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ABSTRACT

Huntington's disease (HD) is a monogenic disorder with
100% penetrance. With the advent of genetic testing in
adults, disease-related, structural brain changes can be
investigated from the earliest, premorbid stages of HD.
While examining macrostructural change characterises
global neuronal damage, investigating microstructural
alterations provides information regarding brain
organisation and its underlying biological properties.
Diffusion MRI can be used to track the progression of
microstructural anomalies in HD decades prior to clinical
disease onset, providing a greater understanding of
neurodegeneration. Multiple approaches, including
voxelwise, region of interest and tractography, have
been used in HD cohorts, showing a centrifugal pattern
of white matter (WM) degeneration starting from deep
brain areas, which is consistent with neuropathological
studies. The corpus callosum, longer WM tracts and
areas that are more densely connected, in particular the
sensorimotor network, also tend to be affected early
during premanifest stages. Recent evidence supports
the routine inclusion of diffusion analyses within clinical
trials principally as an additional measure to improve
understanding of treatment effects, while the advent

of novel techniques such as multitissue compartment
models and connectomics can help characterise the
underpinnings of progressive functional decline in HD.

INTRODUCTION

Huntington’s disease (HD) is a genetic, autosomal
dominant disorder caused by a CAG trinucleotide
repeat expansion in the Huntingtin gene, encoding
for the toxic mutant Huntingtin protein (mHTT).
HD is characterised by a triad of neuropsychiatric,
cognitive and motor symptoms with onset during
early adulthood, progressing to dementia and death
within 20 years."

Progressive striatal atrophy, extending to the
white matter (WM) and eventually the entire
cortex, is the neuropathological hallmark of HD.?
In agreement with early histopathology studies,
neuroimaging shows that while the striatum is the
first brain area to be affected by the HD mutation,’
neuronal loss soon spreads to the WM during
premanifest stages.

Loss of WM organisation is one of the charac-
teristic features of neurodegenerative disorders.’
In HD, there is evidence of early and progressive
thinning of myelin sheaths, decreased expression
of myelin-related genes and myelin basic protein.*
Moreover, oligodendrocytes, the cell subtype that

" Rachael Scahill." Geraint Rees,>* Sarah J Tabriz,’

provides myelin to axons in the central nervous
system, show increased density in the brains of HD
gene carriers before changes in other brain cells are
detected, suggesting an early effect of the disease
on the myelination process.’ Inactivation of mHTT
within oligodendrocytes prevents myelin deficien-
cies and ameliorates behavioural phenotypes in
mouse models of HD, possibly due to improved
cholesterol metabolism and increased transcription
of myelin regulator factor.® However, most experi-
mental evidence about histological abnormalities in
HD is based on mouse models.* Therefore, investi-
gating WM microstructure in neurodegeneration in
vivo through neuroimaging is critical to the under-
standing of neurological diseases such as HD.

Basic concepts in diffusion

Brownian motion, or diffusion, describes the
random movement of particles within a fluid. In an
isotropic medium, the displacement of molecules
tends to follow a Gaussian distribution. However,
in the presence of boundaries, such as myelinated
fibres, the displacement of molecules tends to
occur preferentially in one direction, representing
anisotropy.”

Diffusion-weighted imaging (DWI) uses specific
sequences sensitive to the motion of water mole-
cules.® It is acquired in multiple directions in order
to infer direction and coherence of WM tracts
using echo-planar imaging, an MRI acquisition
technique sensitised to the diffusion of water mole-
cules and which allows imaging of the whole brain
in seconds.®

Diffusion images reflect the nature of water
movement; for example, the darker a voxel (or
three-dimensional (3D) pixel) appears within an
image, the greater the rate of diffusivity within
that voxel. As such, cerebrospinal fluid (CSF) will
appear black in diffusion images representing a
large net displacement of water molecules causing
the MRI signal to decrease rapidly. Conversely,
where water movement is restricted, for example,
in WM tracts, MRI signal decreases more slowly
and voxels appear brighter.

Models of diffusion

Diffusion tensor imaging (DTI) uses a tensor-based
model of diffusivity characterised by three vectors
(eigenvectors €1, €2 and €3) that represent the
direction of diffusion along the three main axes,
and three values (the eigenvalues A, A, and A,)
that represent the magnitude of diffusivity.” This is
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Figure 1 Diagram of diffusion tensor and FA equation. The diffusion
tensor is illustrated with its three eigenvectors. An isotropic (FA value
close to 0) and an anisotropic (FA value close to 1) diffusion ellipsoids are
depicted. The FA equation is also shown. FA, Fractional Anisotropy.

illustrated in figure 1. The longest eigenvalue (A,) represents axial
diffusivity (AD) (figure 2), which is a measure of diffusivity in the
direction of the main underlying WM pathway. The two shorter
axes (A, and A,) when averaged constitute radial diffusivity (RD)
(figure 2), which represents diffusivity in the pathways perpen-
dicular to the main underlying pathway.” Mean diffusivity (MD)
is equal to the average of the three diffusivity vectors (figure 2).”
Fractional anisotropy (FA) (figures 1 and 2) is probably the most
widely used DTI metric. It is a scalar value that goes from zero
when diffusion is completely isotropic, to one when it is aniso-
tropic. Diffusion metrics are used to make statistical inferences
regarding underlying WM organisation either between groups
or in terms of correlations with a scale to provide, for example,
clinical correlates of microstructural disorganisation.’

