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Abstract

Objectives—Diffusivity in white-matter tracts is abnormal throughout the brain in cross-
sectional studies of prodromal Huntington’s disease. To date, longitudinal changes have not been
observed. The present study investigated cross-sectional and longitudinal changes in white-matter
diffusivity in relationship to the phase of prodromal Huntington’s progression, and compared them
with changes in brain volumes and clinical variables that track disease progression.

Methods—Diffusion MRI profiles were studied over two years in 37 gene-negative controls and
64 prodromal Huntington’s disease participants in varied phases of disease progression. To
estimate the relative importance of diffusivity metrics in the prodromal phase, group effects were
rank ordered relative to those obtained from analyses of brain volumes, motor, cognitive and
sensory variables.

Results—First, at baseline diffusivity was abnormal throughout all tracts, especially as
individuals approached a manifest Huntington’s disease diagnosis. Baseline diffusivity metrics in
six tracts and basal ganglia volumes best distinguished amongst the groups. Second, group
differences in longitudinal change in diffusivity were localized to the superior fronto-occipital
fasciculus, most prominently in individuals closer to a diagnosis. Group differences were also
observed in longitudinal changes of most brain volumes, but not clinical variables. Lastly,
increases in motor symptoms across time were associated with greater changes in the superior
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fronto-occipital fasciculus diffusivity and corpus callosum, cerebrospinal fluid, and lateral
ventricle volumes.

Conclusions—These novel findings provide new insights into changes within two years in
different facets of brain structure and their clinical relevance to changes in symptomatology that is
decisive for a manifest Huntington’s diagnosis.

Keywords
Huntington’s disease; diffusion tensor imaging; brain volume; motor symptoms; cognition

Introduction

Huntington’s disease (HD) is a fatal neurodegenerative disorder characterized by a triad of
motor, cognitive and psychiatric disturbances. HD is caused by a cytosine-adenine-guanine
(CAG) repeat expansion in the huntingtin (HTT) gene. HTT is expressed throughout the
brain and body, but medium spiny neurons of the striatum are selectively targeted early in
the prodromal phase (prHD), followed by less prominent cortical grey (GM) and white
(WM) matter loss.2~# In anticipation of treatments designed to prevent or slow the
development of signs and symptoms, outcomes for clinical trials are needed that are
sensitive to changes in the prodromal phase when interventions may be most effective.
Although motor and cognitive variables track disease progression and predict time to
diagnosis, 13 striatal volumes are particularly robust markers.2=> However, striatal volume
might not be the most sensitive marker for all interventions, which can differ in their
mechanisms of action or the time window to produce an effect. It is therefore important to
study structural markers of disease progression throughout the brain.

WM volume loss also tracks disease progression in prHD,3:6-8 suggesting pathological
changes in the structural connectivity of corticostriatal and cortico-cortical pathways. In this
regard, diffusion MRI (dMRI) is of keen interest as it measures local microstructural
characteristics of water diffusion in tissues, potentially elucidating pathological processes
associated with neurodegeneration in WM tracts. Cross-sectional dMRI studies of prHD
report WM pathology throughout anterior and posterior tracts, 910 tracts innervating
prefrontal cortex,11-13 frontostriatal and sensorimotor tracts,14-16 and the corpus
callosum.16-20 Although WM pathology correlates with disease burden in some
studies,?11:12.14 |ongitudinal studies are needed to chart the course of disease progression.
However, most longitudinal dMRI studies of prHD have not found abnormal 12 to 30-month
changes in diffusivity profiles of whole-brain WM,2! centers of WM tracts,22 or the
striatum,*521 although the latter result may relate to limitations of the tensor model in GM.
Longitudinal dMRI findings contrast with 12 to 24-month striatal, GM, and WM volume
loss in prHD,46:8:23 syggesting volumetric measures may be more sensitive to longitudinal
changes. This issue requires further examination owing to the small prHD samples in
longitudinal dMRI studies (i.e., 22 to 40) and the limited number of investigations
examining diffusivity profiles within WM tracts.22

The present study builds upon previous results by characterizing two-year changes in
diffusivity profiles of 64 prHD individuals in different phases of disease progression to
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evaluate its relationship to the evolution of WM pathology. Differences amongst groups at
baseline were also tested to provide a context for the longitudinal results. To estimate the
relative sensitivity of dMRI and other variables known to track disease progression,
measures of brain volume, cognition, and motor symptoms were also obtained. The results
are expected to inform the ongoing refinement of dMRI outcomes and selection of potential
targets for clinical interventions. Relationships between longitudinal changes in MRI and
behavioral variables are also reported, which may have value in choosing outcomes
associated with clinically meaningful endpoints.

