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Abstract

Background: While it has been shown that aerobic exercise interventions are well tolerated in
participants with the Huntington disease (HD) gene mutation, no study to date has tested whether
an aerobic exercise intervention benefits brain structure and function in pre-manifest HD.

Objective: In this study we utilized magnetic resonance (MR) imaging techniques to assess the
efficacy of moderate-to-vigorous exercise treatment relative to active stretching and toning control.
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Methods: Forty pre-manifest participants with confirmed HD gene expansion were recruited into
a two-arm intervention study that included a moderate-to-vigorous intensity home-based walking
exercise intervention (N=34) and an active stretching and toning control intervention (N=6).
Participants were assessed at baseline and after 26 weeks in one of the two study arms.

Results: 25 of the 34 (74%) participants assigned to the moderate-to-vigorous intensity group
completed the intervention while 4 of the 6 (67%) participants in the stretching and toning
intervention completed the study. The primary analyses compared the two arms of the study and
found no statistical differences between the groups. Both groups were found to have improved
their cardiorespiratory fitness as assessed by maximal oxygen uptake (VO,max). A secondary
analysis combined the two arms of the study and there was a significant relationship (p<0.05)
between change in VO,max and change in brain structure.

Conclusions: Though this study did not show efficacy for the exercise intervention, secondary
results suggest that aerobic exercise interventions increasing cardiorespiratory fitness may be a
potential way to slow progression in pre-manifest HD.
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Introduction

Huntington’s disease (HD) is a rare autosomal dominant neurodegenerative disease that
occurs due to unstable expansion of the cytosine, adenine, guanine (CAG) trinucleotide
repeat within the HD (H77) gene on chromosome 4p16.3 [1, 2]. The disease affects
primarily the central nervous system and is characterized by the progression of motor,
psychiatric, and cognitive impairments [2, 3]. The age of HD diagnosis varies and

is inversely related to the number of the CAG repeats within the A7 7 gene [1].

Motor manifestations of the disease usually occur around midlife, with a typical disease
duration spanning 15-20 years after clinical diagnosis. To date the available treatment
options provide only symptomatic relief without delaying disease onset or halting disease
progression [4]. However, increasing evidence suggests that physical exercise could slow
disease progression in patients with the HD gene expansion [5, 6].

A large number of neuroimaging studies have been conducted to investigate the
neurodegenerative patterns induced by HD. These studies have identified a progressive
volume loss specifically within the striatum [7-14]. In addition, cerebral white matter
volume loss [15, 16] and micro-architectural changes [17-20] have been identified as
indicators of disease progression. The neurodegenerative changes reported in HD patients
are likely the result of impaired glucose metabolism [21-25] and ATP production despite
normal to increased caloric intake [21, 22]. It has been suggested that mitochondrial
dysfunction at the cellular level is behind the energy disturbance seen in HD [26-28].
Furthermore, lower levels of brain-derived neurotrophic factor (BDNF) have been attributed
to neuronal degeneration within the striatum [29]. Most notably, studies have shown that
the correction of such metabolic abnormalities may lead to a delay in disease progression
[30-33].
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While the number of CAG repeats within the HD gene correlates with the disease’s age

of onset, the correlation is far from perfect, and there is substantial variability in the

age of onset for a given CAG expansion[34]. This variance highlights the possible role

of lifestyle factors such as cardiorespiratory fitness or diet in influencing the disease’s

onset and progression [35]. In general, aerobic exercise, reflected in an increase in the
physiological variable of cardiorespiratory fitness, has been shown to increase metabolic
enzyme activity such as mitochondrial ATP synthase and glutamate dehydrogenase [36, 37],
increase energy available via enhanced blood supply [38], increase central BDNF expression
[39-41] and promote local glucose metabolism in the striatum [42]. In subjects without

HD, moderate-to-vigorous intensity physical activity (MVPA) has been shown to improve
white matter integrity [43, 44], increase caudate neuronal activity [45], and increase striatal
activation during spatial learning [46]. In patients with the expanded H7T gene, there is
increasing evidence suggesting that MVPA is well tolerated in early staged HD patients [35]
and is associated with slowing symptom development [5, 6, 47-50]. However, no /in vivo
study to date has explored the effects of moderate-to-vigorous intensity aerobic exercise
training on disease progression in the brains of participants with known pre-manifest HD.

In this study, the primary goal was to test the efficacy of moderate-to-vigorous exercise
treatment relative to active stretching and toning control. To achieve this, we utilized
magnetic resonance (MR) imaging techniques to assess the relationship between change

in cardiorespiratory fitness and established markers of HD disease progression. MR imaging
data collected in this study included volumetric imaging, diffusion imaging, functional
connectivity, and quantitative T1 relaxation in the rotating frame (T1p). Recently T1p
imaging has been shown to be associated with disease progression in pre-manifest HD
patients [51]. A secondary goal was to examine these MR outcome measures to determine
whether and how improvements in cardiorespiratory fitness may delay neurodegeneration in
pre-manifest HD participants.

Materials and Methods

Participants

In our study we recruited 40 pre-manifest participants using existing observational cohorts
available at the University of lowa (PREDICT-HD: https://predict-hd.lab.uiowa.edu/, Enroll-
HD: https://www.enroll-hd.org/). All participants had previously tested positive for the

HD gene mutation (CAG length = 36) and had a score of less than 4 on the Diagnostic
Confidence Level (DCL) of the Unified Huntington’s Disease Rating Scale (UHDRS) [52]
meaning that they had not yet manifested motor symptoms indicative of diagnosable HD.
Our sample consisted of 15 men and 25 women whose age ranged from 20 to 60 years.
Participants for this study were recruited from across the country with 42.5% outside of
driving distance of the study site. See Tables 1 and 2 for additional demographic information
on the participants. All participants had no history of other neurological disorders and had
no contraindications for MR imaging. Participants were assessed for eligibility to participate
in a moderate-to-vigorous intensity walking exercise intervention based on the Physical
Activity Readiness Questionnaire [53]. In addition to that, participants were screened for
the risk of an acute cardiovascular event based on the published standards of the American
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College of Sports Medicine (ACSM) and were qualified as “low risk”. Signed informed
consent was obtained before beginning the study, per the Institutional Review Board at the
University of lowa. All experiments were performed following the guidelines outlined in
the Belmont Report. Participants were assigned to one of two intervention arms with 34
assigned to the active intervention arm and 6 assigned to the control arm. Assignment to
the groups was originally targeted to be a 2:1 ratio with a larger active intervention arm to
better understand the barriers to completion of the intervention. However, the study failed
to reach these targets due to the limited budget for the study, the higher drop rate than
initially anticipated, and the greater than expected number of non-local subjects requiring
additional travel costs for the study. Despite the imbalanced groups, there was no statistically
significant difference between the demographics for the two cohorts. Figure (A) shows the
consort diagram of progress through the study.

Assessments

MR images were obtained using a GE 750W 3.0T scanner using a thirty-two channel head
coil. Three-dimensional coronal anatomical T1-weighted BRAVO sequence (TE=3.4ms,
TR=8.6ms, TI=450ms, flip angle=12°, Bandwidth=244 Hz/ pixel, Matrix=256x256x260,
FOV=210%210x208mm, Acceleration=2.0 phase x 1.0 slice) and T2-weighted CUBE
sequence (TE=98ms, TR=3000ms, Bandwidth=488 Hz/pixel, Matrix=256x256x260,
FOV=210%210%208mm, Acceleration =2.0 phase x1.0 slice) were acquired. Resting state
functional connectivity data was collected using an axial T2* weighted gradient-echo
echo-planar sequence (TE=30ms, TR=2000ms, flip angle = 80°, Bandwidth=1953Hz/pixel,
Matrix=64x64, FOV=220x220mm, Slice thickness/gap= 4.0 / 0.0mm, Acceleration=2.0
phase, Number of Measurements=165). Diffusion weighted images were collected in the
axial plane using a spin-echo echo-planar sequence (TE=99.4ms, TR=10,675ms, bandwidth
= 3906Hz/pixel, Number Diffusion Directions=30, b-value=1000s/mm?, Acceleration=2.0
phase) with 4 b=0 images. The phase encoding for the diffusion weighted scan was reversed
to collect 2 b=0 images for use with distortion correction. Finally, 3D T1p images were
collected using a CUBE sequence in the sagittal plane (TE=32ms, TR=3000ms, Bandwidth
= 488Hz/pixel, Matrix=128x128x108, FOV=256x256x216mm, Acceleration =2.0 phase
x1.0 slice, Spin-lock Frequency= 500Hz, Spin-lock durations=10 and 50ms). The total
imaging time was 30 minutes.