(A)Diffusion weighted imaging raw image; (B) fractional
anisotropy map; (C) axial diffusivity map; (D) mean diffusivity map; and (E)
radial diffusivity map from one participant. Note the differences in areas
with high white matter coherence such as in the corpus callosum (red
arrows)DWI, Diffusion-weighted imaging; DTI, Diffusion Tensor Imaging.

Figure 2

Figure 3  Diffusion imaging analysis techniques. (A) ROI analysis
delineating the caudate (red) and the putamen (blue) nuclei. (B) Output of
TBSS whole-brain analysis. The FA skeleton is represented in green, overlaid
in the Montreal Neurological Institute standard brain template. Significant
results are generally represented on a red-yellow scale with brighter
colours indicating higher p values. (C) Image representing WM tracts of the
CCin a premanifest gene carriers for tract-based analysis (adapted and
reproduced with permission from Dumas et a*3). (D) Connectivity matrix
of the brain with nodes representing brain regions and edges representing
WM connections. The size of the nodes represents a given connectivity
metric and the size of the edges represents streamline count (adapted

and reproduced with permission from Roine et al'?). cc, corpus callosum;
FA, fractional anisotropy; RO, region of interest; TBSS, tract-based spatial
statistics; WM, white matter.

Data analysis

Once modelled, the resulting diffusion metric maps can be anal-
ysed using a series of different techniques according to the clinical
question. The most commonly used approaches are whole-brain
voxel-wise, region of interest (ROI) and tract-based, which will
be discussed further.

ROI analysis

In ROI analyses (figure 3A), one or several anatomical areas
of the brain are selected for investigation based on an a priori
hypothesis. Diffusion metrics are extracted from ROIs and then
included in statistical analysis. ROIs can either be derived from
a structural T1 scan and then moved into the same ‘space’ as the
diffusion scan or by applying standard atlases directly onto the
diffusion image.

Whole-brain analysis

Early whole-brain diffusion studies in HD used a data-driven
approach, performing voxel-based analyses of DTI metric
maps to examine all brain voxels simultaneously. It is essential
to ensure that a specific voxel contains information from the
same WM tract for every participant, and voxel-based analyses
are prone to misalignment errors. Tract-based spatial statistics
(TBSS) (figure 3B) includes a skeletonisation step that enables
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measurement of WM diffusivity in areas where anisotropy is
above a certain level, that is, more coherent. TBSS prevents
misalignment avoiding the need for smoothing and has become
the standard approach to whole-brain DTI analysis since its
initial release. It should also be noted that new models with
improved registration are constantly being developed, but as yet
are not as widely used as TBSS.'°

Tractography

Tractography is used to measure diffusivity within WM pathways
by reconstructing 3D structures of axonal bundles (figure 3C)."!
It can be applied in cases where there is a clear hypothesis
regarding tracts impacted by pathology or in more explor-
atory, whole-brain, connectome-based analyses. Tractography
approaches either assume a single diffusion orientation for WM
fibres within a voxel (deterministic tractography) or estimate
multiple, possible diffusion orientations within a voxel (probabi-
listic tractography).'? Previous challenges in tract-based studies,
such as determining the precise origin and termination of the
connections in the cortex, or limited anatomical accuracy, have
been overcome in recent years, with huge advances in the field
leading to tractography techniques proving to be a powerful tool
to study the human brain.

DIFFUSION IN HD

Here, we present an overview of the literature where DWI
has been employed to investigate brain microstructure in HD,
providing an insight into HD pathophysiology over the course
of the disease.

To look for relevant articles, we performed a comprehen-
sive search for diffusion studies in HD in the PubMed data-
base. We used the following search keywords: Huntington’s
disease, Huntington disease, diffusion, diffusion tensor, DTI,
white matter microstructure, tract-based spatial statistics and
TBSS. The reference lists of the identified articles were also
manually reviewed to search for additional papers. The arti-
cles were preselected based on their abstracts. The criteria for
final selection were studies that provided relevant information
about patients with HD premanifest and/or manifest HD in the
opinion of the authors. Novel methods and large studies with
well-characterised cohorts were prioritised.