Participants underwent baseline, 12- and 24-month assessments. Data were collected at the
Cleveland Clinic and the University of lowa as part of the larger PREDICT-HD study.224
Ethics committees at both sites approved the study. Participants completed genetic testing
for the CAG expansion. Certified examiners administered the Unified Huntington’s Disease
Rating Scale (UHDRS) Motor Assessment. Examiners rated their Diagnostic Confidence
Level (DCL) that a participant’s motor signs were indicative of HD; volunteers were
excluded with a DCL of 4 (=99% confidence of unequivocal signs of HD).

The sample at the baseline visit consisted of 64 gene-positive prHD individuals and 37 gene-
negative controls with a family history of HD. Exclusion criteria included clinical evidence
of unstable medical/psychiatric illness, alcohol/drug abuse within the past year, learning/
developmental disability requiring special education, history of another neurological
condition, inability to undergo MRI scanning, and use of prescription antipsychotic
medications within the past six months or phenothiazine-derivative antiemetic medications
more than three times per month. The prHD participants were stratified into Low (n=19),
Medium (n=28), and High (n=17) baseline progression groups based on the CAG-Age
Product, a widely used index of disease burden computed as CAP=[(age at study entry) X
(CAG repeats-33.66).22:26 Using this stratification, estimated time to motor diagnosis (DCL
=4)is>12.78 years, 12.78 to 7.59 years, and < 7.59 years for Low, Medium, and High
groups, respectively.

Clinical assessments

At each visit, tests of executive, sensory, and motor functions that track disease progression
in prHD were administered including: 1) Stroop Color and Word Test (color naming, word
reading, and interference; total correct in 45s); 2) Symbol Digit Modalities Task (total
correct in 90 s); 3) Trail Making Test (Parts A and B; time to complete), 4) University of
Pennsylvania Smell Identification Test (UPSIT) (percent correct)3, and 5) UHDRS total
motor score (TMS; 31 items) and chorea (7 items), oculomotor (6 items), bradykinesia (11
items), rigidity (2 items), and dystonia (5 items) scores.?’

Neuroimaging protocol

Both sites used Siemens TIM Trio 3T MRI scanners with a 12-channel receive-only head
array. Frequent quality assurance scans were performed at each institution to ensure that data
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were free of scanner artifacts and comparable between sites in image quality and signal-to-
noise. We acquired whole brain T1-weighted inversion recovery turboflash (MPRAGE)
images [166 axial slices; thickness=1 mm:; field-of-view (FOV) = 256x240 mm2; inversion
time Tl)/echo time (TE)/repetition time (TR)/flip angle = 900/3.04/2530 ms/10°; matrix =
256x240; receiver bandwidth (BW) = 220 kHz] and high angular resolution diffusion
images (twice-refocused spin echo diffusion weighting, single-shot 2D echo planar imaging
readout, 2mm isotropic resolution, 256mm x 256mm FOV, 128 x 128 matrix, 50 2mm thick
slices, TE = 92msec, TR = 7600 msec, partial Fourier factor 5/8, readout bandwidth 1562

Hz/Pixel, 71 diffusion-weighted volumes with b = 1000 sec/mm?2, 8 b = 0 volumes, NEX =
3).28.29