After participants completed the MR session, their cardiorespiratory fitness was assessed
using a Storer maximal bicycle test [54]. Electrocardiogram (ECG), blood pressure, and
oxygen consumption were monitored during the test. Staff conducting these assessments
were blinded to participant’s group assignment. Subjects were asked to maintain their
pedaling between 60-100 revolutions per minute (rpm) and the resistance was increased
every two minutes. The maximal exercise test was terminated when the participant was
no longer able to pedal at 60 rpm for more than 15 seconds. Maximal oxygen uptake
(VO3 max) was determined as the maximum volume of oxygen recorded when two of
the following criteria were met [55]: (1) an oxygen uptake plateau between two or more
workloads, (2) a respiratory exchange ratio of > 1.10, and (3) a heart rate of > 85% of the
age predicted maximum heart rate (HRmax). A physician or licensed nurse practitioner was
present to monitor participants during their maximal exercise test.
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Finally, participants were also assessed using standardized measures of motor (UHDRS
total motor score), function (World Health Organization Disability Assessment Schedule 2.0
Twelve Item), cognition (Symbol Digit Modalities Test, Stroop Color Naming, Stroop Word
Reading, Stroop Interference, Trails Making Test), and psychiatric symptoms (Problem
Behavior Assessment Short Form). These tests were administered and scored by a

trained rater. This battery of assessments (MR, cardiorespiratory fitness, motor, function,
cognition, and psychiatric) was completed at baseline and after completing 26 weeks of the
intervention. The time period between the end of the intervention and the final assessment
was 6.08 £ 4.03 days (mean * standard deviation). Since participants were enrolled from
across the United States, at home fitness activities were selected such that subjects could
readily complete them in such an environment.

Interventions

Moderate-to-Vigorous Intensity Intervention Arm—~Participants in the aerobic
exercise group underwent a moderate-to-vigorous walking intervention. Participants were
given a Garmin VivoFit activity monitor with heart rate strap and instructed to undertake
three brisk walking sessions per week that reached 70% of the maximum heart rate achieved
during the maximal exercise test. The duration of the brisk walking exercise sessions was
advanced from 15 to 50 minutes over the first 6 weeks. The program was designed to
gradually build up endurance to the ACSM suggested duration 150 minutes of moderate
intensity exercise per week. Participants were asked to record average heart rate and activity
duration after each session in a training log that was returned to the study coordinator.

Active Control Arm—The active control arm consisted of a stretching and toning
intervention including stretching, toning, basic core-strength, and balance exercises. These
interventions are not designed to build significant muscle mass. This intervention was
similar to the the balance and toning control groups that have been previously presented

in the literature, which have been shown to not affect cognition [56, 57]. Participants were
given a Garmin VivoFit activity monitor and instructed to complete 8-9 exercises three days
a week. Each session was specified to include three lower extremity strengthening exercises,
three core strengthening exercises, and two stretching exercises. In addition, they were asked
to include an upper body pushup exercise during each session. Participants received this
instruction from a personal trainer who also provided instructions on how to conduct the
exercises. The program was designed to build up to three sets of each exercise over the first
six weeks of the intervention while achieving 12-15 repetitions per set. For the stretching
activities which were timed, subjects were asked to hold the position for 30 seconds. The
activities for this intervention were guided based on cards from The Stretch Deck [58]

and The Strength and Toning Deck [59] both from Chronicle Books (San Francisco, CA).
Participants were asked to record the session activities within a training log book that was
returned to the study coordinator at the end of the study.

Subject Monitoring—A follow-up video conference or phone call session was done
within the first two weeks of the study to ensure that the subjects had found adequate routes
for conducting the moderate-to-vigorous walking or if they had any questions regarding the
stretching and toning exercises.
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In addition, subjects were asked to upload data from the Garmin activity monitors on a
weekly basis. The activity logs were reviewed and motivational messages sent via email
to the subjects. These messages included the percentage of sessions that the subject had
completed for the past week. Again, at the three months time point, similar motivational
messages highlighting the percentage of sessions completed to date were sent to the
participants.

Image Analysis—The anatomical T1 and T2 weighted images were processed using the
FreeSurfer v6.0.0 longitudinal structural imaging pipeline [60]. This method allows for
reliable extraction of volume and thickness estimates by creating an unbiased within-subject
template image through inverse consistent registration [61]. The processing of the MRI
scans from both time points is repeated using the within-subject template [60]. The output
of the pipeline includes a tissue classified image and automated labeling (surface and
volumetric labels) providing regional measurements of tissue volumes as well as cortical
thickness measures. A visual representation of FreeSurfer’s automated segmentation of the
caudate and putamen is shown in Figure (B).

The diffusion weighted images were visually inspected for artifacts. In addition,
susceptibility-induced distortions, motion, and eddy current artifacts were corrected using
the diffusion processing pipeline in FSL v6.0.0 [62]. Using this pipeline, rotationally
invariant diffusion scalar measures were calculated (Fractional Anisotropy (FA), Mean
Diffusivity (MD), Radial Diffusivity (RD), and Axial Diffusivity (AD)). The Mori white
matter atlas was then registered to each participant using the Advanced Normalization Tools
(ANTSs) nonlinear registration [63]. The median rotationally invariant scalars were computed
for each white matter label using tools from the BRAINStool suite (https://github.com/
BRAINSia/BRAINSTOools.git).

The T1p spin-lock images were co-registered and the resulting images were used to estimate
T1p relaxation times using a mono-exponential fit, Stg =Sge™TSY T1 The T1p maps were
then aligned to the anatomical T1 image output from FreeSurfer using ANTSs to compute a
rigid transformation. The Desikan-Killiany atlas from FreeSurfer was then used to compute
median T1p relaxation times for each labeled brain region.

Resting state preprocessing utilized FMRIPREP v1.2.1, a Nipype based tool [64].

Each T1-weighted volume was corrected for INU (intensity non-uniformity) using
N4BiasFieldCorrection v2.1.0 [65] and skull-stripped using antsBrainExtraction.sh v2.1.0
(using the OASIS template). Brain surfaces from FreeSurfer v6.0.1[66], and the brain mask
estimated previously was refined with a custom variation of the method to reconcile ANTSs-
derived and FreeSurfer-derived segmentations of the cortical gray-matter of Mindboggle
[67]. Spatial normalization to the ICBM 152 Nonlinear Asymmetrical template version
2009c [68] was performed through nonlinear registration using ANTs [69] with brain-
extracted versions of both the T1-weighted volume and the ICBM template. Brain tissue
segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was
performed on the brain-extracted T1-weighted images using fast (FSL v5.0.9) [70].
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Functional data was motion corrected using mcflirt (FSL v5.0.9) [71]. This was followed
by co-registration to the corresponding T1-weighted using boundary-based registration

with 9 degrees of freedom, using bbregister (FreeSurfer v6.0.1) [72]. Motion correcting
transformations, BOLD-to-T1 transformation and T1-to-template Montreal Neurological
Institute (MNI) warp were concatenated and applied in a single step using Lanczos
interpolation. Next measures of signal flutations not thought to relate to brain activity
evident in the CSF and WM were estimated from masks of each tissue type and projected to
the native space of each functional run. High pass (0.008Hz) filtered regressors were created
with a discrete cosine transform (DCT) basis. Frame-wise displacement was calculated for
each functional run using Nipype [73]. ICA-based Automatic Removal Of Motion Artifacts
(AROMA\) [74] was used to generate non-aggressively denoised data.