CROSS-SECTIONAL DIFFUSION STUDIES IN HD

Basal ganglia (BG) and deep WM

While the main focus of diffusion analysis is WM, early whole-
brain, voxel-based studies investigated the BG. Diffusion analysis
of the BG is difficult to interpret biologically, but such observa-
tions are nevertheless of interest, given the prominent involve-
ment of the BG in HD pathology. Evidence of increased MD
in the BG in both premanifest (pre-HD) and symptomatic HD
is expected due to cell death and blood-brain barrier dysfunc-
tion.*™ However, congruent, yet counterintuitive, increases
of FA have also been widely reported, suggesting higher levels
of organisation despite increased cell loss' '**” with increased
striatal MD and FA in pre-HD, for example, extending to neigh-
bouring areas, such as globus pallidus, accumbens and internal
capsules in manifest patients.”* '® A study combining whole-
brain and BG ROI analyses showed that selective degenera-
tion of specific WM tracts in early HD can lead to decreased
dispersion of BG fibres, higher anisotropy values and therefore
a paradoxical increase in microstructural organisation despite
neural loss.”' Similar increases of FA in grey matter (GM) have
also been reported in other neurodegenerative diseases, such as

PREMANIFEST HD SYMPTOMATIC HD

Prefrontal white matter tracts
L FA 1 1 diffusivity
generalized

Prefrontal white matter tracts —
{ FA 1 diffusivity in inferior and
lateral regions

Corpus callosum
Ll FAand 1 1 diffusivity
across the whole CC

Corpus callosum
T diffusivity in the
callosal isthmus

Corticospinal tract
1 FAand 1 diffusivity

Corticospinal tract
No differences

Basal ganglia
TFA 1T T diffusivity

Basal ganglia
T FA 1 diffusivity

Deep white matter
4 FA 1 T diffusivity

Deep white matter
T diffusivity

Superficial white

matter
! FAand T 1 diffusivity
across the whole brain

Superficial white
matter

T diffusivity in
posterior areas

Corticostriatal tract and
sensorimotor network

1 FAand 1 diffusivity in M1 and
S1 areas of the striatum

Corticostriatal tract and
sensorimotor network
! FA 1 diffusivity between the
putamen/caudate and
prefrontal/premotor, motor/sensory
areas !l FAand 1 diffusivity between
the striatum and thalamus with
prefrontal, motor and parietal
areas

T diffusivity in the sensorimotor
network associating with CAG
repeats

Figure 4  Summary of cross-sectional diffusion studies in HD. T, increase;
1, decrease; TT, marked increase; 4., marked decrease; FA, fractional
anisotropy; HD, Huntington’s disease.

multiple sclerosis and Alzheimer’s disease, yet the significance of
FA in GM still remains unclear (online supplemental tables S1
and S2 and figure 4).%!

In addition to subcortical GM, deep WM is also selectively
vulnerable to neuronal loss from premanifest stages. For example,
increases in diffusivity were present in all studied WM tracts for
the baseline visit of the longitudinal PREDICT-HD study, but
over time, diffusivity changes became more pronounced in deep
subcortical WM areas.> 2 Interestingly, early MD increases
appear to precede FA reductions, which become apparent as
disease progresses.” ** %

Corticostriatal connections and the sensorimotor network
Degeneration of medium spiny neurons (MSNs) in the stri-
atum is one of the main pathological hallmarks of HD,?® with
MSNs receiving inputs from cortical areas in a topographically
specific manner. Studies show an anterior—posterior organisa-
tion of corticostriatal pathway degeneration in manifest HD,*
supported by both pathological studies in healthy ageing as
well as structural volumetric and histopathological studies in
HD.?? Further evidence of an anterior—posterior gradient has
been related to functional connectivity using resting-state func-
tional MRI, which examines the temporal correlation between
remote brain areas when the brain is at rest, with decreased
structural connectivity in pre-HD relative to controls being asso-
ciated with an upregulation of functional connectivity in frontal
areas and downregulation in occipital regions.®
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Moreover, as HD progresses, changes appear most notable
in sensorimotor and associative corticostriatal pathways® with
selectively decreased connectivity between the putamen and
prefrontal/motor cortices in pre-HD extending to caudate—pari-
etal cortex connections in manifest HD.?*! Similarly, increased
diffusivity in WM tracts connecting the sensorimotor cortex
and CC in pre-HD?*? becomes more evident in manifest HD,
extending to thalamic and prefrontal WM pathways.*?