Anatomical MRI analysis

MRI scans were analyzed for bilateral regional cortical and subcortical volumes, since
hemispheric asymmetries have not been noted in prHD. Brain volumes were derived using
the FreeSurfer 5.3 longitudinal analysis pipeline, which demonstrates good test-retest
reliability across scanners and sites.3% Volumetric measures were adjusted for total
intracranial volume [(volume/intracranial volume) x 100)]. Nine structures were studied that
exhibit longitudinal volume loss in prHD including the putamen, caudate, globus pallidus,
accumbens, corpus callosum, cortical GM and WM, cerebrospinal fluid (CSF), and lateral
ventricles.3:6.7:31,32

dMRI analysis

After motion and eddy-current correction,3 data were fit on a voxel-by-voxel basis to the
diffusion tensor model, accounting for noise floor bias with a maximum likelihood
estimation approach. Measures of tissue microstructure [fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD)] were calculated from the
diffusion tensor in each voxel by matrix diagonalization with in-house software.34

Data were then processed using Tract-Based Spatial Statistics (TBSS) preprocessing
functions in FSL 5.0.8 (http://www.fmrib.ox.ac.uk/fsl/tbss/index.html).3% FA images were
nonlinearly registered to FMRIB58_FA and then to a study-specific FA template in MNI
space. Nonlinear transforms were also applied to the diffusivity volumes. Regions of interest
(ROIs) were created using the JHU-ICBM-labels WM atlas, which contains WM tracts
hand-segmented on an average probabilistic tensor map of 81 healthy subjects.36 Of the 48
atlas ROIs, 32 left and right hemisphere tracts and three midline tracts were covered by
dMRI scans for all subjects. In preliminary analyses, group differences in longitudinal
change were not related to the hemisphere of a tract. To reduce multiple analyses,
homologous hemispheric tracts were combined into a single bilateral ROI by multiplying
diffusion metrics of a tract by each hemisphere volume, then summing the products and
dividing by the total volume. This produced 19 ROISs per diffusion metric.

Statistical analysis

All measures were analyzed in R 3.2.2 (https://www.R-project.org/) using linear mixed
effects regression (LMER).3” Orthogonal polynomial contrasts were used to test group
effects (Negative, Low, Medium, High). The model included time (years), wherein 0 = study
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entry, and baseline covariates: [(age + age?) * time + sex + education + study site]. Subject-
specific random effects were specified for baseline (intercept) and time (slope). Of primary
interest was the group by time interaction, representing group differences in the rate of
change over time for an outcome. An omnibus approach for testing group differences was
used, wherein both intercept and slope differences were simultaneously tested. Omnibus
testing was conducted by comparing 1) a reduced model omitting group and including
covariates and the time effect and 2) a full model that added the main effect of group at
baseline (intercept) and the group by time interaction. LMER models were estimated using
maximum likelihood methods, which produce unbiased estimates under the assumption that
the missing data mechanism is ignorable. The likelihood ratio test (LRT) was used for the
omnibus test. Owing to the large number of outcome variables, the false discovery rate
(FDR) adjustment was applied separately to each domain of variables (19 ROI for each
diffusion metric; 9 brain volumes; 6 motor variables; 7 cognitive/sensory variables). When a
variable showed a significant LRT of the full model (g < 0.05), general linear hypothesis
(GLH) tests were performed to test for the specific effects of group, both baseline
differences and the group by time interaction (i.e., slope differences). Because these were
follow-up analyses, we considered the FDR adjustment for the LRT to be adequate type |
error rate protection (i.e., unadjusted p-values for GLH tests).

Simple regression was used to investigate relationships between: 1) disease burden (baseline
CAP) and MRI variables that showed significant group by time interactions (GLH tests); 2)
dMRI variables and brain volumes that showed significant group by time interactions (GLH
tests), and 3) annualized rates of change in MRI variables showing a significant group by
time interaction (GLH tests) and rates of change in selected motor, cognitive, and sensory
variables (irrespective of whether group by time differences were significant). For these
analyses, subject-specific slopes for prHD participants were computed based on the fitted
LMER model. Then slopes for variables of interest were correlated (FDR adjusted)
controlling for nuisance variables.

