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ABSTRACT

Objective: To investigate microstructure and function of the visual pathway and

determine clinical correlates in Huntington'’s disease (HD) patients.

Methods: Diffusion tensor-imaging data was acquired of 21 premanifest, 20 manifest
HD, and 17 healthy controls. To examine the microstructure of white matter pathways,
mean indices of diffusion parameters were measured along the anterior and posterior
thalamic radiation tracts using Tract-Based Spatial Statistics (TBSS). Additionally,
electrical activity of the brain in response to visual stimuli was measured using pattern-
reversal visual-evoked potentials (VEPs). Associations with clinical measures were
examined in HD gene carriers using univariate linear regression analyses corrected for

age, gender, and HD group.

Results: Microstructural alterations in manifest HD were primarily present in the optic
radiations of posterior brain regions and to a lesser extent in the anterior brain regions.
Reduced fractional anisotropy, and increased radial and axial diffusivity were associated
with higher disease burden scores and increased oculomotor impairment in HD gene
carriers. Radial diffusivity showed the strongest associations with oculomotor function
and disease burden. Normal latencies of the pattern-reversal VEP were found in HD
gene carriers compared to controls. Reduced amplitudes of the early components
were present in premanifest HD and manifest HD, but were not associated with clinical

measures.

Conclusion: Altered microstructure of the posterior optic radiation is detectable in
early manifest HD and is related with disease severity. Our results show that axonal
degeneration in the occipital lobe occurs early in the disease process, while functional

integrity of the visual pathway remains relatively preserved.
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1. INTRODUCTION

Huntington'’s disease (HD) is a hereditary, neurodegenerative disorder, characterized by
a triad of progressive motor disturbances, cognitive decline and behavioral changes.'
The disease is caused by an abnormal expansion of the CAG (cytosine-adenosine-
guanine) repeat length in the Huntingtin gene on chromosome four.? Atrophy of the
striatum is the neuropathological hallmark of the disease due to extensive loss of
striatal medium-sized spiny neurons.® As a result, striatal atrophy is thought to be the
origin of the typical unwanted choreiform movements that occur in patients with HD.34
Neuroimaging studies have shown that striatal atrophy can be detected a decade
before clinical disease onset in the so-called premanifest phase, and is therefore seen
as a robust marker to track disease progression.>® However, besides the characteristic
clinical signs of HD, deficits in visual cognition, such as an impaired visuospatial working
memory or changes in facial emotion recognition have been frequently reported,” and
are suggested to originate from posterior cortical degeneration, since pronounced
reductions in the absolute nerve cell number in the occipital lobe have been found in
advanced HD patients.®'°

Moreover, in earlier disease stages, volume loss in posterior cortical brain regions is
present,"=> and is even associated with worse visual cognitive task performance and
oculomotor dysfunction.”2'® |t has therefore been proposed that besides striatal
atrophy, cortical degeneration also contributes to the clinical phenotype of HD.™
Although there is increasing evidence of the involvement of posterior brain regions in
the neurodegenerative process of HD, the extent of structural and functional changes
of the in-vivo pathways to these regions remains unclear. In our study, we aimed to
gain more insight into the neuropathological involvement of posterior brain regions in
HD. We therefore assessed white matter diffusion properties and neurophysiological
measurement of visual-evoked potentials to investigate structural and functional

alterations of the visual pathway in premanifest and manifest HD gene carriers.

2. METHODS

2.1. Participants

Fifty-eight participants (21 premanifest HD gene carriers, 20 manifest HD gene
carriers, and 17 healthy controls) were included in this cross-sectional, observational
study via the outpatient clinic of the Neurology department at the Leiden University
Medical Center (LUMC) in the Netherlands. All HD gene carriers had a genetic test

with > 36 CAG repeats. Spouses and HD gene-negative relatives were recruited as
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controls. Participants were required to have a normal or corrected-to-normal primary
visual ability above 0.5 (20/40) on the visual acuity test and no major ophthalmic or
neurologic co-morbidities. Participants were not included if they were unable to
undergo MRI scanning (i.e. due to metallic implants, claustrophobia, or pregnancy).
Patients that participated in an intervention trial were not included in this study. The
Medical Ethical Committee of the LUMC approved this study and written informed
consent was obtained from all participants.

