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ARTICLE INFO ABSTRACT

Keywords: Background: White matter hyperintensities (WMH) are frequently observed on T2-weighted brain magnetic
Aged resonance imaging studies of healthy older adults and have been linked with impairments in balance, gait, and
Cognitive impairment cognition. Nonetheless, few studies have investigated the longitudinal effects of comorbid WMH on cognition
Magnetic resonance imaging and motor function in Parkinson's disease.

Neur,mmagmg . Methods: The Lesion Segmentation Tool for Statistical Parametric Mapping was used to obtain total lesion vo-

Parkinson's disease/pathology* . S .. .

White matter hyperintensities lume and map regional WMH probabilities in 29 PD and 42 control participants at two study visits 18 months
apart. Both cross-sectional and longitudinal comparisons were made between composite scores in the domains of
executive function, memory, and language, and Unified Parkinson's Disease Rating Scale (UPDRS) scores.
Results: We found no difference between disease and control groups in total WMH volume or progression during
the study. Greater regional and global WMH at baseline was more strongly associated with lower executive
function in PD subjects than in controls. Increased regional WMH was also more strongly associated with im-
paired memory performance in PD relative to controls. Longitudinally, no associations between cognitive change
and total or regional WMH progression were detected in either group. A positive relationship between baseline
regional WMH and total UPDRS scores was present in the control group, but not PD. However, greater WMH
increase was associated with a greater increase in UPDRS motor sub-scores in PD.

Conclusions: These findings suggest that although PD patients do not experience greater mean WMH load than
normal aged adults, comorbid WMH do exacerbate cognitive and motor symptoms in PD.

1. Introduction et al., 2015). It is hypothesized that ultimately an interplay of ischemic,

inflammatory, and protein deposition processes contribute to the for-

White matter hyperintensities (WMH) are areas of high signal in-
tensity on T2-weighted fluid attenuated inversion recovery (T2FLAIR)
magnetic resonance imaging (MRI) sequences. WMH increase in fre-
quency and volume with age and are most densely distributed in the
deep cerebral white matter (WM) and periventricular regions, pro-
gressing from discrete to confluent lesions (de Leeuw et al., 2001;
Murray et al., 2010; Yamawaki et al., 2015). Pathological and long-
itudinal observations, as well as the presence of reduced blood flow in
normal appearing WM prior to the formation of WMH (Bernbaum et al.,
2015) suggests an ischemic etiology (Hachinski et al., 1987; Wardlaw

mation and progression of these lesions. Consequent microglial and
endothelial activation, as well as associated blood brain barrier
breakdown, may initiate a neuropathological cascade that contributes
to neurodegeneration (Shechter and Schwartz, 2013). Hypertension,
loss of cerebral autoregulation, and blood pressure (BP) fluctuations
have generally been associated with WMH (Mok and Kim, 2015). The
clinical consequences of WMH have been debated over the years, but
emerging evidence suggests that WMH, along with enlargement of the
perivascular spaces, represent a continuum of age- and cerebrovascular-
related changes that affect brain function. The relationships between
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WMH and executive dysfunction, global cognitive impairment, rigidity,
falls, and gait and balance disorders in non-Parkinson's disease elderly
are well documented (Baezner et al., 2008; Baloh et al., 1995; Camarda
et al., 2018; Gunning-Dixon and Raz, 2000; Kerber et al., 1998; Murray
et al., 2010; Novak et al., 2009; Prins et al., 2005; Rosano et al., 2007;
Tullberg et al., 2004).

Parkinson's disease (PD) is a multi-system disorder that shares some
of the cognitive and motor dysfunctions associated with high WMH
burden in the non-PD elderly. However, there is lack of consensus about
the extent to which comorbid WMH contribute to clinical features in
Parkinson's patients. Although early studies reported a greater burden
of WMH in PD (Piccini et al., 1995; Stern et al., 1989), later studies
suggested not (Acharya et al., 2007; Dalaker et al., 2009a, 2009b).
Associations between greater burden of WMH in PD patients and axial
symptomatology, falls, and the postural instability gait difficulty var-
iant of the disease have been reported (Bohnen and Albin, 2011;
Bohnen et al., 2011; Lee et al., 2009). However, these relationships
haven't been found in other cohorts (Herman et al., 2013; Stawek et al.,
2010). Dysautonomia, a frequent accompaniment of PD, manifested as
both orthostatic hypotension and supine hypertension, has been re-
ported to be correlated with WMH in PD in some studies (Oh et al.,
2013). Reports disagree regarding the relationship between WMH load
and cognitive impairment in PD, and whether WMH load predicts the
development of dementia (Burton et al., 2006; Choi et al., 2010;
Dalaker et al., 2009a, 2009b; Gonzalez-Redondo et al., 2012;
Haugarvoll et al., 2005; Kandiah et al., 2013; Lee et al., 2010; Lee and
Lee, 2016; Mak et al., 2015; Santangelo et al., 2010; Sunwoo et al.,
2014; Stawek et al., 2008, 2010, 2013).

