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ABSTRACT: Background: The composite Uni-
fied Huntington’s Disease Rating Scale (CUHDRS) is a
multidimensional measure of progression in
Huntington’s disease (HD) being used as a primary
outcome in clinical trials investigating potentially
disease-modifying huntingtin-lowering therapies.
Objective: Evaluating volumetric and structural
connectivity correlates of the cUHDRS.

Methods: One hundred and nineteen premanifest and
119 early-HD participants were included. Gray and
white matter (WM) volumes were correlated with
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voxel-based morphometry. Correlations between
baseline fractional anisotropy (FA); mean, radial, and
axial diffusivity; and baseline cUHDRS were examined
using tract-based spatial statistics.

Results: Worse performance in the cUHDRS over
time correlated with longitudinal volume decreases in
the occipito-parietal cortex and centrum semiovale,
whereas lower baseline scores correlated with
decreased volume in the basal ganglia and surround-
ing WM. Lower cUHDRS scores were also associated
with reduced FA and increased diffusivity at baseline.

Conclusion: The cUHDRS correlates with imaging
biomarkers and tracks atrophy progression in HD
supporting its biological relevance. © 2021 Interna-
tional Parkinson and Movement Disorder Society

Key Words: Huntington’s disease; composite Uni-
fied Huntington’s Disease Rating Scale; diffusion ten-
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Huntington’s disease (HD) is an autosomal-dominant
neurodegenerative disorder, characterized by a slow
progression of cognitive, psychiatric, and motor dys-
function.! Although the surge in HD clinical trials dic-
tates the need for measures that can track disease
evolution over short periods of time, clinical scales in
HD show low reliability and validity*™ and investigate
only isolated domains (ie, cognitive, motor) instead of
the multiple aspects affected by the disease.

The composite Unified Huntington’s Disease Rating
Scale (cUHDRS) is a novel, multidomain measure
encompassing motor, functional, and cognitive scales,’
all of which are independently associated with HD
severity.”” The cUHDRS was generated to provide an
improved measure of clinical progression using data
from over 1600 early-HD patients. To form the com-
posite, a signal-to-noise ratio (SNR) of different scales
available as a part of the standard UHDRS* and also
non-UHDRS rating scales® was performed dividing the
change from baseline in a given measure by its standard
deviation, followed by a principal component analysis
of scales with the highest SNR. The cUHDRS has
shown outstanding test—retest reliability, superior to its
individual components, in terms of sensitivity to disease
stage and longitudinally providing greater statistical
power to detect clinical benefit.® As such, it is currently
being used as a primary outcome measure in a
huntingtin (HTT) lowering phase 3 clinical trial.*°

Schobel et al demonstrated greater correlations
between cUHDRS and global brain volumes relative to
its subscales,® which is significant for therapies that
limit neuronal loss. However, this work did not exam-
ine the relationship between cUHDRS and localized
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brain change. Histological studies have shown that neu-
rodegeneration in HD is not uniform, following a topo-
graphically specific distribution where caudal and
dorsal basal ganglia are first affected, extending then to
more widespread brain areas.'' Magnetic resonance
imaging (MRI) studies have similarly demonstrated
gradual atrophy and microstructural disorganization as
disease progresses.'?'® The impact of HTT lowering
therapies is heterogeneous; antisense oligonucleotides
(ASOs) have a more pronounced effect in the cortex,
whereas RNA interference or zinc-finger proteins target
the basal ganglia."” Therefore, there is a need for unbi-
ased imaging methods that explore the whole brain,
localizing and characterizing the relationship between
brain changes and clinical markers of progression.

In the present study, we have used macro- and micro-
structural imaging metrics to identify specific brain areas
that degenerate as clinical performance decreases in the
TRACK-HD cohort of premanifest HD (pre-HD) and
early-HD.'® Here, we used voxel-based morphometry
(VBM) to localize the volumetric correlates of cUHDRS
and its subscales and tract-based spatial statistics (TBSS)
to examine the correlations between cUHDRS and its
subscales with white matter (WM) microstructural orga-
nization. We performed cross-sectional and longitudinal
volumetric analyses and cross-sectional microstructural
analysis and predicted that as brain volume decreased,
cUHDRS performance would diminish, with congruent
decreases in WM organization.

Patients and Methods

We performed our analysis on the combined group of
119 pre-HD and 119 early-HD patients from the
TRACK-HD study to examine brain changes continuously
across the disease course rather than imposing a poten-
tially artificial delineation based on clinical diagnosis.'®

We compared clinical and demographic data across
groups using the 2-sample ¢ test or ANOVA analysis
for continuous variables and the y* test for categoric
variables.