At baseline, the Low group was younger than the other groups and the Medium group was
younger than the High group (Table 1). Education and sex were well balanced amongst
groups. The High group showed more motor signs than other groups and performed more
poorly than the Negative group on the Stroop Word and the Trail Making Test Part B. For
the second and third visits, there was data loss owing to attrition or exclusion of poor quality
dMRI data (e.g., motion artifact): Negative: n=35, 25; Low: n=17, 11; Medium: n=24, 23;
and High: n=15, 11 for 12- and 24-month visits, respectively. Data loss was greater in the
prHD (12%) than the Negative (5%) group at the 12-month, but not the 24-month visit
(Negative = 32%; prHD=30%). There was no difference in data loss amongst prHD groups
at the 12-month visit (11% to 14%); at the 24-month visit less data was lost in the Medium
(18%) than the Low (42%) and High (35%) groups. These results suggest that disease
burden was not a factor in attrition or poor quality dMRI data. The groups did not differ in
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the number of years between the baseline and last study visit [F=0.45, p=0.72; mean (SE):
Negative 1.68 (0.60); Low 1.56 (0.77); Medium 1.71 (0.75); High 1.62 (0.64)].

LMER tests of the full model

Table Al (Appendix) summarizes the results from the LMER of the dMRI variables. The
full model had superior fit for MD and/or RD in all tracts (i.e., significant LRT), suggesting
aberrant WM throughout the brain in prHD at baseline and/or longitudinally, especially
perpendicular to the axon (RD). Omnibus tests of the full model for FA and AD were
significant in 58% and 47% of the tracts, respectively. Thus, aberrant changes parallel to the
axonal tract (AD) were confined to specific tracts at baseline and/or longitudinally. Table A2
(Appendix) shows that the full model had the best fit for all brain volumes, except cortical
GM. Significant LRTs of the full model were found for some motor (TMS, chorea,
bradykinesia) and cognitive (Stroop Color Naming, Stroop Word Reading) measures.
Sources of the significant omnibus tests of the full model are detailed in Tables 2 and 3.

GLH tests for cross-sectional group differences

Baseline group differences in various diffusion metrics were observed for all WM tracts (see
JHU-ICBM atlas).38 As the phase of prodromal disease progressed, MD and/or RD
gradually increased in all tracts (Table 2). Decreases in FA and increases in AD as phase of
disease progressed were found in 58% and 47% of the tracts, respectively. As for brain
volumes, basal ganglia volumes decreased and CSF and lateral ventricle volumes increased
with disease progression group (Table 2). Motor symptoms (TMS, chorea, and bradykinesia)
increased and Stroop Word reading test performance worsened with disease progression.

The descending rank of the chi-square statistics is shown in the last column. The top 15
ranked variables that most robustly differentiated amongst the groups at baseline included
putamen (#1), caudate (#4), and pallidum (#10) volumes and diffusivity metrics in six tracts,
namely the external capsule (MD #2; RD #3; AD #7), fornix-stria terminalis (RD #5; MD
#6), posterior thalamic radiations (AD #8; MD #9), cingulum (hippocampal projection; MD
#11; AD #15), body of the corpus callosum (FA #12;RD #13), and anterior limb of the
internal capsule (RD#14). Other volumetric, motor, and cognitive variables were not ranked
highly.

GLH tests for longitudinal group differences

Significant group differences in the rate of change in WM diffusivity were found only for
MD in the superior fronto-occipital fasciculus (SFOF). Annualized linear increases in MD
were notable mostly in the High group (Table 3; Figure 1). Significant group differences in
longitudinal change were also found for all regional brain volumes, except the nucleus
accumbens (Table 3; Figure 1). Linear decreases in caudate, putamen, corpus callosum and
cortical WM were prominent in the High group as were increases in CSF and lateral
ventricle volumes. No group differences were found in annualized rates of change for motor
and cognitive variables.

The rank ordering of the chi-square statistics (Table 3) indicated that group differences were
best distinguished by linear changes in the basal ganglia (#1, 2), lateral ventricles (#3),
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corpus callosum (#4), and cortical WM (#5) volumes, followed by SFOF MD (#6) and CSF
volume (#7).

Relationships between longitudinal change in MRI and clinical variables

Simple regression, adjusting for age and number of years between the baseline and the final
MRI visit, was used to characterize relationships between disease burden and annualized
changes in the MRI variables that showed significant group by time interactions. Increases
in baseline CAP significantly correlated with longitudinal increases in SFOF MD (ixy., =
0.35, g < 0.05) and lateral ventricle volume (ryy.; = 0.34, g < 0.05) and decreases in caudate
volume (ryy, = -0.463, q < 0.01). Baseline CAP was not associated with changes in corpus
callosum, cortical WM, CSF or putamen volume.