Differences in methodology may explain some of the inconsistent
findings in studies on WMH. While automated techniques to measure
WMH lesion volume have been developed more recently (Bohnen et al.,
2011; de Boer et al., 2009), many previous investigations used semi-
quantitative visual rating scales (Brant-Zawadzki et al., 1985; Fazekas
et al., 1987; Longstreth et al., 1996; Scheltens et al., 1993). While au-
tomated techniques avoid inter-rater variance, the anatomic location of
WMH with respect to eloquent connections may not be taken into ac-
count. The approach taken in the present study attempts to balance the
benefits of both techniques by performing automated total lesion vo-
lume quantification as well as voxel-wise analyses of regional re-
lationships based on lesion probability maps (LPMs) generated using
the Lesion Segmentation Tool (LST; Schmidt et al., 2012) available for
Statistical Parametric Mapping (SPM).

Considering the paucity of longitudinal investigations, as well as the
divergence of cross-sectional results regarding the impact of comorbid
WMH on cognitive function in PD, the primary aim of this study was to
evaluate the relationship between total and regional WMH and cogni-
tion in PD, both cross-sectionally and longitudinally. We hypothesized
that WMH would adversely affect cerebral reserve, thus producing
greater cognitive effects in PD subjects versus controls.

2. Methods
2.1. Study participants

Participants were recruited into the V.A.-sponsored Longitudinal
MRI in Parkinson's Disease (LMPD) study through the William S.
Middleton V.A. and University of Wisconsin neurology clinics, as well
as the Wisconsin Alzheimer's Disease Research Center (ADRC). While a
few controls were relatives of PD participants, the majority were par-
ticipants in ongoing longitudinal studies run by the Wisconsin ADRC,
recruited into the LMPD study as controls under a resource use agree-
ment. Participants were screened for significant cognitive impairment
or dementia using the Mini-Mental State Examination (MMSE; Folstein
et al., 1975; O'Bryant et al., 2008), and those scoring < 27/30 were
excluded. Additional exclusion criteria included a medical history of
major/active cardiovascular, cerebrovascular, or peripheral vascular
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disease. Participants completed two study visits 18 months apart, each
consisting of a clinical and neuropsychological assessment battery,
brain MRI, orthostatic blood pressure measurements, and Unified Par-
kinson's Disease Rating Scale (UPDRS; Fahn and Elton, 1987) scoring by
a movement disorders neurologist (C.G.). The UPDRS is an extensive
rating scale that consists of sections for (1) mentation, behavior, and
mood, (2) self-evaluation of activities of daily living, (3) clinician
evaluation of motor function, (4) complications of therapy, (5) mod-
ified Hoehn and Yahr staging, and (6) the Schwab and England activ-
ities of daily living scale (Fahn and Elton, 1987). PD participants
completed study procedures off anti-Parkinson medications for
12-18h.

Orthostatic blood pressure was collected as an index of dysauto-
nomia, a frequent symptom of PD that has been associated with WMH
(Oh et al., 2013). Blood pressure (BP) was measured using an auto-
mated cuff, after participants had been supine in the MRI scanner for
1 h, and again after 3 min standing. A drop in systolic blood pressure of
=20 mmHg between supine and standing positions was considered
indicative of orthostatic hypotension (OH). Mean arterial pressure,
supine and standing, was calculated as follows: MAP = (Systolic
BP + 2*Diastolic BP)/3.

Of the 85 participants who completed the baseline visit, 71 (29 PD
and 42 controls) completed the 18-month follow-up visit with good
quality clinical and imaging data and were included in the analyses.
Informed consent was obtained from all study participants, and all
study procedures were approved by the University of Wisconsin
Institutional Review Board and the Research and Development com-
mittee of the William S. Middleton Memorial Veterans Hospital. All
procedures were in accordance with the Helsinki Declaration of 1975.

2.2. Neuropsychological assessments

Neuropsychological testing was conducted immediately prior to
brain MRI, with PD participants in the off-medication state. The cog-
nitive battery was designed to evaluate performance within the do-
mains of executive function, memory, and language and included ca-
tegory (Goodglass and Kaplan, 1972; Rosen, 1980) and phonemic
fluency (C-F-L form; Benton and Hamsher, 1976) tests, Trail Making
Tests A and B (Reitan and Wolfson, 1993), Wisconsin Card Sort Test —
64 (WCST-64; Grant and Berg, 1948; Heaton et al., 1993), Hopkins
Verbal Learning Test (HVLT; Benedict et al., 1998; Brandt, 1991), and
Boston Naming Test (BNT; Kaplan et al., 1983). The Wide Range
Achievement Test — Fourth Edition (WRAT-IV) reading test (Wilkinson
and Robertson, 2006) was used in lieu of years of formal education, as
an index of quality of educational attainment (Manly et al., 2002; Rohit
et al., 2007; Sayegh et al., 2014).