Differences were considered significant using a proba-
bility value of 0.05.

cUHDRS is composed of 4 subscales:® Total Func-
tional Capacity (TFC);* Total Motor Score (TMS);*
Symbol-Digit Modality Test (SDMT),'® and Stroop
Word Reading (SWR) Test.'” Higher scores in all scales

SDMT-28.4\ (SWR-66.1\]
* 113 * 20.1 *

except for TMS indicate better performance. The for-
mula for cUHDRS is given as follows:®

MRI Data Acquisition, Processing, and Analysis

For a detailed description of MRI acquisition, see
Supplementary data.

VBM Analysis

Baseline T1 images were bias-corrected using the
N3 algorithm®® and processed with SPM12 (https:/
www.fil.ion.ucl.ac.uk/spm/software/spm12/) running
in MATLAB version R2012B. T1 images were seg-
mented and warped using DARTEL,*"*? incorporat-
ing a modulation step and smoothed at 4 mm full-
width at half-maximum for the cross-sectional VBM
analysis. Within-subject quantification of change was
performed using fluid registration of baseline and
36-month images. For further information, see
Scahill et al.??

For the cross-sectional analyses, positive and negative
correlations between gray matter (GM) and WM volumes
and the cUHDRS and subscale scores were performed
using linear regression models. For the longitudinal analy-
sis, change in clinical scales, calculated as the difference in
scores between the baseline and 36-month visits, was cor-
related with change in GM and WM volumes over the
same period using linear regression models. Age, sex, site,
total intracranial volume, and disease burden score
(DBS)** were included as covariates. All VBM results
were family-wise error rate cluster-corrected at P = 0.05;
initial cluster-forming threshold is P = 0.001.

Diffusion Analysis

Diffusion-weighted imaging data were acquired dur-
ing the final visit only for 3 sites. Data were analyzed
using whole-brain TBSS in FSL (www.fmrib.ox.ac.uk/
fsl). All subjects’ FA (fractional anisotropy) data were
first nonlinearly registered into a common space. Next,
the mean FA image was thinned to create an FA skele-
ton that represented the center of all fiber bundles com-
mon to all subjects. Each participant’s data were then
warped onto the skeleton to perform voxelwise statis-
tics. The same process was repeated for mean diffusiv-
ity (MD), axial diffusivity (AD), and radial diffusivity
(RD) using the FA skeleton.?

Positive and negative correlations between all diffu-
sivity metrics and cUHDRS and subscale scores were
performed using nonparametric permutation testing
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(n = 500),%° the standard approach for TBSS analysis.>”
Only cross-sectional TBSS analyses were performed
because longitudinal data were not available. Age, sex,
site, and DBS were included as covariates. All TBSS
results were cluster-corrected using threshold-free clus-
ter enhancement (P < 0.05).”%

Results

VBM Cross-Sectional Analyses

Imaging data from 238 participants were available.
Four participants were excluded due to incomplete clin-
ical information or failed quality control (QC). For
demographic information, see Figure S1 and Table S1.

Decreased performance in the cUHDRS correlated
with smaller GM volume in the basal ganglia and parie-
tal, occipital, and insular cortices (Fig. 1). Similarly,
SDMT showed a widespread positive correlation with
GM volume, whereas SWR and TFC were positively
associated with GM volume in the basal ganglia.
Increased motor symptoms showed extensive correla-
tions with decreased GM volume (Fig. 1).

cUHDRS also correlated positively with volume in
WM surrounding the basal ganglia, occipital lobe, and
centrum semiovale (Fig. 1). Higher SDMT scores were
also positively associated with larger right frontal and
occipital WM volume, whereas SWR and TFC showed
a positive relationship with occipital WM only. TMS
correlated with reduced temporal, occipital, and right
frontal WM volume (Fig. S3).

VBM Longitudinal Analyses

For the longitudinal analyses, a further 77 participants
were excluded due to the absence of usable fluid-
registered images or insufficient clinical information. For
demographic information, see Figure S1 and S2.

Longitudinal decreases in GM volume correlated with
decreased cUHDRS performance over time in the occip-
ital and parietal cortices (Fig. 1) and decreased SDMT
performance in the caudate and occipital cortex. The
change in TFC was also negatively correlated with the
change in GM volume in sensorimotor, prefrontal, and
parietal cortices (Fig. S4).

Decreases in longitudinal WM volumes correlated
with decreased scores in cUHDRS in the centrum semi-
ovale (Fig. 1) and also with decreased performance over
time in SDMT in the thalamus and midbrain. Decreases
in TFC showed a widespread correlation with WM
atrophy in centrum semiovale, periventricular WM,
and optic radiations (Fig. S4).