Functional connectivity analysis was performed using atlascorr software (https://github.com/
HBClab/atlascorr). The atlas used for the connectivity was created by combining atlases
from Schaefer et al. [75], Choi et al. [76], and Buckner et al. [77] to provide 400, 11, and

16 functional parcels covering the entirety of the cerebral cortex, striatum, and cerebellum,
respectively.

The Pearson correlation coefficient between the preprocessed time series from each parcel
of interest with every other parcel was calculated for each participant and the resulting
symmetric correlation matrices were converted to Fisher’s z estimates to improve normality
of the outcome measure. Groupings of these brain parcels are known to share information
with each other, forming networks of brain parcels corresponding to separable brain
systems. Each parcel was assigned to one of 17 networks as previously identified by Yeo

et al [77]. After network assignment for each parcel, the subset of parcels defining each
network were extracted and put into a reduced correlation matrix defining the network

of interest. For example, the Somato-Motor A network defined by Yeo [77] corresponds

to execution of motor movements and the resulting correlation matrix for this network
consisted of 41 parcels (39 cortical + 1 striatal + 1 cerebellar). In this study 17 networks

of interest were studied as shown in supplemental Figure 1. Within each of these network
matrices, we analyzed the connections between the following regions: 1) striatum with
cortex, 2) cerebellum with cortex, and 3) striatum with cerebellum. Some networks did not
contain parcels of interest within the striatum or cerebellum as summarized in supplemental
Table 13.

Statistical Analysis—The primary analysis focused on the treatment effect, which
involved a comparison of the two intervention arms (moderate-to-vigorous versus active
control). Linear regression was used to compare 6-month brain imaging measures
(dependent variable) among the groups, controlling for the pre-intervention VO,max, brain
imaging measures, baseline age, sex, and CAG expansion. Since there was a number

of subjects who did not complete the study, analyses were performed using both the
participants who completed the study as well as for all participants using data imputation.
Multivariate Imputation by Chained Equations (mice) was used [78] with the random forest
approach. To account for the multiple tests among multiple outcome variables, the false
discovery rate (FDR) correction [79] was performed separately for each imaging domain
(i.e. FDR correction performed separately for the volumetric, diffusion and T1p data). It
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should be noted that the anatomical analysis normalized the region-of-interest by intracranial
volume.

The primary analysis for the functional imaging data used a similar approach but analyzed
the data at a network level to reduce the number of statistical comparisons performed. In
this analysis, the correlations for the parcels that make up the respective broader regions

of interest (i.e. cerebrum, cerebellum, and striatum) were averaged such that a single
correlation coefficient represented each of the following connections: 1) striatum with
cortex, 2) cerebellum with cortex, and 3) striatum with cerebellum. Using the Somato-Motor
A network again as an example, this network has 39 cortical parcels resulting in 39 unique
correlations with the striatum and 39 unique correlations with the cerebellum, but only one
correlation between the striatum and cerebellum. The individual correlations between the
cortex and either the striatum or cerebellum were averaged to ensure computational viability
for imputation and to increase the reliability of the correlation measure[80]. This averaging
provides an overall measure for the network strength and was used since network level
change was of interest and not the parcel by parcel connectivity. Finally, a linear regression
model was used to predict 6-month brain connectivity measures (dependent variable) using
independent variables, which included pre-intervention VO,max, brain connectivity, age,
sex, CAG repeat length, and group. This was done for only the study completers as well

as for all subjects using data imputation as described above. The models were tested for a
significant group effect after performing FDR correction.

We also conducted a secondary analysis of the data by combining the two arms of the

study (moderate-to-vigorous group and active control) and used linear regression models to
explore the relationship between changes in brain imaging measures and change in VO,max.
For this analysis a change score was computed for each dependent variable (e.g. caudate
volume end of study - caudate volume at baseline). The regression models included the
following independent variables: change in VO, max, age, sex, CAG repeat length, and
baseline value for the brain imaging measure. Similar to the primary outcome analysis, FDR
correction was performed separately for the volumetric, diffusion, functional connectivity,
and T1p measurements.

Twenty-five of the 34 individuals (74%) assigned to the moderate-to-vigorous intensity
exercise group completed the study while four of the six individuals (67%) assigned to the
active control completed the study. Adherence data to the intervention was available in 25
of the 29 participants that completed the study. This showed that on average the moderate-
to-vigorous intensity intervention arm completed 77 days of exercise (range 10-124 days)
while the active control arm completed on average 73 days of the intervention (range 41—
92 days). The target was 78 days for this study. Change in the cardiorespiratory fitness,
symptoms, and cognition are shown in Table 3 by group. When comparing the participants
that completed the study, the individuals assigned to the moderate-to-vigorous intensity
intervention arm had a mean (+ standard deviation) increase in VOomax of 1.43 £ 2.00 mL/
(kg-min) while the individuals in the active control had a mean increase of 0.85 + 2.83 mL/
(kg:min). The changes in VO,max were statistical significant in the moderate-to-vigorous
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intensity intervention arm (p= 0.01) but not in the active control arm (p=0.59) using a paired
t-test. It should be noted that the VO,max changes were not statistically different between
groups as shown in Table 3. Changes on the clinical and cognitive variables showed no
significant differences between groups.

The primary analysis did not identify any statistically significant differences in brain

volume (Supplemental Table 1), diffusion weighted imaging (Supplemental Tables 2-3),
T1p imaging (Supplemental Table 4), and functional connectivity (Supplemental Tables 7-8)
in the moderate-to-vigorous intensity exercise group compared to the active control group.
This was evident when we utilized data from not only the study completers but also all the
study participants using imputation.

When we combined groups in the secondary analysis and examined the relationship between
change in VOo,max and change in imaging measures, we observed an increase in VO,max
was significantly associated with less loss of tissue within the thalamus, pallidum, cerebellar
cortex, as well as the hippocampus (Table 3) q<0.05 (using FDR correction). While the
striatal changes were not statistically significant, the region did show a trend toward
decreased tissue loss associated with improvements in VOomax (0<0.08). The slowing of
tissue loss was bilateral, apart from the hippocampus where statistical significance was
observed only in right hippocampus. We did not find any relationship between VO,;max
changes and diffusion tensor rotationally invariant scalars of FA and MD (Supplemental
Tables 5-6). We did find a few regions (left cerebellar white matter, left caudate, and

the right cerebellar cortex) where an increase in VO,max was associated with an increase

in T1p relaxation times (Table 5) while an increase in VO,max was associated with a
significant decrease in the T1p relaxation times within the right hippocampus (Table 5).

No statistically significant relationships were observed between changes in VO,max and
changes in functional connectivity.