To improve the stability of measures within cognitive domains, in-
dividual task scores were combined to create composite measures for
executive function, memory, and language. To accomplish this, subject-
and visit-specific individual task scores (x) were scaled according to a
cognitively normal baseline frame of reference using the baseline con-
trol group mean (1) and standard deviation (o.) to generate a z-score as
follows: [z-score = (x-l1.)/0.]. Individual z-scores were then combined
as follows: Executive composite = [(Category Fluency + WCST-64
categories completed — {Trails Part B — Trails Part A time})/3]; Memory
composite = [(HVLT delayed recall + recognition discrimination
index)/2]; Language composite = [(BNT + Phonemic Fluency)/2].
Change within each measure was calculated by taking the difference
between baseline and follow-up z-scores. In the case of language, only
baseline and follow-up phonemic fluency scores were included in this
calculation in cases where raw BNT change was less than the reliable
change index of 6 (Sachs et al., 2012).

Due to the known relationship between depression and cognitive
impairment in both PD and non-PD elderly (Morimoto et al., 2014;
Troster et al., 1995), the Geriatric Depression Scale (GDS-30; Yesavage
et al., 1982) was obtained to investigate whether groups differed based
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on depression status, and thus, if our analyses required correction for
the confounding effect depression may have on group comparisons of
cognitive performance. In both PD and non-PD elderly, major depres-
sive disorder (MDD) can be indicated by a GDS score of 9 or greater
(Schrag et al., 2007; Yesavage et al., 1982). Based on this criterion, 7
PD and 3 control participants met GDS cutoff for depression at baseline.
The ratio of participants with depression did not differ between groups
(p > .05, via Fisher's Exact Test), and therefore, the use of depression
status as a covariate was not indicated.

2.3. Brain image acquisition

Brain MRIs were acquired on a GE 750 Discovery 3T MRI system
(General Electric Healthcare, Waukesha, WI) with an eight-channel
phased array head coil. The same scanner and sequences were used at
the baseline and follow-up visits. For WMH segmentation, two struc-
tural sequences, a high resolution 3D brain volumetric (BRAVO) T1-
weighted inversion prepared sequence of inversion time (TI) = 450 ms,
repetition time (TR) =8.2ms, echo time (TE)= 3.2ms, flip
angle = 12°, acquisition matrix = 256 x 256, field of view
(FOV) = 256 mm, and slice thickness = 1.0 mm collected in the axial
plane, and a 3D T2-weighted fluid-attenuated inversion recovery
(T2FLAIR) sequence in the sagittal plane of TR = 6000 ms,
TE = 124ms, TI=1867ms, flip angle =90°, acquisition ma-
trix = 256 X 256, FOV = 256 mm, and slice thickness = 2.0 mm, no
gap, yielding a 1 x 1 x 2mm voxel resolution, were acquired.

2.4. Intracranial volume calculation

Intracranial volume (ICV; mL) was calculated for the purpose of
scaling WMH volume to head size from T1-weighted images according
to the reverse brain masking method (Keihaninejad et al., 2010).

2.5. White matter hyperintensity segmentation

Total volume of WMH was calculated from each subject's baseline
and follow-up images using the Lesion Segmentation Tool, version
2.0.15 (LST; Schmidt et al., 2012) for SPM12, which has been used
previously by our group (Birdsill et al., 2014; Pozorski et al., 2018).
During this process, lesions are seeded based on spatial and intensity
probabilities from the T1 images and hyperintense outliers on T2FLAIR
images. The initial threshold was set at 0.3 to create a conservative
binary lesion map, from which a growth algorithm (Schmidt et al.,
2012) enlarges these seeds to grow lesion probability maps (LPMs)
along hyperintense T2FLAIR voxels. The LPMs were then visually in-
spected against the T2FLAIR images to ensure accurate capture of
WMHs.

2.6. Longitudinal mapping

To ensure congruence between the LPMs at each time point, the
longitudinal LST pipeline was then employed (Schmidt et al., 2012;
https://www.applied-statistics.de/Ist.html). The pipeline proceeds by
comparing all consecutive time points (T2FLAIR images and lesion
probability maps) in an iterative manner, determining if changes in
lesion structure are significant or due to “natural variations of the
T2FLAIR signal.” In areas originally labeled as lesions by the LGA at
either time point, non-significant differences of the T2FLAIR signal are
labeled as lesions in both probability maps. Conversely, significantly
different T2FLAIR signals between time points are labeled as lesions
only in the respective time point. Therefore, lesion structure change is
only considered significant in regions where T2FLAIR signal is sig-
nificantly different between timepoints, and thus, the longitudinal LST
pipeline produces “corrected” LPMs that may differ from the original
maps segmented based on a single time point. Then, each participant's
corrected baseline LPM was subtracted from the corresponding follow-

NeuroImage: Clinical 23 (2019) 101870

up LPM to create lesion change maps. Subsequently, the baseline LPM,
lesion change maps, and T2FLAIR images were normalized to Montreal
Neurological Institute (MNI) standard space by applying the deforma-
tion field produced by coregistering the baseline T1 image to standard
space. Both baseline and change LPMs were smoothed with an 8-mm
Gaussian Kernel. All LPMs were visually inspected against their re-
spective T2FLAIR images for accuracy following each step.