Demographic data, including gender, date of birth, age at visit, and years of education,
was obtained for all participants. Primary visual acuity and the ability to perceive
color differences were assessed using a visual acuity test and the Ishihara Color Test
respectively. HD gene carriers were divided into premanifest and manifest HD based
on the presence of motor signs using the Unified Huntington’s Disease Rating Scale
(UHDRS) total motor score.’ This scale measures the degree of motor disturbances
in different domains, such as oculomotor function, gait and postural stability, and the
presence of choreiform or dystonic movements. A higher score indicates more motor
impairments. The clinically manifest phase of the disease is defined as an UHDRS -
total motor score of more than 5, whereas HD gene carriers with a score of 5 or less
are defined as premanifest individuals. The ocular and saccadic movement items of
the UHDRS were summed to establish a subdomain score (range 0 — 24) of oculomotor
function, as described previously.">"” The disease burden score (age x [CAG repeat
length — 35.5]) was calculated for all HD gene carriers, in which a higher score reflects

an increased disease severity.'®

2.2. DTl acquisition

Diffusion Tensor Imaging (DTI) data was acquired on a 3-Tesla whole body MRI scanning
system (Philips Achieva, Best, the Netherlands) using a standard 32-channel head coil.
A single shot echo-planar DTl sequence was applied with 32 gradient directions and
a total acquisition time of approximately 8 minutes. The follow scan parameters were
used: TR = 11.547 ms, TE = 56 ms, FOV = 220 x 220 mm? with an acquisition matrix of
112 x 110, 2 mm slice thickness with no gap between slices, flip angle = 90°, voxel size
= 1.96 x 1.96 x 2.00 mm?, number of slices = 75, b-value = 1000 s/mm?, and halfscan
factor = 0.61.

2.3. DTl processing

Diffusion tensor imaging data were preprocessed using the FMRIB’s Diffusion Toolbox
(FDT) that is implemented in FMRIB's Software Library (FSL, version 5.0.10, Oxford,
United Kingdom)."”? First, images were corrected for distortions caused by eddy
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currents and motion artifacts. Then, diffusion tensors were fit to the eddy-current
corrected data resulting in fractional anisotropy (FA), radial diffusivity (RD or A1) and
axial diffusivity (AD or A|) maps. RD was defined as the average of the second and
third eigenvalues of the diffusion tensor (A, + A, / 2), while AD corresponded to the first
eigenvalue (A)).

The FA, RD, and AD maps from each participant were further analyzed using voxel-
wise tract-based spatial statistics (TBSS) analysis, part of FSL.?' Here, FA images from all
participants were nonlinearly registered to a standard space target image (FMRIB58_
FA image) to form an averaged registered FA image. Then, a skeleton of white matter
was generated by thresholding the averaged FA image, in which only voxels with a
mean FA value of 0.2 or higher were included. Consequently, this mean FA skeleton
represents the center of the white matter fibers throughout the whole brain. The
skeleton projection was then applied to RD, and AD images, to create a separate
skeleton for each diffusion measure. All data was visually checked for distortions or
incorrect registration.

The anterior and posterior thalamic radiations (including the optic radiations) tracts
were used as a mask of the visual pathway and mean FA, RD, and AD values within this
mask were extracted. These tracts were identified using the Johns Hopkins University

white matter tractography atlas implemented in FSL.

2.4. Visual-evoked potentials (VEP)

Electrical activity of the brain in response to visual stimuli was measured using a pattern-
reversal VEP (Medelec Synergy, Oxford Instruments, version 11.0) at the department of
Clinical Neurophysiology in the LUMC.

The left and right eyes were stimulated separately in two sessions (a total of four
sessions), and were then averaged to form one trace per eye. A high-contrast full-field
black-and-white checkerboard was used that flashed at a frequency of 2 Hz with an
individual square check size of 0.45 degrees of arc. Participants were seated facing the
checkerboard screen at a viewing distance of 2 meter in a dark room and were asked to
fixate their gaze on the center of the screen with one eye covered. The EEG signal was
recorded using an active mid-occipital (Oz) electrode and referenced to Cz, according
to the international 10/20 system. A total of 100 trials were recorded. Trials containing
artifacts were manually removed before further analyses.

Four major components (N75, P100, N140 and P200) were measured to analyze brain
activity in the occipital cortex. For each component, the latency was calculated to
indicate the time from stimulus onset to the component, whereas the amplitude was

measured from peak to baseline (i.e. peak amplitude) and from peak to peak (i.e.
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peak-to-peak amplitude), as described in the guidelines of the International Society
for Clinical Electrophysiology of Vision (ISCEV).%

2.5. Statistics

Group differences in demographic characteristics were analyzed using analysis of
variance (ANOVA), independent T-test or chi-square test when applicable. Group
differences between the extracted mean FA, RD, and AD values of the white matter
tracts of interest were analyzed using ANOVA with Sidak correction to correct for
multiple comparisons.