Discussion

To our knowledge, this is the first study to use MR imaging to assess the longitudinal effects
of aerobic exercise in pre-manifest HD participants. The primary outcome analysis did not
show any significant differences between the moderate-to-vigorous intensity intervention
and active control arms in this study. However, the secondary analyses which explored

the relationship in VO,max changes to changes in brain volume did identify a significant
relationship between cardiorespiratory fitness and increased regional brain volumes. These
changes were evident in multiple brain regions. While the caudate and putamen association
was not statistically significant it did suggest a positive benefit of exercise on striatal
volume. These findings suggest that aerobic exercise may be of potential therapeutic benefit
for delaying disease progression in pre-manifest individuals with HD gene expansion. This
study was not designed to assess the long -term benefits of the intervention or how training
would influence the trajectory of disease progression even if adherence discontinued. A
much larger study would be needed to answer these questions. This study did show that

the intervention was well tolerated by the participants but that participant adherence to the
intervention can be challenging.
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In this study we were able to increase the VO,max of participants completing the

walking based moderate-to-vigorous intensity intervention, which was 60% higher than the
VVO,max change in the active control arm. However, this improvement was not statistically
significant. This VO,max change was similar in magnitude to that observed in prior

exercise studies conducted on participants with idiopathic Parkinson’s Disease resulting
from a three month intervention of either a high intensity treadmill intervention [81] or

a similar six month home walking intervention [82]. We did have a large number of non-
completers (26.47% in the moderate-to-vigorous intensity arm and 33.33% in the active
control arm). This attrition rate is slightly higher than the 19% rate reported by Uc et al.

in Parkinson’s Disease where subjects underwent a similar 6-month moderate-to-vigorous
intensity intervention [82]. Shulman et al. reported a 11.5% drop out rate for the active arm
of a high intensity treadmill intervention study lasting 3 months in Parkinson’s Disease.
Similar to this study Shulman et al. observed a higher dropout rate of 21.4% in the stretching
and resistance control group as compared to the active arm [81]. One potential reason

for the greater dropout rate in this study as compared to these prior studies in other
movement disorders is that this study was undertaken in the pre-manifest phase of the
disease before the overt manifestation of symptoms. Most other exercise intervention studies
in movement disorders have been undertaken after the diagnosis and participants may have
noticeable improvement in their motor symptoms as a result of the exercise intervention.
The improvement in motor function may have helped to keep participants engaged in the
intervention. This study lacked such feedback making it relatively easy for individuals to not
complete the home-based exercise intervention even with motivational messages being sent
to the individuals.

In this study subjects dropped out for a variety of reasons including: 1) inability to

keep up with the specified fitness activity due to other demands on the participants time

(3 participants), 2) pregnancy (1 participant), 3) new development of claustrophobia (1
participant), 4) hamstring injury unrelated to fitness activity (1 participant), 4) health issue
identified during baseline visit (1 participant), and 5) failure to remain engaged in the study
and lost to follow-up (4 participants). Prior studies in Parkinson’s Disease have reported
similar causes for participant dropout, with personal and family reasons being the most
noted [81]. Future studies employing an exercise intervention in a similar pre-manifest
HD populations may want to consider ways to keep individuals motivated throughout the
intervention trial such as having individuals participate in group exercise routines. This
could take the form of participating in spin/ aerobic classes at a local gymnasium or
participating in group exercise events such as those now offered by several digital fitness
applications [83].

In this study we found that greater improvements in VO,max were related to a slower
rate of tissue loss within the hippocampus and regions involved in HD pathogenesis. This
is in good agreement with the large body of literature showing that cardiorespiratory
fitness is positively correlated with improved brain health manifested by increased brain
volume, particularly within the gray matter of the prefrontal cortex and hippocampus
[84]. In addition, cardiorespiratory fitness has been found to be associated with enhanced
microstructural integrity within the white matter with a notable increase in FA measured
by diffusion imaging [85-87]. For instance, cardiorespiratory fitness has been found to
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be correlated with an increased FA within the cingulum of adult participants [86, 87]. In
Parkinson’s Disease, performance improvements in disease-specific training such as whole
body dynamic balancing has been associated with time dependent increase in the right
cerebellar gray matter volume [88]. Cardiorespiratory fitness in Parkinson’s Disease has
also been found to be associated with an increased FA in the left putamen and caudate
nucleus as well as decreased MD in the left putamen [89]. However, the current study did
not find any changes in the white matter associated with changes in VO,max. The lack

of changes in the white matter may be due to the duration of the intervention and future
studies may want to consider longer interventions such as a year in length. In addition, no
statistically significant results were found with functional connectivity for either the primary
or exploratory analyses. Since we only observed within network correlations, we do not
know if between network relationships were changed as a result of the exercise intervention.

This study has expanded upon previous aerobic exercise intervention studies [47-49] with a
focus on pre-manifest HD participants. Even though we did not find significant differences
between moderate-to-vigorous intensity intervention and active control arms of this study,
exploratory analyses found a significant reduction in loss of gray matter as a result of
improved cardiorespiratory fitness.

As grey matter volume loss can be seen as early as 10 years before the clinical
manifestations [90, 91], these findings suggest the possibility that an exercise regimen
may delay the onset of the disease. It should be noted however that an animal model

study of preclinical HD has shown the opposite effect, that is exercise accelerating disease
onset resulting in a reduced striatal volume compared to sedentary control animals [92].

In this study, the lack of a difference in the main outcome, i.e. differences between the
moderate-to-vigorous intensity intervention and active control arms, may possibly be due
to improved cardiorespiratory fitness observed in both groups of participants. This is not
uncommon for exercise interventions and a number of prior studies have also shown
increased cardiorespiratory fitness in the control arm [82]. Future work with larger sample
sizes are needed to understand the long-term impact of increased cardiorespiratory fitness on
the disease progression in pre-manifest HD.

One of the major limitations to this study is a high drop-out rate and the small sample size of
the study. We had between 25-33% of our subjects drop out of the study within the 6-month
intervention. The primary reason for dropout from the study was personal motivation and
inability to keep up with the specified 50 minutes of activity three times weekly. Future
exercise studies aimed at HD may want to keep this in mind and develop additional ways to
increase the engagement of participants in the study. This may include activities specifically
aimed to promote adherence for both experimental and comparison groups.

Conclusion

In the participants that completed the study, we did find significant positive benefits

of improved cardiorespiratory fitness that appeared to be neuroprotective. We observed
significantly less loss of cortical gray matter volume associated with increased fitness.
Future studies are needed to verify these findings. These findings are interesting in that
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they may provide a low-cost way to delay manifestation of the disease. This study also did
not try to determine how long term moderate-to-vigorous exercise changes the trajectory
towards HD manifestation nor does it try to describe the effects of discontinuing the exercise
intervention. This would be potentially useful information to have that could further keep
participants engaged in such an intervention. In addition, a broad age range was utilized in
this study to increase the number of eligible subjects with this rare genetic disorder. Thus

there may be different developmental and aging effects across the cohorts, which were only
modeled linearly in the statistical approaches used in this study. Finally, this study was
undertaken in pre-manifest HD participants where ceiling effects may exist on a number of
measures including the UHDRS.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

This study was funded by the National Institute of Neurological Disorders and Stroke (R21NS091055,
NS040068, NS105509, NS103475) and CHDI.org. Facilities supported NIH including the MR Research Facility
(S100D025025) and the University of lowa NIH CTSA program grant (UL1TR002537) were used in this study.

References

1.

A novel gene containing a trinucleotide repeat that is expanded and unstable on
Huntington’s disease chromosomes. The Huntington’s Disease Collaborative Research Group. Cell.
1993;72(6):971-83. [PubMed: 8458085]

. Myers RH, MacDonald ME, Koroshetz WJ, Duyao MP, Ambrose CM, Taylor SA, et al. De novo

expansion of a (CAG)n repeat in sporadic Huntington’s disease. Nat Genet. 1993;5(2):168-73.
[PubMed: 8252042]

. Martin JB, Gusella JF. Huntington’s disease. Pathogenesis and management. N Engl J Med.

1986;315(20):1267-76. [PubMed: 2877396]

. Frank S. Treatment of Huntington’s disease. Neurotherapeutics. 2014;11(1):153-60. [PubMed:

24366610]

. Piira A, van Walsem MR, Mikalsen G, Nilsen KH, Knutsen S, Frich JC. Effects of a One

Year Intensive Multidisciplinary Rehabilitation Program for Patients with Huntington’s Disease:
a Prospective Intervention Study. PLoS Curr. 2013;5.