To characterize associations between rates of change in SFOF MD and brain volumes that
exhibited significant group by time interactions, simple regression adjusting for age was
used to correlate subject slopes in the prHD group. Longitudinal increases in SFOF MD
strongly correlated with increases in lateral ventricle volume (ryy, = 0.76, q <.001) and
moderately correlated with decreases in caudate (rxy.; = =0.45, g <.01) and putamen (ryy.; =
-0.31, g < .05) volume. Changes in SFOF MD were not associated with changes in corpus
callosum, cortical WM, or CSF volume.

Next simple regression was then used to examine the relationship between the subject slopes
of the seven MRI variables that exhibited significant group by time interactions and slopes
of the TMS, Stroop Word, Symbol Digit Test, Trails Part B, and UPSIT. Adjustment
variables were age, CAP score, and number of years between the baseline and final MRI
visit. P-values were FDR adjusted for each set of correlations between a clinical measure
and the seven MRI variables. Annualized increases in the TMS (worsening) were
significantly correlated with increases in CSF and lateral ventricle volume and decreases in
corpus callosum volume (Figure 2). Linear increases in the TMS also correlated with
increases in SFOF MD, although only a trend for significance remained after FDR
adjustment (p = 0.03; g = 0.055). Annualized changes in the TMS were not associated with
changes in caudate, putamen, or cortical WM volume. No significant correlations were
found between slopes of the cognitive/sensory measures and slopes of the MRI variables.

Discussion

The present study investigated cross-sectional and longitudinal changes in WM diffusivity in
prHD. We found abnormal diffusivity at baseline throughout all WM tracts, especially as
individuals neared a motor diagnosis. A new finding was that diffusivity in six tracts best
distinguished amongst the groups at baseline, along with striatal volumes. This finding
builds upon past cross-sectional studies by demonstrating that aberrant WM diffusion in
specific tracts characterizes phases of prHD progression as well or better than some widely-
studied volumetric markers. We also found for the first time that aberrant longitudinal
change in WM diffusivity was localized to the SFOF, most prominently in the High group.
Longitudinal changes in most brain volumes, but not clinical variables, also differed
amongst the groups. Importantly, increases in motor symptoms over time correlated with
greater changes in SFOF MD and corpus callosum, CSF, and lateral ventricle volumes.
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These results provide new insights into annual changes in different facets of brain structure
and their relevance to a worsening in symptomatology that is decisive for a manifest motor
diagnosis.

Cross-sectional changes in brain structure

Our cross-sectional results build upon previous studies by showing that as the phase of prHD
progresses, MD is increased in nearly all fiber tracts owing to increased RD, which has been
linked to demyelination.3® Indeed, increased RD is observed in prHD throughout frontal and
posterior tracts®11:12.14 and corpus callosum.18:19 These findings are compatible with
increased densities of oligodendrocytes in the prodromal phase,3° which regulate axonal
myelination production and repair. However, AD was also increased in 45% of the tracts,
and was one of the top-ranked metrics that distinguished amongst groups at baseline in the
external capsule, cingulum, and posterior thalamic radiations. Using different analytic
approaches, two studies also found more localized increases in both AD and RD as
individuals neared a diagnosis.®12 Though pathological processes that cause changes in AD
and RD are not understood, they often occur in close proximity and may signify greater
early cell loss and gliosis than RD changes by themselves.40

A new finding was that diffusivity metrics in six tracts and basal ganglia volumes comprised
the top-ranked variables that best distinguished amongst the groups. Though putamen
volume was ranked first,*! diffusivity in cholinergic projections from the basal forebrain to
the cerebral cortex, namely the external capsule (MD/RD), were ranked second and third,
followed by caudate volume. AD in the external capsule and diffusivity in limbic system
pathways linking emotion to cognition (fornix and stria terminalis; RD/MD) and projections
connecting occipital, temporal and parietal cortices (posterior thalamic radiation; AD/MD)
were all ranked higher than pallidum volume. The remaining top-ranked variables included
diffusivity metrics in association fibers connecting temporal and frontal lobes (cingulum),
interhemispheric connections (corpus callosum), and projections connecting cortex with
basal ganglia (anterior limb of internal capsule). Altered diffusivity in cortical-subcortical
and cortical-cortical tracts, particularly in individuals near diagnosis or in early HD, may
affect cognitive and emotional processing.1:34243 Indeed, in cross-sectional studies of large
prHD samples (146 participants), poorer executive functioning in prHD is associated with
more aberrant diffusivity in frontal and frontostriatal WM tracts.12 None of the clinical
variables were ranked near the top, similar to a 15-month longitudinal study of manifest
HD,** suggesting that dMRI metrics and brain volumes are better indicators of disease
progression at baseline.