There were no significant associations between the
change in SWR or TMS and change in brain volumes.

r STRUCTURAL
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FIG. 1. Cross-sectional and longitudinal correlations between cUHDRS
and brain volumes. Statistically significant correlations between base-
line gray matter volume, baseline white matter volume, longitudinal
change in gray matter volume, and longitudinal change in white matter
volume with the cUHDRS using VBM. Baseline correlations are in the
positive direction, implying that higher scores are associated with
larger baseline volumes. Correlations between change in brain volume
and change in cUHDRS are in the negative directions, meaning that
larger decreases in brain volume would be associated with larger
decreases in the cUHDRS. Results are projected onto a study-specific
gray matter or white matter template. All analyses presented are
adjusted by age, sex, study site, DBS, and TIV; thresholded at
P < 0.05 (family-wise error [FWE] cluster-corrected). The color bar rep-
resents T scores (white: red, higher: lower). “*cUHDRS, composite Uni-
fied Huntington’s Disease Rating Scale; DBS, disease burden score;
GMV, gray matter volume; TIV, total intracranial volume; VBM, voxel-
based morphometry; WMV, white matter volume. [Color figure can be
viewed at wileyonlinelibrary.com]

DTI Cross-Sectional Analyses

Diffusion data were available for 103 participants.
Of those, 21 participants were excluded due to incom-
plete clinical information or failed QC. For demo-
graphic information, see Figure S5 and Table S1.

cUHDRS showed associations with all 4 diffusion
metrics in the corpus callosum, external capsule, tempo-
ral lobes, and subcortical WM. Higher scores in the
composite were associated with increased FA and
decreased AD, MD, and RD (Fig. 2). There was also
widespread positive correlation between FA and SDMT.
Increased motor symptoms correlated with lower values
in FA, mainly in the corpus callosum and left corona
radiata. Similarly, there were widespread negative corre-
lations between MD, AD, RD, and SDMT, with congru-
ent positive correlations between motor symptoms and
all 3 diffusivity metrics (Figs. S6 and S7).

SWR and TFC did not show significant correlations
with any diffusion metrics.
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FIG. 2. Cross-sectional TBSS analysis between baseline DTl metrics
and baseline cUHDRS. Correlations shown are in the negative direction
except for FA where higher values mean higher coherence of white mat-
ter. Results are shown on the FA skeleton (green), overlaid on the MNI
standard brain template. All analyses presented are adjusted by age,
sex, study site, and DBS; thresholded at P <0.05 (TFCE cluster-
corrected). The colors represent P-values (yellow: red, higher: lower).
*AD, axial diffusivity; cUHDRS, composite Unified Huntington’s Disease
Rating Scale; DBS, disease burden score; FA, fractional anisotropy;
MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial
statistics; TFCE, threshold-free cluster enhancement. [Color figure can
be viewed at wileyonlinelibrary.com]

Discussion

This study investigated the neural correlates of the
cUHDRS, a multifaceted HD clinical measure composite,
within a large pre-HD and early-HD cohort. Using unbi-
ased whole-brain approaches, we have demonstrated
that baseline brain volumes and WM organization are
associated with better performance as indexed by the
cUHDRS. In addition, the change in the composite is
associated with longitudinal macroscopic brain changes,
suggesting that an improvement in atrophy rates in the
occipital cortex and centrum semiovale may mediate
clinical change in the cUHDRS possibly linked to a
higher longitudinal SNR compared with its subscales.

The cUHDRS composite scale has already been
shown to have both excellent clinicometric properties
that were above its individual constituent scales in

terms of sensitivity to disease stage and association with
global imaging metrics. Schobel et al performed global
correlations between brain volumes using a single
numeric measure for each participant (ie, total
GM/caudate volume).® Here, we build on this approach
using both volumetric and anatomical connectivity to
characterize localized structural change showing that
the cUHDRS is associated with imaging biomarkers in
specific brain regions only.

The composite is associated with baseline GM and WM
volumes in the basal ganglia and subcortical WM. In addi-
tion, longitudinal changes in the cUHDRS and atrophy
track together over a clinical trial period in the centrum
semiovale and occipital cortex. In line with these findings,
extensive changes in subcortical WM volume, including
the centrum semiovale and occipital cortical atrophy, are
well known to be present in the disease,'®*** being possi-
bly related to the decreased performance in scales measur-
ing visuospatial and visuomotor functions.

Microstructural  disorganization has also been
reported in pathological and previous imaging stud-
ies.'>3133 In agreement with these observations, the
cUHDRS was linked to the integrity of the deep WM
microstructure. Although further studies are required to
investigate longitudinal change in diffusion metrics and
their relationship with the composite, our results denote
that the cUHDRS is associated with baseline imaging at
both macro- and microstructural levels.

Our cross-sectional and longitudinal VBM analyses
showed that the brain regions that correlated with baseline
scores in the composite were different from those correlat-
ing with change in the cUHDRS. This difference may be
due to change in clinical scores being considerably lower
than that of absolute scores at baseline (Tables S1 and S2)
but may also indicate that change in the brain regions over
time does not necessarily reflect current disease status.