. Thompson JA, Cruickshank TM, Penailillo LE, Lee JW, Newton RU, Barker RA, et al. The effects

of multidisciplinary rehabilitation in patients with early-to-middle-stage Huntington’s disease: a
pilot study. Eur J Neurol. 2013;20(9):1325-9. [PubMed: 23216520]

. Aylward EH, Liu D, Nopoulos PC, Ross CA, Pierson RK, Mills JA, et al. Striatal volume contributes

to the prediction of onset of Huntington disease in incident cases. Biol Psychiatry. 2012;71(9):822—
8. [PubMed: 21907324]

. Rosas HD, Reuter M, Doros G, Lee SY, Triggs T, Malarick K, et al. A tale of two factors: what

determines the rate of progression in Huntington’s disease? A longitudinal MRI study. Mov Disord.
2011;26(9):1691-7. [PubMed: 21611979]

. Hobbs NZ, Henley SM, Ridgway GR, Wild EJ, Barker RA, Scahill R, et al. The progression

of regional atrophy in pre-manifest and early Huntington’s disease: a longitudinal voxel-based
morphometry study. J Neurol Neurosurg Psychiatry. 2010;81(7):756—63. [PubMed: 19955112]

10. Tabrizi SJ, Scahill RI, Owen G, Durr A, Leavitt BR, Roos RA, et al. Predictors of phenotypic

progression and disease onset in premanifest and early-stage Huntington’s disease in the TRACK-
HD study: analysis of 36-month observational data. Lancet Neurol. 2013;12(7):637-49. [PubMed:
23664844]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.


http://CHDI.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldine et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 13

Aylward E, Mills J, Liu D, Nopoulos P, Ross CA, Pierson R, et al. Association between Age and
Striatal Volume Stratified by CAG Repeat Length in Prodromal Huntington Disease. PLoS Curr.
2011;3:RRN1235.

Aylward EH, Nopoulos PC, Ross CA, Langbehn DR, Pierson RK, Mills JA, et al. Longitudinal
change in regional brain volumes in prodromal Huntington disease. J Neurol Neurosurg
Psychiatry. 2011;82(4):405-10. [PubMed: 20884680]

Majid DS, Aron AR, Thompson W, Sheldon S, Hamza S, Stoffers D, et al. Basal ganglia atrophy
in prodromal Huntington’s disease is detectable over one year using automated segmentation. Mov
Disord. 2011;26(14):2544-51. [PubMed: 21932302]

Majid DS, Stoffers D, Sheldon S, Hamza S, Thompson WK, Goldstein J, et al. Automated
structural imaging analysis detects premanifest Huntington’s disease neurodegeneration within 1
year. Mov Disord. 2011;26(8):1481-8. [PubMed: 21484871]

Paulsen JS, Nopoulos PC, Aylward E, Ross CA, Johnson H, Magnotta VA, et al. Striatal and

white matter predictors of estimated diagnosis for Huntington disease. Brain Res Bull. 2010;82(3—
4):201-7. [PubMed: 20385209]

Beglinger LJ, Nopoulos PC, Jorge RE, Langbehn DR, Mikos AE, Moser DJ, et al. White

matter volume and cognitive dysfunction in early Huntington’s disease. Cogn Behav Neurol.
2005;18(2):102-7. [PubMed: 15970729]

Magnotta VA, Kim J, Koscik T, Beglinger LJ, Espinso D, Langbehn D, et al. Diffusion Tensor
Imaging in Preclinical Huntington’s Disease. Brain Imaging Behav. 2009;3(1):77-84. [PubMed:
21415933]

Matsui JT, Vaidya JG, Johnson HJ, Magnotta VA, Long JD, Mills JA, et al. Diffusion
weighted imaging of prefrontal cortex in prodromal Huntington’s disease. Hum Brain Mapp.
2014;35(4):1562-73. [PubMed: 23568433]

Phillips O, Sanchez-Castaneda C, Elifani F, Maglione V, Di Pardo A, Caltagirone C, et al.
Tractography of the corpus callosum in Huntington’s disease. PL0oS One. 2013;8(9):e73280.

Bohanna I, Georgiou-Karistianis N, Sritharan A, Asadi H, Johnston L, Churchyard A, et

al. Diffusion tensor imaging in Huntington’s disease reveals distinct patterns of white matter
degeneration associated with motor and cognitive deficits. Brain Imaging Behav. 2011;5(3):171—
80. [PubMed: 21437574]

Andreassen OA, Dedeoglu A, Stanojevic V, Hughes DB, Browne SE, Leech CA, et al.
Huntington’s disease of the endocrine pancreas: insulin deficiency and diabetes mellitus due to
impaired insulin gene expression. Neurobiol Dis. 2002;11(3):410-24. [PubMed: 12586550]
Josefsen K, Nielsen SM, Campos A, Seifert T, Hasholt L, Nielsen JE, et al. Reduced
gluconeogenesis and lactate clearance in Huntington’s disease. Neurobiol Dis. 2010;40(3):656-62.
[PubMed: 20727971]

Josefsen K, Nielsen MD, Jorgensen KH, Bock T, Norremolle A, Sorensen SA, et al. Impaired
glucose tolerance in the R6/1 transgenic mouse model of Huntington’s disease. J Neuroendocrinol.
2008;20(2):165-72. [PubMed: 18034868]

Hurlbert MS, Zhou W, Wasmeier C, Kaddis FG, Hutton JC, Freed CR. Mice transgenic

for an expanded CAG repeat in the Huntington’s disease gene develop diabetes. Diabetes.
1999;48(3):649-51. [PubMed: 10078572]

Podolsky S, Leopold NA, Sax DS. Increased frequency of diabetes mellitus in patients with
Huntington’s chorea. Lancet. 1972;1(7765):1356-8. [PubMed: 4113563]

Jenkins BG, Koroshetz WJ, Beal MF, Rosen BR. Evidence for impairment of energy

metabolism in vivo in Huntington’s disease using localized 1H NMR spectroscopy. Neurology.
1993;43(12):2689-95. [PubMed: 8255479]

Saft C, Zange J, Andrich J, Muller K, Lindenberg K, Landwehrmeyer B, et al. Mitochondrial
impairment in patients and asymptomatic mutation carriers of Huntington’s disease. Mov Disord.
2005;20(6):674-9. [PubMed: 15704211]

Lodi R, Schapira AH, Manners D, Styles P, Wood NW, Taylor DJ, et al. Abnormal in vivo skeletal
muscle energy metabolism in Huntington’s disease and dentatorubropallidoluysian atrophy. Ann
Neurol. 2000;48(1):72-6. [PubMed: 10894218]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldine et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 14

Sepers MD, Raymond LA. Mechanisms of synaptic dysfunction and excitotoxicity in Huntington’s
disease. Drug Discov Today. 2014;19(7):990-6. [PubMed: 24603212]

Hickey MA, Zhu C, Medvedeva V, Franich NR, Levine MS, Chesselet MF. Evidence for
behavioral benefits of early dietary supplementation with CoEnzymeQ10 in a slowly progressing
mouse model of Huntington’s disease. Mol Cell Neurosci. 2012;49(2):149-57. [PubMed:
22044764]

Costa V, Scorrano L. Shaping the role of mitochondria in the pathogenesis of Huntington’s disease.
EMBO J. 2012;31 (8):1853-64. [PubMed: 22446390]

Koroshetz WJ, Jenkins BG, Rosen BR, Beal MF. Energy metabolism defects in Huntington’s
disease and effects of coenzyme Q10. Ann Neurol. 1997;41(2):160-5. [PubMed: 9029064]

Huntington Study Group Pre CI, Hyson HC, Kieburtz K, Shoulson I, McDermott M, Ravina B,

et al. Safety and tolerability of high-dosage coenzyme Q10 in Huntington’s disease and healthy
subjects. Mov Disord. 2010;25(12):1924-8. [PubMed: 20669312]

Andrew SE, Goldberg YP, Kremer B, Telenius H, Theilmann J, Adam S, et al. The relationship
between trinucleotide (CAG) repeat length and clinical features of Huntington’s disease. Nat
Genet. 1993;4(4):398-403. [PubMed: 8401589]

Frese S, Petersen JA, Ligon-Auer M, Mueller SM, Mihaylova V, Gehrig SM, et al. Exercise effects
in Huntington disease. J Neurol. 2017;264(1):32-9. [PubMed: 27747393]