Longitudinal changes in brain structure

We revealed that longitudinal increases in MD of the SFOF were prominent as individuals
approached a motor diagnosis and correlated with disease burden. Past studies of prHD have
not uncovered significant 18- to 24-month longitudinal changes in WM using histogram
analyses of the entire brain?! or skeleton-based analyses of central WM fibers.22 Reasons for
the discrepancies are unknown, but may relate to different analytic approaches and/or small
prHD samples (i.e., 22 to 28). Consistent with other studies, 3631 we also observed group
differences in longitudinal change for most volumetric (striatum, corpus callosum, cortical
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WM, CSF, and lateral ventricles), but not clinical variables. The latter finding agrees with a
multisite study of prHD reporting no 24-month changes in clinical variables,® except the
TMS for which we did not find longitudinal group differences.

Changes in SFOF diffusivity appeared partially independent of changes in brain volumes, as
they were only moderately associated with changes in striatal volume, the most robust
marker of disease progression in prHD.3:6 The SFOF connects the frontal lobe with superior
parietal and superior-middle occipital cortices*®, which comprise the dorsal visual stream.
This network mediates higher-level motor functions and visuospatial processing used to
prepare and guide movements.*6 Indeed, cognitive-motor control declines in prHD.47:48
SFOF architecture is compatible with the trend for a relationship between rates of change in
SFOF MD and change in the TMS, which probes for oculomotor control and higher motor
functions (e.g., hand pronation/supination, sequencing, tandem walking). This relationship
was independent of disease burden, as were associations between changes in the TMS and
changes in CSF, lateral ventricle and corpus callosum volume, the latter for which atrophy
disrupts interhemispheric interactions essential for controlling movement.#° In contrast,
change in SFOF MD was not related to changes in cognitive measures, which instead
correlate with prefrontal and frontostriatal WM diffusivity in cross-sectional studies of
erD.11,12

Conclusions

Longitudinal changes in diffusivity were uncovered within a single tract (SFOF), the clinical
relevance of which was supported by its association with baseline progression group and
changes in motor symptomatology critical for a manifest motor diagnosis. These results are
preliminary and require replication in a larger prHD cohort, which may also reveal
longitudinal changes in other WM tracts. In addition, our cross-sectional findings revealed
prominent diffusivity abnormalities within certain tracts, most of which show 15-month
changes in early HD.%? This may suggest that longer time windows are needed to better
characterize WM progression in prHD. To refine future measures of aberrant WM, it will
also be important to investigate different analytic approaches, including graph theory,
wherein two-year changes in local network interactions of paracentral and medial prefrontal
cortices were recently reported in prHD.51

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Longitudinal change in MRI variables in gene-negative and positive individuals. Graphs
display individual trajectories of longitudinal change for each variable that showed a group
by time interaction (Table 3). Variability of individual trajectories (gray) around the group
mean trajectory (wide colored line) is shown for each group. The superior-fronto-occipital

fasciculus tract is displayed (top right) in axial (z=18.5) and coronal (y=2.5) views.3¢
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Figure 2.
Association between annualized linear change in MRI variables and linear change in the

Unified Huntington’s Disease Rating Scale (UHDRS) in gene-positive individuals.
Standardized residuals (adjusted for age, CAP, and the number of years between the baseline
and final MR visits) are plotted for the linear slopes of MRI variables that correlated with
the slope for the UHDRS total motor score (partial correlations and g-values displayed).
Solid lines show the best-fitting linear regression line and 95% confidence intervals. Colored
dots designate participants in each prHD group.
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