To compare total WMH burden between groups and to evaluate its
association with clinical measures, subject- and visit-specific total le-
sion volumes (TLVs; mL) were extracted from corrected LPMs generated
using the longitudinal LST pipeline (Schmidt et al., 2012). TLVs were
divided by the corresponding ICV and multiplied by 100 to convert
them into a WMH ratio (WMHr; Birdsill et al., 2014; Pozorski et al.,
2018) in units of percent ICV. Since the WMHr variable showed sig-
nificant skewedness, it was log transformed and added to a constant of
1 to produce uniformly positive values (Birdsill et al., 2014). The re-
sulting value of WMH [log;o(WMHr) + 1] was used for analysis. To
calculate within-subject WMH change, total baseline WMH was sub-
tracted from follow-up.

2.7. Statistics

2.7.1. Cross-sectional analyses of baseline data

Statistical analysis was completed using International Business
Machine's Statistical Program for the Social Sciences (IBM SPSS;
Version 22.0). Comparisons between PD and control groups were car-
ried out using two-tailed independent samples t-tests, Mann-Whitney U
tests for non-normally distributed data, determined via Shapiro-Wilk
tests, and one-way analysis of covariance (ANCOVA). Dichotomous
variables such as sex were evaluated using Fisher's exact test.

Group differences in the relationship between WMH and cognitive
measures or UPDRS scores were evaluated in regression models with
the cognitive index or UPDRS score as the dependent variable, and
group (PD versus control), WMH, and group-by-WMH as explanatory
terms. Non-significant between-group regressions were followed up
with post hoc, within-group regressions to detect situations in which a
similar, significant relationship between WMH and the cognitive vari-
able was present in both groups, leading to a non-significant interaction
effect. Age, sex, and education were included as covariates for all tests.
Supine MAP was also included as a covariate due to the known re-
lationship of WMH to blood pressure, as well as previous reports of an
additional relationship between WMH and supine BP in PD (Oh et al.,
2013). In addition, smoking has been found to be related with increased
WMH burden (Habes et al., 2016; Power et al., 2015); therefore, pack-
years (pack-years = average number of packs smoked per day * years
smoked) was also included as a covariate.

Significance was determined according to the Holm-Bonferroni
procedure. Planned comparisons, including group comparisons of total
baseline WMH burden and between-group regression results, were
considered significant at p < .05, as they were the primary study
outcome and should be evaluated at the most sensitive level (Holm,
1979). Post hoc comparisons, including within-group regressions, were
corrected for multiple comparisons according to the Holm-Bonferroni
procedure at an alpha of 0.05.

Voxel-wise analyses of the normalized LPMs were conducted in
SPM12. An independent samples t-test was performed to investigate
group differences in regional WMH burden. Regression models were
used to evaluate where the relationship between WMH and cognition
differed by group: WMH probability maps were modeled as the de-
pendent variable and group, cognitive index, and group-by-cognitive
index interaction terms were the independent variables. Age, sex,
education, supine MAP, and pack-years were included as covariates. In
the case of a null result, within-group regressions were conducted to
detect similar relationships between WMH and cognition in both
groups. To restrict the analyses to WM, a mask produced by binarizing
the ICBM Tissue Probability Atlas WM map at a threshold of 0.3 was
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applied as an explicit mask. To control for multiple comparisons, Monte
Carlo simulations with 10,000 iterations were performed using Analysis
of Functional Neurolmages (AFNL Version 18.1.18 3dClustSim; Cox,
1996; Saad and Reynolds, 2012) to compute the voxel-probability and
minimum cluster-extent threshold needed to obtain a 0.05 familywise
alpha with the original uncorrected per-voxel threshold of p < .001. A
minimum cluster-extent of 300 contiguous voxels was determined to be
significant (p < .05, cluster-corrected). The Johns Hopkins University
(JHU) ICBM DTI-81 WM labels atlas (Hua et al., 2008; Mori et al., 2005;
Wakana et al., 2007) and MRI Atlas of Human White Matter (Oishi
et al., 2011) were utilized to identify regions of association.

2.7.2. Longitudinal comparisons

Relationships between total WMH volume change (WMH,) and
change in UPDRS scores or neuropsychological measures were eval-
uated using similar regression models to those used for the cross-sec-
tional data, substituting WMH volume change and clinical change as
the variables of interest, while controlling for age at follow-up, sex,
education, time between study visits (years), supine MAP (averaged
across the two visits), and pack-years. Similar to the cross-sectional
data, planned comparisons were significant at p < .05 and post hoc
comparisons were corrected for multiple comparisons according to the
Holm-Bonferroni procedure with an alpha = 0.05.

As with the cross-sectional data, voxel-wise analyses were con-
ducted in SPM12, with LPM change maps as the dependent outcome
and neuropsychological change scores as the explanatory variables.
Age, sex, education, supine MAP, time between visits, and pack-years
were included as covariates. Results were restricted to WM with a
minimum cluster-extent of 300 contiguous voxels considered significant
(p < .05, cluster-corrected).

