markers of cerebral small vessel 
disease.1  Although the sample size and large variability with 
respect to these imaging markers limited our statistical ability 
to analyse these volumes, the effects sizes shown in Table 2 
suggest that the NOTCH3 variant positive patients had greater 
burden of periventricular (8.4mL vs. 4.1mL, Cohen’s d = 0.78) 
but not deep WMH, and lacunes (485mm3 vs. 82.6mm3, 
Cohen’s d = 1.22) but not PVS.  Apart from some limited case 
reports,54,55 previous studies examining PD patients with WMH 
did not include additional analyses of lacunes and PVS burden.  
Future studies with larger sample sizes are needed to validate 
these observations. 

As WMH burden is commonly associated with aging and 
vascular risk factors, we generated an aggregate risk score to 
account for possible differences due to some conventional risk 
factors.  This approach provided us with the assurance that the 
differences in WMH burden were not due to an imbalance in 
age or vascular risk (such as diabetes or hypertension) in the 
NOTCH3 positive patients, without loading the analysis with 
too many covariates. Additionally, the effect sizes reported in 
the clinical measures shown in Table 2, suggest relatively 
insignificant differences between the NOTCH3 positive and 
negative patients with respect to HbA1C, cholesterol, blood 
pressure, and hip/waist ratio. 

Although cognition and motor phenotype were not significantly 
different between NOTCH3 variant positive and negative 

Figure 2. Scatter plots showing head size corrected log WMH 
volume (x-axis) by  MoCA total (top left), tremor (top right), motor 
phenotype (tremor dominant vs. postural instability/gait disorder)
(bottom left), and postural instability/gait (bottom right) scores. 
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patients, the Pearson correlations across our entire sample 
suggest an inverse relationship between WMH volume and 
cognition.  This correlation from our study lends some support 
to the notion that WMH influence the cognitive presentation of 
PD, however, in the absence of a proper control group and long
-term disease tracking, our correlations should be interpreted 
with some caution. A recent cross-sectional analysis of the 
Dutch PROPARK cohort (PD, n=163) demonstrated a 
relationship between visuospatial functioning and 
periventricular WMH in PD patients,56 while a retrospective 
analysis of a different Dutch cohort (n=204) found no 
relationship with self-reported cognition.17 Longitudinally, the 
multi-site PPMI study demonstrated higher baseline WMH 
burden was associated with future cognitive decline and 
cortical thinning over a four year period,11 while the DeNoPa 
study reported no modifying effects on cognitive function with 

a two year follow-up 
period.15  Another 
smaller study found 
various relationships 
with WMH and 
brain atrophy, but 
age-adjustment 
eliminated the 
correlations,12 
further emphasizing 
the well-established 
finding that WMH 
are an age-related 
phenomenon.  These 
heterogeneous 
reports in the 
literature is further 
exacerbated by the 
difficulty to interpret 
findings from 
studies using 
different cognitive 
assessments tools 
and significantly 
different approaches 
to measure WMH 
burden.4,14   

The main strength of this study was our ability to draw data 
from ONDRI’s unique study design.  ONDRI implemented a 
standardized multi-centre, multi-platform approach, which 
enabled the analysis MRI-based neurovascular biomarkers and 
genomic information that were obtained using validated 
quantification methods in their respective fields, both of which 
are not traditionally acquired in PD clinics.  As previously 
mentioned, the main limitations include the limited statistical 
power, the lack of a normal control sample, and the cross-
sectional analysis. 

As ONDRI’s longitudinal data rolls in, serial MRI processing, 
long-term disease tracking combined with a more 
comprehensive analysis of the neuropsychological profile of 
our patients will be possible.  Indeed, the influence of WMH in 
the clinical presentation and progression of PD remains largely 
unresolved; however, our current findings recommend that 
future research studies in PD include structural MRI for 
quantification of WMH, complimented with a genomic 
analysis that allows for the identification of NOTCH3 variants. 
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Supplementary Methods 

Patient recruitment sites: 

The London Health Science Centre in London; the Ottawa 

Civic Hospital in Ottawa; St. Michael’s Hospital, Sunnybrook 

Health Sciences Centre, and Toronto Western Hospital 

(University Health Network) in Toronto.  

Research Ethics Board sites for blood collection approval for 

the purposes of DNA sequencing: 

Hamilton General Hospital (Hamilton, Ontario, Canada); 

McMaster (Hamilton, Ontario, Canada); Parkwood Hospital 

(London, Ontario, Canada); London Health Sciences Centre 

(London, Ontario, Canada); The Ottawa Hospital (Ottawa, 

Ontario, Canada); University Health Network Elizabeth 

Bruyère Hospital (Ottawa, Ontario, Canada); Baycrest Centre 

for Geriatric Care (Toronto, Ontario, Canada); Centre for 

Addiction and Mental Health (Toronto, Ontario, Canada); St 

Michael’s Hospital (Toronto, Ontario, Canada); Sunnybrook 

Health Sciences Centre (Toronto, Ontario, Canada); and 

Toronto Western Hospital (Toronto, Ontario, Canada). 

MRI acquisition sites and systems: 

Siemens Health Care (Siemens, Erlangen, Germany) Prisma at 

the London Health Sciences Centre and at Sunnybrook Health 

Sciences Centre, Siemens TrioTim at Ottawa Hospital, a 

Siemens Skyra at St. Michael's Hospital, a GE Signa HDxt at 

Toronto Western Hospital, and General Electric (GE, 

Milwaukee, WI) Discovery 750 was also used at Sunnybrook 

Health Sciences Centre. 

 

SUPPLEMENTARY METHODS, TABLES & FIGURES 

Supplementary Table 1 – Odds ratios summarizing association between 
binary risk variables. 

Supplementary Table 2 – Summary of demographic and clinical history 
(counts and percentages of the stratum). 

Supplementary Figure 1. A scatter plot of log white matter hyperin-
tensity (WMH) volume versus supratentorial total intracranial (ST-
TIV). A non-linear smoother (solid line) and a quadratic function 
(dashed line) were fitted to the data to examine the association 
between WMH and ST-TIV. 

Supplementary Figure 2. Scatter plot of log WMH (head-size adjust-
ed) versus aggregate risk score. NOTCH3 variant positive patients are 
indicated in red; non-parametric smoothers (solid) and additive linear 
fit (dotted) are superimposed. 