Importantly, the results of the composite are consis-
tent across different analyses. Of the subscales, SDMT
showed extensive correlations; these did not always
overlap with that of the composite in terms of area,
likely because the cUHDRS comprises multiple scales.
TMS was associated only with cross-sectional mea-
sures, whereas TFC correlated exclusively with longitu-
dinal changes. These results indicate that the
performance of most subscales varied according to the
type of analyses performed; the composite, however,
showed significant results independently. The multi-
dimensional nature of the cUHDRS together with its
clinicometric properties and significant correlations
with imaging biomarkers shows that the composite is
most suitable for use in clinical trials.

Although our results add value to the biological sig-
nificance of the cUHDRS, they require confirmation in
the context of clinical trials. ASO-mediated mutant
huntingtin lowering, for example, is not uniform across
the brain, being more marked in the cortex and
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superficial WM than in the basal ganglia,* both areas
that correlate with cUHDRS scores in our sample. If
replicated, these findings could improve the understand-
ing of the mechanisms mediating a hypothetical benefit
of the ASO in clinical function.

In terms of limitations, the number of participants dif-
fered between the cross-sectional VBM, TBSS, and longi-
tudinal VBM studies. However, there were no significant
differences in terms of DBS, age, or sex between cohorts
(Table S2), and we adjusted for all demographic factors
in our analyses. In addition, TBSS may be subject to mis-
registration and noise effects that can impact statistical
significance values.>> VBM also has potential issues
when normalizing atypical brains, and smoothing can
reduce localization accuracy.®® Nevertheless, both tech-
niques have been proven to be reliable and reproducible
in HD,”*” and we performed detailed QC to reduce any
effects of registration errors. Finally, it should be empha-
sized that associations between two variables require fur-
ther assessments to establish a causal relationship.®

Conclusion

We have showed that the cUHDRS is extensively
correlated with change in both brain volume cross-
sectionally and longitudinally and baseline WM micro-
structure above its individual components. Our results
provide evidence that the anatomical underpinnings of
cUHDRS in the human brain are in line with disease
pathology and that the composite tracks macro- and
microscopic brain changes, supporting the biological
relevance of the scale and shedding light on the future
interpretation of the clinical trials using the cUHDRS to
evaluate disease-modifying therapies in HD. ®

Acknowledgments: We thank the patients and their families.
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ABSTRACT: Objective: The aim of this study
was to report relief of optokinetic-triggered vertigo
(OKTV) with low-dose gabapentin in three patients
with periodic vestibulocerebellar ataxia [episodic
ataxia type 4 (EA4); OMIM 606552].

Methods: Clinical observations and analysis of video-
recorded eye movements were used before and after
gabapentin.

Results: Gabapentin relieved vertigo of all three
treated patients with EA4, particularly during activities
that typically would induce vertiginous symptoms.
Two patients reported 8-12 hours of sustained relief
after the first 100 mg dose. One has benefited from
100-200 mg TID for 7 years. Video analysis of nystag-
mus revealed improved target tracking on smooth
pursuit and a steadier gaze hold.

Conclusions: Gabapentin effectively relieved the
optokinetic-triggered vertigo in our patients with EA4.
Mechanisms are postulated in terms of known tight
gabapentin binding to the Purkinje cell voltage-gated
calcium channel. The observations may offer insight
into this rare disease’s neuropathology. © 2021 Inter-
national Parkinson and Movement Disorder Society

Key Words: periodic vestibulocerebellar ataxia; epi-
sodic ataxia; autosomal dominant ataxia; gabapentin;
optokinetic vertigo
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Periodic vestibulocerebellar ataxia [episodic ataxia type
4 (EA4'); OMIM 606552°] is an adult-onset, autosomal
dominant (AD) cerebellar ataxia characterized by
prominent eye coordination symptoms, including
optokinetic-triggered vertigo (OKTV) followed universally
by progressive cerebellar ataxia. The first known affected
family was reported in 1963 by Farmer and Mustian.? This
and subsequently described families likely belong to a single
kindred, distinct from other genetically defined AD ataxias,
originating from the same rural North Carolina
community.*™ The OKTV has been correlated with exami-
nation findings: gaze-induced nystagmus and vestibulo-
ocular reflex nonsuppression demonstrated by the “clothes
hanger hat” test.® The patient sits motionless in a slowly
spun swivel chair, eyes fixed on a target suspended by the
hat. Easily observed nystagmus is triggered by the moving
scene. The deficits localize to the cerebellar flocculus,’
supported by postmortem examination.®

OKTV will often occur in affected EA4 individuals
while grocery shopping. Due to patients’ attempts to
steady themselves with the grocery cart, Farris et al.’
informally referred to the symptom complex as the
“shopping cart syndrome” (Bradley K. Farris, personal
communication). Patients examined by Small et al.®
described the same. When attempting to fix on shelved
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