3. Results
3.1. Demographics and group characteristics

Demographic and disease characteristics of the PD and control
groups are summarized in Table 1. Age, sex, quality of education
(WRAT-IV), and time between study visits did not differ between
groups. PD participants' mean age at diagnosis was 62.8 = 9.2 years,
with an average disease duration of 3.8 *+ 3.3 years at baseline. All but
two of the PD participants were taking anti-Parkinson medications
(dopamine agonists, levodopa, amantadine, and/or monoamine oxidase
inhibitors) at the time of study enrollment. As expected, PD participants
had higher scores on the total and motor sub-section of the UPDRS at
baseline, and significantly greater increases on both measures long-
itudinally. In terms of cerebrovascular risk factors, PD participants had
higher MAP in both supine and standing positions at baseline, as well as
higher standing MAP averaged across the two study visits. However,
average body mass index and the proportion of participants with a di-
agnosis of hypertension, coronary artery disease, peripheral artery
disease, and controlled diabetes did not differ between groups, while a
greater proportion of control participants had a history of smoking. The
proportion of current smokers did not differ between groups, nor did
the average pack-years for participants with a history of tobacco use.

3.2. Neuropsychological test performance

Mean baseline neuropsychological test scores and change in per-
formance during the 18-month study are summarized in Table 2. In
comparison to the control baseline, the PD group had significantly
lower performance on composite measures of both executive function
and memory. PD subjects had greater decline in executive function, as
well as a trend toward greater decline in memory performance during
the study. Groups did not differ in baseline or change in language
performance.
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Table 1
Participant characteristics.

Control (N =42) PD (N =29) p-Value

Age (years) paseline 66.4 + 7.7 66.6 = 9.7 0.946
Time between visits (years) 1.5 £ 0.1 1.5 £ 0.1 0.159
Sex (Male/Female) 30/12 24/5 0.397%
WRAT-IVpaseline 62.2 + 3.7 61.6 + 5.3 0.765"
GDS > 9gaseline 3/39 7/22 0.079"
Standing MAP (mmHg) paseline 102.9 + 13.0 111.3 + 13.2 0.010
Supine MAP (mmHg) gpaseline 96.9 = 10.5 103.9 = 13.2 0.016
Standing MAP (mmHg) Average 103.4 = 12.6 109.9 = 12.3 0.033"
Supine MAP (mmHg) average 98.5 + 11.0 103.3 = 12.6 0.090
Hypertension (yes/no) 8/34 10/19 0.171%
Orthostatic hypotension (yes/no) 8/34 6/23 1.000"
Coronary artery disease (yes/no) 2/40 0/29 0.510"
Peripheral vascular disease (yes/no) 0/40 0/29 1.000"
History of smoking (yes/no) 26/16 9/20 0.016*°
Current smoker (yes/no) 2/40 0/29 0.510%
Pack-years of ever smokers gaserine  12.3 * 13.0 13.7 = 10.7  0.540"
Body mass index (kg/m?) 27.0 = 4.2 26.6 = 4.1 0.683
Adult onset diabetes (yes/no) 2/40 1/28 1.000"
Age at diagnosis (years) N/A 62.8 = 9.2 N/A
Side of onset (R/L/S) N/A 16/10/3 N/A
Disease duration (years) N/A 3.8 = 3.3 N/A
UPDRS total pasetine 32 + 3.3 351 + 144 < 0.001""
UPDRS motor sub-score paseline 15 £ 1.7 20.5 = 11.0 < 0.001"
UPDRS total A 0.8 + 2.8 6.8 + 11.3 0.021+"
UPDRS motor sub-score A 03 = 1.7 3.3 = 6.8 0.024+"

Both baseline values (mean * SD) and change (A) over the 18-month interval
are shown.
P-values for between group comparisons were derived via two-tailed in-
dependent samples t-test unless noted.
Abbreviations: GDS; Geriatric Depression Scale; L, left; MAP, mean arterial
pressure; MMSE, Mini-Mental State Examination; N/A, not applicable; PD,
Parkinson's disease; R, right; S, symmetrical; UPDRS, Unified Parkinson's
Disease Rating Scale; WRAT-IV, Wide Range Achievement Test — Fourth Edition
word reading sub scale.

@ Fisher's Exact Probability test.

> Mann-Whitney U test.

* P-values < .05 were considered significant.

Table 2
Neuropsychological composite scores.
Control (N = 42) PD (N = 29) p-value

EXecutive pasetine 0.1 = 06 -07 * 1.1 0.003"
Executive , 0.0 £ 0.5 -0.4 = 09 0.045
Memory pasetine 0.1 + 0.8 -0.9 * 1.4 0.002+"
Memory A 0.3 + 0.7 -0.2 * 0.9 0.057°
Language gaseline 0.1 = 0.8 -0.2 £ 0.9 0.231
Language A 0.1 = 0.7 0.1 = 0.9 0.794

Composite z-scores at baseline (mean *+ SD) and change (A) over the 18-month
interval are shown.
P-values for between group comparisons were derived via two-tailed in-
dependent samples t-test unless noted.

> Mann-Whitney U test.

* P-values < .05 were considered significant.

3.3. Total WMH volume

Total WMH did not differ by group at baseline when controlling for
age, sex, education, supine MAP, and pack-years (Table 3). The results
of regression analyses testing for differential group associations be-
tween total WMH burden at baseline and cognitive scores are sum-
marized in Table 4, while post-hoc regressions results are available in
Supplemental Table 1. There was a significant group-by-WMH inter-
action for executive function — higher WMH was related to lower ex-
ecutive performance in both groups, but the relationship was stronger
in PD. There was a trend toward a greater degree of memory function
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Table 3
Total WMH volume comparison.
Control (N = 42) PD (N = 29) p-value
WMH gaseline 0.984 + 0.260 1.054 = 0.317 0.517
WMH 4 0.015 =+ 0.046 0.024 + 0.061 0.707

+

Both baseline WMH (mean + SD) and change (A) over the 18-month interval
are shown.