Post-hoc group differences on all diffusion outcome measures were performed using
the general linear model (GLM) tool implemented in FSL. Age and gender were
included as covariates in all statistical designs. FSL-randomise was used for voxel-
wise non-permutation testing with 5000 permutations.?® The Threshold-Free Cluster
Enhancement technique was used, and family wise error was used to correct for
multiple comparisons across voxels.?*

Group differences for all VEP outcome measures were analyzed using Kruskal-Wallis
test. If this analysis yielded significant results, post-hoc analysis was performed using
the Mann-Whitney U test.

Separate univariate linear regression analyses were performed in HD gene carriers
(i.e. both premanifest and manifest HD) to assess the associations between diffusion
outcome measures and clinical assessments, and between neurophysiological outcome
measures and clinical assessments. Only outcome measures that showed significant
group differences compared to controls were included in the regression analyses. Age,
gender and HD group were included as covariates and entered in one block with the
predictor variable. The significant threshold was set at a p-value of < 0.05. Statistical
analyses were performed using the Statistical Package for Social Sciences (SPSS for
Mac, version 23, SPSS Inc.).

3. RESULTS

Demographic characteristics for each group are presented in Table 1. Premanifest HD
gene carriers were younger compared to both controls and manifest HD (F (2,55) =
10.81, p = 0.026 and p < 0.001 respectively). Manifest HD had a higher disease burden
score compared to premanifest HD (t (37) = 4.6, p < 0.001). In addition, manifest
HD had more motor impairments compared to controls and premanifest HD on the
UHDRS - total motor score (F (2,55) = 48.06, both p < 0.001) and UHDRS - oculomotor

144



score (F (2,55) = 67.00, both p < 0.001). Gender and CAG repeat length did not differ
between groups.

To study structural integrity of the visual pathway, mean indices of diffusion parameters
were measured along the anterior and posterior thalamic radiation tracts. Reduced FA
(F (2,55) = 9.35, p = 0.005), increased RD (F (2,55) = 16.66, p < 0.001) and increased AD
(F (2,55) = 8.61, p = 0.001) were found in manifest HD compared to controls (Figure
1A). No differences in diffusion parameters were observed between premanifest HD
and controls.

Voxel-wise analysis showed that these reduced FA and increased RD values in manifest
HD were primarily located posterior in the optic radiation and thalamus (Figure 1B).
Reduced mean AD was found in the frontal lobe, particularly in the anterior limb of the
internal capsule and thalamus.

All diffusivity parameters showed significant associations with clinical assessments
(Table 2). The UHDRS total motor score, UHDRS oculomotor score and disease burden
score all showed the strongest association with radial diffusivity, meaning that higher
clinical scores were correlated with increased radial diffusivity.

To study functional integrity of the visual pathway, brain activity after visual stimulation

TABLE 1 Demographic group characteristics

Controls Premanifest HD Manifest HD
N 17 21 20
Age (years) 465 +10.9 374 +£90 52.1+10.8
(241 -613) (23.2-52.9) (28.5 - 64.8)
Gender (m/f) 7/10 11/10 11/9
CAG repeat length - 418+ 22 42824
(38 -45) (40 — 48)
Disease burden score - 228.6 + 88.1 362.4 +93.1
(89.9 — 368.0) (185.0 - 538.8)
UHDRS - Total motor score 1.8+1.3 28+10 27.2+155
(0-5) (1-5) (8-52)
UHDRS - Oculomotor 0.4+0.7 1.6+1.1 8.4 «3.7
0-2 0-4) (3-15)

Demographic data are showed (mean + SD (range), except for gender (numbers)).

Disease burden score was calculated with the formula: age x [CAG repeat length — 35.5] by
Penney et al., 1997.