Cotman CW, Berchtold NC, Christie LA. Exercise builds brain health: key roles of growth factor
cascades and inflammation. Trends Neurosci. 2007;30(9):464-72. [PubMed: 17765329]

Ding Q, Vaynman S, Souda P, Whitelegge JP, Gomez-Pinilla F. Exercise affects energy metabolism
and neural plasticity-related proteins in the hippocampus as revealed by proteomic analysis. Eur J
Neurosci. 2006;24(5):1265-76. [PubMed: 16987214]

Al-Jarrah M, Jamous M, Al Zailaey K, Bweir SO. Endurance exercise training promotes
angiogenesis in the brain of chronic/progressive mouse model of Parkinson’s Disease.
NeuroRehabilitation. 2010;26(4):369-73. [PubMed: 20555160]

Aguiar AS Jr., Stragier E, da Luz Scheffer D, Remor AP, Oliveira PA, Prediger RD, et al. Effects
of exercise on mitochondrial function, neuroplasticity and anxio-depressive behavior of mice.
Neuroscience. 2014;271:56-63. [PubMed: 24780767]

Vaughan S, Wallis M, Polit D, Steele M, Shum D, Morris N. The effects of multimodal exercise
on cognitive and physical functioning and brain-derived neurotrophic factor in older women: a
randomised controlled trial. Age Ageing. 2014;43(5):623-9. [PubMed: 24554791]

Tsai CL, Chen FC, Pan CY, Wang CH, Huang TH, Chen TC. Impact of acute aerobic exercise

and cardiorespiratory fitness on visuospatial attention performance and serum BDNF levels.
Psychoneuroendocrinology. 2014;41:121-31. [PubMed: 24495613]

Vissing J, Andersen M, Diemer NH. Exercise-induced changes in local cerebral glucose utilization
in the rat. J Cereb Blood Flow Metab. 1996;16(4):729-36. [PubMed: 8964814]

Krafft CE, Schaeffer DJ, Schwarz NF, Chi L, Weinberger AL, Pierce JE, et al. Improved
frontoparietal white matter integrity in overweight children is associated with attendance at an
after-school exercise program. Dev Neurosci. 2014;36(1):1-9. [PubMed: 24457421]

Voss MW, Heo S, Prakash RS, Erickson KI, Alves H, Chaddock L, et al. The influence of

aerobic fitness on cerebral white matter integrity and cognitive function in older adults: results of a
one-year exercise intervention. Hum Brain Mapp. 2013;34(11):2972-85. [PubMed: 22674729]
McCloskey DP, Adamo DS, Anderson BJ. Exercise increases metabolic capacity in the motor
cortex and striatum, but not in the hippocampus. Brain research. 2001;891(1-2):168-75. [PubMed:
11164820]

Holzschneider K, Wolbers T, Roder B, Hotting K. Cardiovascular fitness modulates

brain activation associated with spatial learning. Neurolmage. 2012;59(3):3003-14. [PubMed:
22027496]

Khalil H, Quinn L, van Deursen R, Dawes H, Playle R, Rosser A, et al. What effect does

a structured home-based exercise programme have on people with Huntington’s disease? A
randomized, controlled pilot study. Clin Rehabil. 2013;27(7):646-58. [PubMed: 23426565]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldine et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 15

Busse M, Quinn L, Debono K, Jones K, Collett J, Playle R, et al. A randomized feasibility study
of a 12-week community-based exercise program for people with Huntington’s disease. J Neurol
Phys Ther. 2013;37(4):149-58. [PubMed: 24232362]

Cruickshank TM, Thompson JA, Dominguez DJ, Reyes AP, Bynevelt M, Georgiou-Karistianis N,
et al. The effect of multidisciplinary rehabilitation on brain structure and cognition in Huntington’s
disease: an exploratory study. Brain Behav. 2015;5(2):e00312.

Quinn L, Hamana K, Kelson M, Dawes H, Collett J, Townson J, et al. A randomized, controlled
trial of a multi-modal exercise intervention in Huntington’s disease. Parkinsonism Relat Disord.
2016;31:46-52. [PubMed: 27423921]

Wiassef SN, Wemmie J, Johnson C, Johnson H, Paulsen J, Long JD, et al. T1p Imaging in
Premanifest Huntington Disease Reveals Changes Associated with Disease Progression. Mov
Disord. In Press.

Kieburtz K. Unified Huntington’s Disease Rating Scale: reliability and consistency. Huntington
Study Group. Mov Disord. 1996;11(2):136-42. [PubMed: 8684382]

Adams R. Revised Physical Activity Readiness Questionnaire. Can Fam Physician. 1999;45:992, 5,
1004-5.

Storer TW, Davis JA, Caiozzo VJ. Accurate prediction of VO2max in cycle ergometry. Med Sci
Sports Exerc. 1990;22 (5):704-12. [PubMed: 2233211]

Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF, et al. Clinician’s Guide

to cardiopulmonary exercise testing in adults: a scientific statement from the American Heart
Association. Circulation. 2010;122(2):191-225. [PubMed: 20585013]

Liu-Ambrose T, Nagamatsu LS, Graf P, Beattie BL, Ashe MC, Handy TC. Resistance training and
executive functions: a 12-month randomized controlled trial. Arch Intern Med. 2010;170(2):170—
8. [PubMed: 20101012]

Liu-Ambrose T, Nagamatsu LS, Voss MW, Khan KM, Handy TC. Resistance training and
functional plasticity of the aging brain: a 12-month randomized controlled trial. Neurobiol Aging.
2012;33(8):1690-8. [PubMed: 21741129]

Miller O, Kaufman N. The Stretch Deck: 50 Stretches Cards. San Francisco, CA: Chronicle Books
Publishing; 2002.

Archer S, Kaufman N. The Strength and Toning Deck: 50 Exercises to Shape Your Body Cards.
San Francisco, CA: Chronicle Books Publishing; 2004.

Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for unbiased
longitudinal image analysis. Neurolmage. 2012;61(4):1402-18. [PubMed: 22430496]

Reuter M, Rosas HD, Fischl B. Highly accurate inverse consistent registration: a robust approach.
Neurolmage. 2010;53(4):1181-96. [PubMed: 20637289]

Behrens TE, Woolrich MW, Jenkinson M, Johansen-Berg H, Nunes RG, Clare S, et al.
Characterization and propagation of uncertainty in diffusion-weighted MR imaging. Magn Reson
Med. 2003;50(5):1077-88. [PubMed: 14587019]

Avants BB, Tustison NJ, Song G, Gee JC. Ants: Open-source tools for normalization and
neuroanatomy. Heanetle. 2009; 10:1-11.

Gorgolewski K, Burns CD, Madison C, Clark D, Halchenko YO, Waskom ML, et al. Nipype:

a flexible, lightweight and extensible neuroimaging data processing framework in python. Front
Neuroinform. 2011; 5:13. [PubMed: 21897815]

Tustison NJ, Avants BB, Cook PA, Zheng Y, Egan A, Yushkevich PA, et al. N4ITK: improved N3
bias correction. IEEE Trans Med Imaging. 2010;29(6):1310-20. [PubMed: 20378467]

Dale AM, Fischl B, Sereno M. Cortical surface-based analysis. |. Segmentation and surface
reconstruction. Neurolmage. 1999;9(2):179-94. [PubMed: 9931268]

Klein A, Ghosh SS, Bao FS, Giard J, Hame Y, Stavsky E, et al. Mindboggling morphometry of
human brains. PLoS Comput Biol. 2017;13(2):e1005350.

Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC, Collins DL, et al. Unbiased

average age-appropriate atlases for pediatric studies. Neurolmage. 2011;54(1):313-27. [PubMed:
20656036]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldine et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 16

Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeomorphic image registration
with cross-correlation: evaluating automated labeling of elderly and neurodegenerative brain. Med
Image Anal. 2008;12(1):26—41. [PubMed: 17659998]

Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden Markov
random field model and the expectation-maximization algorithm. IEEE Trans Med Imaging.
2001;20(1):45-57. [PubMed: 11293691]

Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate
linear registration and motion correction of brain images. Neurolmage. 2002;17(2):825-41.
[PubMed: 12377157]

Greve DN, Fischl B. Accurate and robust brain image alignment using boundary-based registration.
Neurolmage. 2009;48(1):63-72. [PubMed: 19573611]

Power JD, Mitra A, Laumann TO, Snyder AZ, Schlaggar BL, Petersen SE. Methods to detect,
characterize, and remove motion artifact in resting state fMRI. Neurolmage. 2014;84:320-41.
[PubMed: 23994314]

Pruim RHR, Mennes M, van Rooij D, Llera A, Buitelaar JK, Beckmann CF. ICA-AROMA:

A robust ICA-based strategy for removing motion artifacts from fMRI data. Neurolmage.
2015;112:267-77. [PubMed: 25770991]

Schaefer A, Kong R, Gordon EM, Laumann TO, Zuo XN, Holmes AJ, et al. Local-Global
Parcellation of the Human Cerebral Cortex from Intrinsic Functional Connectivity MRI. Cereb
Cortex. 2018;28(9):3095-114. [PubMed: 28981612]

Choi EY, Yeo BT, Buckner RL. The organization of the human striatum estimated by intrinsic
functional connectivity. J Neurophysiol. 2012;108(8):2242-63. [PubMed: 22832566]

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BT. The organization of the human
cerebellum estimated by intrinsic functional connectivity. J Neurophysiol. 2011;106(5):2322-45.
[PubMed: 21795627]

Sv Buuren, Groothuis-Oudshoorn K. mice: Multivariate Imputation by Chained Equations in R.
Journal of Statistical Software, Articles. 2011;45:1-67.

Benjamini Y, Krieger AM, Yekutieli D. Adaptive linear step-up procedures that control the false
discovery rate. Biometrika. 2006;93(3):491-507.

Noble S, Scheinost D, Constable RT. A decade of test-retest reliability of functional connectivity:
A systematic review and meta-analysis. Neurolmage. 2019;203:116157.

Shulman LM, Katzel LI, Ivey FM, Sorkin JD, Favors K, Anderson KE, et al. Randomized
clinical trial of 3 types of physical exercise for patients with Parkinson disease. JAMA Neurol.
2013;70(2):183-90. [PubMed: 23128427]

Uc EY, Doerschug KC, Magnotta V, Dawson JD, Thomsen TR, Kline JN, et al. Phase 1/11
randomized trial of aerobic exercise in Parkinson disease in a community setting. Neurology.
2014;83(5):413-25. [PubMed: 24991037]

Romeo A, Edney S, Plotnikoff R, Curtis R, Ryan J, Sanders I, et al. Can Smartphone Apps Increase
Physical Activity? Systematic Review and Meta-Analysis. J Med Internet Res. 2019;21(3):e12053.
Erickson KI, Leckie RL, Weinstein AM. Physical activity, fitness, and gray matter volume.
Neurobiol Aging. 2014;35 Suppl 2:520-8. [PubMed: 24952993]

Chaddock-Heyman L, Erickson KI, Holtrop JL, Voss MW, Pontifex MB, Raine LB, et al.
Aerobic fitness is associated with greater white matter integrity in children. Front Hum Neurosci.
2014;8:584. [PubMed: 25191243]

Marks BL, Katz LM, Styner M, Smith JK. Aerobic fitness and obesity: relationship to cerebral
white matter integrity in the brain of active and sedentary older adults. Br J Sports Med.
2011;45(15):1208-15. [PubMed: 20558529]

Tian Q, Simonsick EM, Erickson KIl, Aizenstein HJ, Glynn NW, Boudreau RM, et al.
Cardiorespiratory fitness and brain diffusion tensor imaging in adults over 80 years of age. Brain
research. 2014;1588:63-72. [PubMed: 25204690]

Sehm B, Taubert M, Conde V, Weise D, Classen J, Dukart J, et al. Structural brain plasticity in
Parkinson’s disease induced by balance training. Neurobiol Aging. 2014;35(1):232-9. [PubMed:
23916062]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aldine et al.

89.

90.

91.

92.

Page 17

Uc E, Magnotta V, Johnson H, Zarei K, Cassell M, Bruss J, et al. Effects of Aerobic Exercise
on Striatum and Substantia Nigra in Parkinson’s Disease (13-5D). Neurology. 2015;84(14
Supplement):13-5D.

Douaud G, Gaura V, Ribeiro MJ, Lethimonnier F, Maroy R, Verny C, et al. Distribution of
grey matter atrophy in Huntington’s disease patients: a combined ROI-based and voxel-based
morphometric study. Neurolmage. 2006;32 (4):1562-75. [PubMed: 16875847]

Aylward EH, Codori AM, Barta PE, Pearlson GD, Harris GJ, Brandt J. Basal ganglia volume
and proximity to onset in presymptomatic Huntington disease. Arch Neurol. 1996;53(12):1293-6.
[PubMed: 8970459]

Potter MC, Yuan C, Ottenritter C, Mughal M, van Praag H. Exercise is not beneficial

and may accelerate symptom onset in a mouse model of Huntington’s disease. PLoS Curr.
2010;2:RRN1201. [PubMed: 21152076]

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Aldine et al.

Page 18

|Emoinem|

Assessed for eligilty

(n=54)

Excluded (n=14)

¢ Dedined o participate

¢ Diintmeelindusion
critoria

¢ Didnt complete initial

Included in study

(n=40)

Study’s CONSORT diagram

l Allocation ‘
Alocated to Exercise Group (n=34) Allocated to Control Group (n=6)
¢ Received alocated intervention ¢ Received allocated intervention
(n=34) (n=6)
e Chesttightness discovered at
! Follow-Up 1
e Lostlo followup (n=3)
¢ Discontinued Exercise (n=6)due to: e Lostto folowup (n=1).
e Hamstring not related to study ) ) )
(n=1). ¢ Discontinued nterventiondue to
o Inabiityto keop up with nability to keep up with workout
exercise (n=2) w=1)
* Newly diagnosed
cdaustrophobia (n=1)
+ m +
Analysed (n=25) Analysed (n=4)
Figure (A):

SVOA Neurol. Author manuscript; available in PMC 2022 February 04.




1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldine et al.

Page 19

Bl Caudate

Putamen

Figure (B):
A visual representation of the caudate and the putamen volumetrically segmented using
FreeSurfer
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Table 1.

Participants Demographics at Baseline for the Study *

Overall Moderate-to-Vigorous Intensity Intervention  Active Control  P-Value
N =40 N =34 N=6
Sex
Female, Count (%) 25 (62.6) 23 (67.6) 2(33.3) 0.174
Male, Count (%) 15 (37.5) 11 (32.4) 4(66.7)
Age (Years) 37.08 (11.16) 37.24 (10.50) 36.17 (15.58) 0.472
BMI (kg/m?) 26.89 (4.20) 27.49 (4.42) 28.74 (4.47) 0.560
CAG Repeat Length 42.41 (3.23) 42.15 (2.64) 43.83 (5.67) 0.894
VO, Max (mL/kg/min) 29.49 (7.51) 29.94 (7.85) 26.92 (4.83) 0.415
WHODAS *** 1.71 (2.57) 1.94 (2.68) 0.20 (0.45) 0.129
UHDRS "
Motor Score 2.38 (2.50) 2.24 (2.43) 3.17 (2.99) 0.322
Functional Score 4.93 (0.35) 4.91(0.38) 5.00 (0.00) 0.581
SDMT 62.55 (10.01) 63.44 (9.77) 57.5 (10.75) 0.262
Trails Making Test
Trails A 18.25 (6.69) 17.85 (5.99) 20.5 (10.25) 0.865
Trails B 36.48 (18.27) 35.30 (12.83) 4317(38.14)  0.327
Stroop Interference 54.95 (11.40) 54.29 (10.73) 58.67 (15.27) 0.881
Stroop Word Reading 106.23 (16.08) 106.85 (14.34) 102.67 (25.35)  0.327
Stroop Color Naming 85.88 (12.81) 86.26 (11.92) 83.67 (18.32) 0.928
PBA-s 7
Depression Score 1.98 (3.45) 1.94 (3.13) 2.17 (5.31) 0.638
Irritability Score 0.75 (2.13) 0.76 (2.23) 0.67 (1.63) 1.000
Apathy Score 0.325 (1.10) 0.29 (1.09) 0.5 (1.22) 0.833
Psychosis Score 0(0) 0(0) 0(0) NA
Executive Function Score 0.63 (1.66) 0.74 (1.78) 0 (0) 0.509