P-values for between group comparisons were derived via one-way ANCOVA
controlling for age, sex, education, supine MAP, and pack-years. Time between
visits was also included as a covariate when comparing WMH change over the
study interval.

Abbreviations: PD, Parkinson's disease; WMH, total white matter hyperintensity
volume.

P-values < .05 were considered significant.

Table 4
Differential associations between cognitive or UPDRS scores and WMH in PD
versus control groups...

Task Group interaction (N = 71)
B p-Value

Executive pgseline —-0.775 0.026
Executive 5 —-0.102 0.559
Memory gaseline —-0.811 0.085
Memory A —0.161 0.405
Language gaseline —-0.018 0.969
Language A —0.254 0.194
UPDRS total paseline —0.088 0.737
UPDRS total » 0.243 0.135
UPDRS motor sub-score paseline 0.169 0.588
UPDRS motor sub-score 5 0.421 0.010

Summary of results of regression analyses designed to evaluate differences
between PD and control groups in the relationship between the cognitive index
and WMH burden at baseline and over the study interval (A). The standardized
regression coefficient (B) for the interaction term and its associated p-value are
shown.

* P-values < .05 were considered significant.

impairment with increasing WMH volume in PD compared to controls
(p = .085), but no relationship between WMH and language perfor-
mance nor UPDRS scores in either group at baseline.

3.4. Longitudinal WMH volume change

Total WMH volume change over the 18-month study did not differ
between groups when controlling for age, sex, education, average su-
pine MAP, time between visit, and pack-years (Table 3). No associations
between cognitive change and WMH, were detected (Table 4 & Sup-
plemental Table 1). There was a significant interaction effect for group-
by-WMH, on UPDRS motor sub-score change — greater WMH accu-
mulation was associated with increased UPDRS motor sub-scores over
the 18-month period in the PD but not the control group (f = 0.423,
p = .010).

3.5. Cross-sectional voxel-wise analyses

The results of voxel-wise linear regression analyses of baseline
WMH probability maps are summarized in Table 5 and visualized in
Fig. 1. There was no group difference in the spatial distribution of WMH
at baseline when controlling for age, sex, education, supine MAP, and
pack years. The PD group showed a stronger relationship (significant
interaction term) between lower baseline executive function and
greater WMH probabilities within the WM of the right angular gyrus,
left superior parietal lobule, left angular gyrus, left sagittal stratum,
right anterior limb of the internal capsule, left inferior frontal gyrus, left
anterior corona radiata, right cingulum, and right superior and middle
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frontal gyri compared to controls (Fig. 1A). Similarly, there was a more
significant association between lower memory performance and higher
WMH probabilities within the right genu of the corpus callosum, right
anterior corona radiata, left anterior limb of the internal capsule, and
left superior and anterior corona radiata in PD subjects compared with
controls (Fig. 1B). No differential associations were observed between
groups in regards to the spatial distribution of WMH probabilities and
baseline language composite measures or UPDRS scores.

Post hoc within group analyses revealed that in controls, there was a
positive association between total UPDRS scores and WMH within
white matter of the bilateral precentral gyri, right superior longitudinal
fasciculus, and left postcentral gyrus (Fig. 1C). There was no cross-
sectional relationship between regional WMH and UPDRS scores in PD.

3.6. Longitudinal voxel-wise analyses

There was no detectable difference between disease and control
groups in the rate of accumulation of WMH over the 18-month study. In
addition, there were no significant regional associations between spa-
tial WMH progression and cognitive or UPDRS score change in either
group.

4. Discussion

This longitudinal MRI study used an automated WM lesion seg-
mentation tool to compare baseline total and regional WMH burden
between 29 PD patients and 42 age-matched controls, as well as WMH
change over an 18-month period. In addition, we examined the degree
of association between WMH and measures of cognition and motor
function. These analyses revealed several findings: First, total WMH
volume at baseline and change over 18 months did not differ between
PD and control groups, despite some differences in risk factors such as
MAP and smoking history. Second, baseline WMH volume was sig-
nificantly associated with lower executive function performance in PD
patients, compared to controls. In the voxel-wise analyses, impaired
executive function in PD was associated with bilateral frontal and
parietal subcortical WMH, whereas impaired memory was associated
with higher WMH probability in genu of corpus callosum and adjacent
WM. We did not detect effects of WMH accumulation on cognitive
change over 18 months. We hypothesize that these findings may re-
present a limitation of our relatively small sample size, and from the
slow rate of WMH accumulation, as well as the patchy, random spatial
distribution of WMH formation.

We did observe associations between WMH and UPDRS scores. In
the control group, greater WMH within the bilateral precentral and left
postcentral gyri white matter was associated with higher (more ab-
normal) UPDRS scores at baseline. In PD subjects, greater longitudinal
increase in total WMH volume was associated with greater increases in
UPDRS motor sub-scores.