CAG = cytosine-adenosine-guanine, UHDRS = Unified Huntington’s Disease Rating Scale.
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TABLE 2 Correlations between diffusion parameters and clinical assessments in HD gene carriers

Fractional anisotropy Axial diffusivity Radial diffusivity

R? B.. p-value R? B.. p-value R? By p-value
UHDRS - 0426 -0.517 0.012 0374 0405 0.005 0534 0.634 0.001
Total Motor
UHDRS -

0.403 -0.486 0.027 0316 0.501 0.033 0474 0.535 0.010
Oculomotor

Disease

0.484 -0.585 0.001 0.347 0454 0.012 0583 0620 <0.001
burden score

Separate univariate linear regression analyses were performed adjusted for age, gender and HD group (i.e.
premanifest and manifest HD). Standardized Beta coefficients (_ ) represent the SD change in diffusion
parameters per every SD increase in the clinical assessments. As age is already included in the disease burden
score (age x [CAG repeat length - 35.5] by Penney et al., 1997), these regression analyses were performed
without age as covariate. Significant p-values < 0.05 are presented in bold.

FIGURE 1 Diffusion parameters
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Diffusion parameters measured using tract-based spatial statistics (TBSS) analysis showed microstructural changes in
manifest HD. A) Fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD) values within the anterior
and posterior thalamic radiation tracts are presented per group. Significant differences between manifest HD and
controls are displayed, * p < 0.05 and ** p < 0.001. B) Voxel-based brain regions that showed significant differences
in diffusion parameters between manifest HD and controls. Blue: decreased diffusivity in manifest HD compared

to controls. Red: increased diffusivity in manifest HD compared to controls. Age and gender were included as
covariates in the statistical model. Regions are overlaid on sagittal, coronal, and transversal slices of a standard
FMRIB FA image. A family wise error corrected threshold of p < 0.05 was used.
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was analyzed, using mean peak latencies and amplitudes of four major pattern-reversal
VEP components (Figure 2 and Table 3). Four patients with HD had no recognizable
signal due to motion artifacts and were therefore not included in the analyses.
Significant lower peak amplitudes of the N75 and P200 components, and reduced
N75-P100 peak-to-peak amplitude were found in manifest HD compared to controls (U
=206, p=0.011;, U =37, p=0.025; and U = 65, p = 0.010 respectively). In addition, the
P200 component was also reduced in premanifest HD compared to controls (U = 66, p
= 0.014). There were no significant differences between groups in mean peak latencies
for any component. In addition, there were no significant associations between N75

and P200 amplitudes and clinical outcome measures (Table 4).

FIGURE 2 Visual evoked potentials
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Mean pattern reversal visual evoked potentials per group measured from electrode Oz after left and right eye
stimulation separately. In the manifest HD group, four participants had no recognizable signal due to motions
artifacts and were not included in further analyses. The four major components, N75, P100, N140, and P200
are displayed, showing significant decreased N75 and P200 amplitudes in manifest HD compared to controls
and significant decreased P200 amplitude in premanifest HD compared to controls.
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4. DISCUSSION

This study revealed alterations in structural and functional integrity of the visual pathway
in manifest HD compared to controls. Altered microstructure was primarily present in
the optic radiations of posterior brain regions and to a lesser extent in the anterior
brain regions. In addition, reduced amplitudes with normal latencies were observed
in response to visual stimulation using pattern-reversal visual evoked potentials as a
measure of functional integrity.

Diffusion markers are thought to reflect the structural integrity of neural tracts in the
brain by detecting the extent and coherence of water diffusion.?? Our diffusion
tensor imaging analyses showed reduced axial diffusivity (i.e., axonal degeneration)
in manifest HD compared to controls in the anterior limb of the internal capsule in the
frontal lobe. In contrast, reduced fractional anisotropy (i.e., overall fiber density) and
increased radial diffusivity (i.e. axonal myelination and diameter) were observed more
widespread in fibers located in the thalamus and optic radiations in the occipital lobe.
Our findings suggest that neurodegeneration of the visual pathway predominantly
occurs in fibers that project to the posterior cerebral cortex due to loss of axonal
fibers, which is in line with postmortem studies that observed neuronal cell loss and a
reduction of axonal connections in the occipital lobe.?