*
Mean and (Standard deviation) are reported

*:

*
BMI=Body Mass Index

*:

A
WHODAS= World Health Organization Disability Assessment Schedule

*ok

Ak
UHDRS= Unified Huntington’s Disease Rating Scale

A AAA

SDMT= Symbol Digits Modalities Test

Hok kA A A

PBA-s= Problem Behavior Assessment-Short Form (Mann-Whitney U test used due to distribution shape)
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Table 2.
Demographics at Baseline for Study Completers™
Overall Moderate-to-Vigorous Intensity Intervention  Active Control  P-Value
N =29 N =25 N=4
Sex
Female, Count (%) 17 (58.6) 16 (64.0) 1(25.0) 0.279
Male, Count (%) 12 (41.4) 9(36.0) 3(75.0)
Age (Years) 39.17 (11.76) 38.72 (11.24) 42.00 (16.37) 0.849
BMI (kg/m?) 27.50 (4.25) 27.49 (4.42) 27.54 (3.79) 0.980
CAG Repeat Length 41.69 (2.56) 41.72 (2.69) 41.50 (1.91) 0.774
VO, Max (mL/kg/min) 30.56 (7.64) 30.80 (8.09) 29.02 (4.28) 0.976
WHODAS *** 1.45 (2.34) 1.64 (2.46) 0.25 (0.50) 0.375
UHDRS ™
Motor Score 2.14 (2.31) 2.16 (2.46) 2.00 (1.15) 0.672
Functional Score 4.90 (0.41) 4.88 (0.44) 5.00 (0.00) 0.614
SDMT **** 63.45 (10.03) 64.5 (9.63) 58.40 (11.52) 0.373
Trails Making Test
Trails A 16.68 (5.38) 16.42 (5.06) 19.80 (7.59) 0.401
Trails B 32.37 (11.37) 31.13 (9.57) 36 (17.97) 0.976
Stroop Interference 54.93 (11.04) 55.5 (10.42) 52.20 (15.00) 0.471
Stroop Word Reading 107.57 (15.26) 109 (12.59) 96.2 (24.70) 0.061
Stroop Color Naming 87.03 (11.82) 87.79 (11.34) 83.4 (14.79) 0.342
PBA-s 7
Depression Score 1.07 (2.31) 1.29 (2.49) 0(0) 0.327
Irritability Score 0.48 (1.81) 0.42 (1.84) 0.80 (1.79) 0.704
Apathy Score 0.10 (0.41) 0.13 (0.45) 0(0) 0.795
Psychosis Score 0(0) 0(0) 0(0) NA
Executive Function Score 0.48 (1.35) 0.58 (1.47) 0 (0) 0.582

*
Mean and (Standard deviation) are reported

*:

*
BMI=Body Mass Index

*:

A
WHODAS= World Health Organization Disability Assessment Schedule

*ok

Ak
UHDRS= Unified Huntington’s Disease Rating Scale

A AAA

SDMT= Symbol Digits Modalities Test

AR A A A A
PBA-s= Problem Behavior Assessment-Short Form (Mann-Whitney U test used due to distribution shape)
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Table 3.

Change in Cardiorespiratory Fitness, Symptoms, and Cognition (6 month Follow up minus Baseline) *

Overall Moderate-to-Vigorous Intensity Intervention  Active Control  P-Value
N =29 N =25 N=4
VO, max (mL/kg/min) 1.43 (2.79) 1.52 (2.83) 0.85 (2.83) 0.681
WHODAS ** -0.10 (1.32) -0.12 (1.42) 0.00 (0.00) 0.677
UHDRS ™™
Functional Score 2.93 (0.59) 2.92 (0.64) 3.00 (0.00) 0.538
Motor Score -0.62 (1.59) -0.56 (1.47) -1.00 (2.45) 0.748
SDMT 0.10 (4.81) 0.33 (4.33) -1(7.25) 0.312
Trails A -0.93 (4..08) -0.375 (3.98) -3.6 (3.78) 0.134
Trails B 4.14 (11.98) 2.88 (10.71) 10.2 (17.02) 0.417
Stroop Interference 2.66 (5.88) 3.25(5.93) -0.2 (5.26) 0.327
Stroop Word Reading 2.14 (9.12) 1.125 (7.47) 7 (15.02) 0.285
Stroop Color Naming 1.38(8.12) 1.88 (8.35) -1(7.18) 0.624
PBA ¥
Depression Score 1(2.63) 0.88 (2.47) 1.6 (3.58) 0.841
Irritability Score -0.31 (1.89) -0.21 (1.93) -0.8(1.78) 0.400
Apathy Score 0.17 (0.93) 0.04 (0.62) 0.8 (1.79) 0.582
Psychosis Score 0 (0) 0 (0) 0 (0) NA
Executive Function Score  -0.38 (1.29) -0.46 (1.41) 0 (0) 0.795

*
Mean and (Standard deviation) are reported

*Kk
WHODAS= World Health Organization Disability Assessment Schedule

Aok

*
UHDRS= Unified Huntington’s Disease Rating Scale

Hok:

A A
SDMT=Symbol Digits Modalities Test

Hok A A

PBA= Problem Behavior Assessment-Short Form (Mann-Whitney U test used due to distribution shape)
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Results of Linear Regression Assessing the Relationship between VO,max Changes and Regional Brain
Volume Changes Normalized to Intracranial Volume

**Difference in Normalized Volume per unit VO,max  P-Value
Left Cerebellum White Matter 0.00006 0.056
Left Cerebellum Cortex 0.07097 0.033"
Left Thalamus 0.00238 0.033*
Left Caudate 0.00007 0.056
Left Putamen 0.00370 0.080
Left Pallidum 0.00063 0.033*
Left Hippocampus 0.00214 0.172
Right Cerebellum White Matter 0.00017 0.056
Right Cerebellum Cortex 0.03480 0.033%
Right Thalamus 0.00420 0.033%
Right Caudate 0.00006 0.061
Right Putamen 0.00125 0.056
Right Pallidum 0.00012 0.035~
Right Hippocampus 0.00627 0.033"

*
p<0.05

Ak
Volumetric data normalized to intracranial volume
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Results of Linear Regression Assessing the Relationship between VO,max Changes and Regional T1rho

Table 5.

Relaxation Times by Group

Difference in Relaxation time per unit VO, max ms/mL/(kg-min)  P-Value
Left Cerebellum White Matter 2.08483 0.030™
Left Cerebellum Cortex 1.01889 0.226
Left Thalamus -0.02450 0.942
Left Caudate 1.87704 0.030™
Left Putamen 0.74047 0.217
Left Pallidum 0.60908 0.226
Left Hippocampus -0.30154 0.757
Right Cerebellum White Matter 0.28909 0.812
Right Cerebellum Cortex 1.35076 0.031"
Right Thalamus -0.52101 0.217
Right Caudate 1.05989 0.127
Right Putamen 0.60789 0.226
Right Pallidum 0.10092 0.849
Right Hippocampus -1.58137 0.03117°

*
p<0.05
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