Regarding whether Parkinson's patients have a higher average in-
cidence of WMH than controls, this study is in agreement with the
majority of recent reports, which suggest no disease-specific difference
in WMH volume in comparison to normal aging. An initial study by
Piccini et al. (1995), using a quantitative visual rating scale (Fazekas
et al., 1987), reported a higher frequency and extent of periventricular
hyperintensities in a group of 102 non-demented PD patients when
compared to 68 sex- and age-matched controls, especially within PD
patients of a high disease progression index. Later, a large cross-sec-
tional study comparing total and regional WMH burden between 163
newly diagnosed, drug-naive PD patients and 102 age-matched con-
trols, found no difference in the total volume or spatial distribution of
WMH, nor between groups when split into 102 normal controls, 30 PD
patients with mild cognitive impairment (MCI), and 133 non-MCI PD
(Dalaker et al., 2009b). While few longitudinal studies have evaluated
the rate of WMH progression in PD, a 1-year MRI study (Burton et al.,
2006) of 14 dementia with Lewy bodies (DLB), 13 Parkinson's disease
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with dementia (PDD), 23 Alzheimer's disease (AD), and 33 age-matched
adults reported no significant difference in the rate of WMH change
between groups. Disparities in these reports may in part be due to the
use of manual semi-quantitative visual rating scales, in comparison to
the semi- and fully-automated quantification techniques currently
available. Taken together with these larger studies, the present study
supports the conclusion that PD patients do not on average experience a
greater volume or rate of WMH progression relative to otherwise
healthy aging adults, especially when quantified using automated
techniques.

Although cerebral WM changes are common in aging populations,
the degree to which they are associated with cognitive and motor
symptoms varies between individuals, and may be mediated by pro-
tective factors that influence cerebral reserve such as education (Blume
et al.,, 2017) and cardiorespiratory fitness (Johnson et al., 2012;
Vesperman et al., 2018). Parkinson's disease, which causes underlying
dysfunction of frontal-striatal circuits, represents a preexisting strike
against cognitive reserve. This could be the reason we found sig-
nificantly stronger relationships between total WMH and both execu-
tive function and memory performance in the PD group relative to the
control group. In addition, the voxel-wise results demonstrated the
critical WM changes occupy diffuse subcortical regions neuroanatomi-
cally related to executive processing (bilateral frontal and parietal
subcortical WM). With respect to memory function, the voxel-wise
analysis suggested that this effect was localized to the genu of corpus
callosum, anterior limb of the internal capsule, and anterior and su-
perior corona radiata. While these regions are not always considered to
be specifically associated with memory encoding, disruption of the
Papez circuit has been linked with impairment in mnemonic functions,
and more precisely, spatial and episodic memory dysfunction (Aggleton
and Brown, 1999; Papez, 1995; Vertes et al., 2001), which is com-
mensurate with our findings.

Whether WMH influence cognitive decline in PD remains con-
troversial. In relatively large cross-sectional studies, PD patients with
dementia and MCI have been found to have a larger average burden of
WMH than their non-impaired counterparts (Kandiah et al., 2013; Lee
et al., 2010). In a voxel-wise analysis of 90 non-demented PD patients,
lower scores on both the Frontal Assessment Battery and Category
Fluency Test were related to increased periventricular WMH
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Fig. 1. Cross-sectional voxel-wise results. Voxel-wise analyses
of baseline WMH probability maps showing areas of sig-
nificant group-by-task interaction effect for greater WMH
probability and lower task performance within PD subjects
relative to controls for A, executive function; and B, memory.
C. Results of post hoc within group regression, displaying
regions of significant relationship between higher WMH
probability and higher total UPDRS scores in the control
group at baseline. Peak T-statistics (red-yellow) for result
clusters (p < .05, cluster-corrected) are shown. Result clus-
ters are overlaid on the “mni152_2009_256” MNI space brain
template using MRIcroGL (http://www.mccauslandcenter.sc.
edu/mricrogl/). Magnitude (peak T-statistics), MNI co-
ordinates, and anatomical locations of result clusters are
given in Table 5.

Abbreviations: L, left; MNI, Montreal Neurological Institute;
PD, Parkinson's disease; UPDRS, Unified Parkinson's Disease
Rating Scale; WMH, white matter hyperintensities.

probabilities (Mak et al., 2015). Two multi-center studies from the
Norwegian ParkWest project found WMH volume to be negatively
correlated with attention/executive function in both PD and control
groups (Dalaker et al., 2009b), and negatively correlated with memory
in PD (Dalaker et al.,, 2009a) — results similar to the present study.
However, these relationships did not remain significant in regression
analyses controlling for other relevant explanatory variables (Dalaker
et al.,, 2009a, 2009b). In regards to the impact of comorbid WMH on
cognition in PD, our findings provide support for the exacerbation of
executive function and memory decline in PD relative to otherwise
healthy aging adults.