Microstructural changes in tracts to the prefrontal cortex, sensorimotor cortex and
corpus callosum were found in previous studies that assessed cortico-striatal and deep
white matter pathways across the entire brain in patients with HD.? Diffusivity changes
of posterior cerebral tracts have also been found in HD, particularly located in the
frontal white matter projections to the occipital lobe.?= In these studies, however,
alterations in the occipital cortex have not been the primary focus of interest.
Although striatal atrophy can be detected in premanifest HD a decade before the
onset of motor symptoms,® we did not detect microstructural white matter changes
in our group of premanifest HD gene carriers. It is possible that axonal loss in the
white matter tracts to the cortex only occurs in manifest disease stages and that
microstructural changes during premanifest stages are more variable and dynamic over
time.*" In contrast, a longitudinal study did observe changes in diffusivity over time in
the fronto-occipital tracts in premanifest HD, most prominently in the individuals close
to estimated disease onset.?® However, the premanifest HD group in this study already
showed motor symptoms, suggesting that the distinction between manifest and
premanifest was based on different criteria than our study, making direct comparisons
difficult.
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We additionally examined correlations between clinical functional assessments and
diffusion outcome measures. The strongest association was found between disease
burden score and radial diffusivity, indicating that higher disease severity is correlated
with increased axonal fiber loss. This finding suggests that diffusion measurements
within the visual pathway can be used as a marker of disease severity.

While diffusion markers reflect the structural integrity of white matter tracts, visual-
evoked potentials are frequently used to measure the functional integrity of the
retinal-cortical pathway. The neural generators of the main components of the evoked
potential wave (before 150 milliseconds) are considered to originate in the primary
visual cortex, while late components (after 150 milliseconds) reflect activity in the
associative occipital and parietal cortical areas.® In our study, normal latencies of both
main and late components were observed in HD gene carriers, which imply preserved
pre-chiasmatic function and normal conduction velocities to the primary cortex in
early disease stages, since prolonged latencies are generally found in demyelination
disorders.®* We did observe reduced amplitudes for both main and late components
(N75 and P200 respectively) in manifest HD compared to controls. Therefore, in
addition to our findings of altered structural integrity, we provide evidence of
changed functional integrity in the optic tracts in patients with HD as well. There are
no previous studies that examined both visual-evoked potentials and microstructural
brain changes of the visual pathway in HD. In line with our findings, several previous
neurophysiological studies also reported reduced amplitudes in HD patients with
normal latencies of the main components in response to light flashes or checkerboard
pattern-reversal stimulation.?* Other pattern-reversal VEP studies, however, report
no significant differences in both amplitudes and latencies of the main components
in manifest HD compared to controls.®3 Nonetheless, these studies were conducted
before genetic testing became available and different criteria were used to define
patients with HD. Recent neurophysiological studies focused on the late components
to investigate higher level visual processing using more challenging visual processing
tasks, such as a word recognition task,* attentional categorization tasks,**? or a
facial emotion expression task.” These studies all found reduced amplitudes for late
components.®’#4 Since reduced main component amplitudes are frequently reported
in manifest HD, it is hypothesized that early visual processing is already impaired,
thus making subsequent visual processing more difficult.¥” We did observe reduced
amplitudes in main and late components in manifest HD, but future studies with a
larger sample size and different stimulation types could elucidate this hypothesis more

thoroughly.
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In our study, reduced amplitudes in premanifest HD gene carriers were additionally
observed for the late component (P200). Only two other studies assessed the response
to visual-evoked potentials in premanifest HD gene carriers, before the onset of
overt motor symptoms.*'*? One study also observed reduced amplitudes of the late
component in premanifest HD in response to a visual attentional processing task,
while another study did not find neurophysiological impairments in early perceptual
processing in premanifest HD.*'“? As the latter study involved more complex stimulation
tasks, a direct comparison to our pattern-reversal VEP is not possible.

We did not observe a significant relationship between neurophysiological measures
and clinical assessments in HD gene carriers, possibly because of the heterogeneity
seen in the waveforms of all participants or the effects of gender and age on evoked-
potential components.® To address the issue of heterogeneity of VEP responses,
longitudinal studies could be performed with larger sample sizes to measure individual
change over time as a marker for disease progression.

This study examined the microstructure of regional white matter tracts of the visual
pathway and the response on pattern-reversal visual-evoked potentials in premanifest
and manifest HD gene carriers.

In conclusion, changes in structural integrity were most prominently present in
the thalamus and optic radiations in early manifest HD, and were associated with
functional scores, such as disease burden and oculomotor scores, suggesting that
microstructural changes in the optic tracts are related with clinical disease severity.
In addition, reduced amplitudes with normal latencies were observed in response to
visual stimulation in manifest HD patients.

Our findings show that the posterior brain regions undergo structural alterations
in early stages of the neuropathological process in HD. These data provide more
knowledge on the pathophysiological processes in the cerebral cortex and might aid
in the identification of other regions than the striatum that can be used as a potential

marker of disease severity for future clinical trials.
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