Few studies have evaluated the cognitive effects of WMH long-
itudinally in PD. One study reported no association between changes in
measures of global cognition (MMSE and the Cambridge Cognitive
Examination) and rates of WMH change in 13 PDD patients (Burton
et al., 2006); another that used the Scheltens rating scale (Scheltens
et al., 1993) to compare WMH burden between 39 PD non-MCI, 46 PD-
MCI, and 26 PDD (Gonzéilez-Redondo et al., 2012), reported no dif-
ference in total WMH burden between the three groups at baseline, but
noted that periventricular WMH progression at the 30-month follow-up
was associated with conversion to dementia. In another study in which
baseline WMH volume was quantified using an automated method and
conversion rates of 46 PD non-MCI and 65 PD-MCI were tracked over
24 months (Sunwoo et al., 2014), WMH burden at baseline was a pre-
dictor of conversion from PD-MCI to PDD (Sunwoo et al., 2014). Con-
versely, in a retrospective study of 132 PD patients, Lee and Lee (2016)
reported that the ability to predict conversion to PDD with baseline
WMH burden was attenuated when adjusted for confounders and could
be more reliably predicted based on postural instability. Longitudinal
analyses in the present study suggest that decline in executive function
and memory in PD is independent of total and regional WMH pro-
gression; however, the small sample size and patchy nature of lesion
accumulation may have limited our study's power.

In terms of symptom severity and motor abnormalities, this study
demonstrated two notable relationships with WMH. First, higher total
UPDRS scores in controls were associated with higher WMH probability
within white matter of bilateral precentral gyri, left postcentral gyrus,
and right superior longitudinal fasciculus. These results are commen-
surate with growing evidence linking impairments in balance, gait,
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mood, and cognition with WMH burden in otherwise healthy aging
adults (Baezner et al., 2008; Baloh et al., 1995; Camarda et al., 2018; de
Leeuw et al., 2001; Gunning-Dixon and Raz, 2000; Kerber et al., 1998;
Novak et al., 2009; Prins et al., 2005; Rosano et al., 2007; Tullberg
et al., 2004; Yamawaki et al., 2015). Second, within the PD group, our
findings that greater WMH volume change predicted a greater increase
in UPDRS motor scores are consistent with previous cross-sectional
associations with higher progression index (Piccini et al., 1995), and a
previous report of correlation between the sum of gait, posture, and
postural stability UPDRS items and WMH burden in multiple sub-
cortical regions (Murray et al., 2010).

While greater WMH accumulation over the study interval was as-
sociated with higher (worsening) UPDRS motor sub-scores in the PD
group, it is somewhat surprising that baseline WMH burden was not
related with either UPDRS total nor motor scores in PD, as it was in
controls. We suspect that in PD, UPDRS scores are largely determined
by severity of symptoms related to Parkinson's pathology rather than
symptoms related to WMH, whereas in controls, WMH are associated
with subtle motor symptoms and depression, as has been supported by
other studies (Baezner et al., 2008; Murray et al., 2010; Yamawaki
et al., 2015). Perhaps this allows for the detection of more subtle
manifestations of WMH burden in normal aging adults that may be
“masked” by the more pronounced symptoms of the disease process in
PD sufferers, and thus, explain the observed association in controls, and
lack thereof, in patients.

5. Limitations

The sample size for this study was relatively small, which limited
the statistical power of the analyses and our ability to detect differences
in WMH progression over time. In addition, due to patient withdrawal
(health or personal complications), participant attrition between study
visits was greater in the PD group than the control group, which may
have limited the representation of PD patients with more rapid motor
progression, cognitive decline, or WMH accumulation over the study
interval. Furthermore, the 18-month study duration may have been too
short to allow for measurable differences in regional WMH progression,
and thus, account for the lack of observed differences in WMH accu-
mulation between groups and the absence of relationships among
cognitive change and alterations in the spatial distribution of WMH
over the course of the study. It's also worth noting that there were 3
MRI scanner software updates over the course of the study. While there
was no significant difference in WMH burden or progression based on
software version in the present study, this is an additional detail that
might be crucial in maintaining constancy in future longitudinal stu-
dies. Finally, despite including pack-years as a covariate in our ana-
lyses, the increased prevalence of smokers in the control group may
have artificially increased the WMH burden in this sample, and con-
sequently, obscured the true group difference in lesion load and pro-
gression.

6. Conclusion

In conclusion, the present study is one of the first to investigate both
total and regional WMH burden in PD, cross-sectionally and long-
itudinally. Together with evidence from previous investigations, our
findings suggest that WMH volume and distribution does not differ
between PD patients and otherwise healthy aging adults, but can pro-
vide a “second hit” on PD patients with compromised cognitive reserve,
making the emergence of cognitive, behavioral, and motor deficits
more likely in the PD population than in healthy controls. The re-
lationship between memory encoding deficits and WMH in PD, de-
monstrated in the present study and suggested by previous studies
(Dalaker), is intriguing. Although the neuroanatomic causes of execu-
tive dysfunction in PD can be modeled on the basis of frontostriatal
circuit dysfunction, which could be further disrupted by the
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accumulation of subcortical WMH, the cause of memory deficits in PD is
less well-understood. Future longitudinal studies in PD are needed to
confirm these findings and would benefit from the voxel-wise resolution
of our methodology; however, a large sample size and extended study
duration are recommended.
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