The sensorimotor network is of particular interest in HD,
extensively reported to be altered using clinical, neurophysio-
logical assessments and cortical thinning,’ ** in addition to ROI-
based and whole-brain DTI analyses.*=® Connectivity between
the striatum (putamen and caudate) and motor, somatosensory
and premotor areas in the PREDICT-HD study revealed strong
associations between disease burden and WM disorganisation.
Interestingly, longitudinal studies have shown that striatal volume
changes precede changes in DTI measures in the corticostriatal
network. However, although reductions in striatal volume are
more prominent than DTI changes in participants with pre-HD
with lower disease burden, microstructural longitudinal changes
are more marked in patients with pre-HD closer to disease onset,
suggesting that microstructural changes occur more rapidly and
begin later than striatal volume loss.*

Similarly, in the TrackOn-HD cohort, a pattern of volume
loss, altered cortical thickness and disturbed diffusivity in the
sensorimotor network was only present in HD gene carriers
compared with controls and was associated with CAG repeat
length.*® In the same cohort, a dimension-reduction approach
revealed three independent patterns of diffusivity across 32
pathways. The first showed widespread increased RD and AD
with decreased FA, while the second one showed increased
FA and AD in the sensorimotor network only; the third
revealed reduced RD and increased FA in connections between
prefrontal cortex, thalamus and caudate. All three patterns were
more pronounced in gene carriers, suggesting that HD does not
necessarily damage connectivity networks but, in fact, accentu-
ates existing ones.*!

Finally, as an essential component of the sensorimotor
network, carrying motor impulses from the cortex to the spinal
cord, the corticospinal tract (CST) has also been examined using
diffusion imaging. CST conduction essentially remains normal
in HD and, as such, there is little evidence of DWI changes in
pre-HD.*** However, selective degeneration has been shown in
manifest patients, potentially related to clinical diagnosis, which

. 42
centres exclusively on motor symptoms.

Corpus callosum (CC)

The CC is the primary commissural region of the brain inte-
grating cognitive function between the two hemispheres.** It is
a highly myelinated structure with marked coherence and is an
ideal target for investigation using DTI. In pre-HD, the CC is
associated with cognitive and motor deficits*” * with decreased
thickness and increased diffusivity limited to the callosal isthmus,
and which becomes more pronounced in those closer to disease
onset.* In contrast, manifest HD gene carriers display decreased
width across the whole structure of the CC alongside widespread
alterations in FA, RD and AD, indicative of a breakdown of
callosal fibres.** ** The progression of both structural volu-
metric and DTI abnormalities suggests a temporal evolution of
changes, with FA being affected first followed by RD and finally
AD.

Prefrontal lobe

The prefrontal cortex is highly connected to the BG influencing
cognitive processes and in turn, the cognitive symptoms evident
in HD.* Prefrontal WM tracts in pre-HD show increased FA
and RD in inferior and lateral regions.’” These changes correlate
with executive function performance in those closer to disease
onset and increased in gene carriers with higher disease load.*®
Although not specifically assessed in manifest gene carriers,
whole-brain studies show marked increases in MD and less
pronounced changes in FA in WM tracts connecting with the
prefrontal cortex.’

Cerebellum

Cerebellar atrophy is often reported in patients with juvenile-
onset HD, and neuropathological studies show neuronal loss and
decreased Purkinje cell density in patients with adult-onset mani-
fest HD.? Although whole-brain approaches show only minor
decreases in cerebellar diffusivity,’® a ROI study evidenced wide-
spread diffusion increases in AD, MD and RD both in GM and
WM in manifest HD that correlate with motor and psychiatric
symptoms.”’

In summary, evidence from diffusion studies shows a robust
pattern of structural connectivity change in HD. Microstruc-
tural alterations begin during premanifest stages in BG" ¥ %2
and deep WM.*® As disease progresses, changes in deep brain
regions increase in magnitude,* **> while more superficial areas
and connections become affected.’® ** Patients with manifest
HD show more extensive WM microstructural alterations, with
changes extending from deep brain regions towards the cortex,
indicating a progressive, topographically specific WM degener-
ation in HD.

LONGITUDINAL DIFFUSION STUDIES IN HD

Few studies have assessed longitudinal diffusivity changes in
HD (online supplemental table S3). Harrington and colleagues
showed a significant MD increase in the superior fronto-
occipital fasciculus (one tract out of a possible 16), in pre-HD
over a period of 24 months.”> However, another study that
selectively evaluated corticostriatal connectivity in a larger
subsample of the same cohort found significant changes in at
least one DTI metric for all tracts examined.?® In both studies,
these changes were especially pronounced in participants closer
to disease onset.>’ >> Moreover, pre-HD gene carriers showed
increased MD in the BG and CC after oneyear when using
a hypothesis-driven ROI-based approach; these findings were
not confirmed, however, when using an unbiased whole-brain
analysis.*®

Although most studies have not reported evidence of longi-
tudinal change prior to motor onset,”” °® manifest gene carriers
display consistent decreases in FA in areas with high WM coher-
ence such as the CC and corona radiata.’” * ®° Furthermore,
the IMAGE HD cohort revealed longitudinal increases in FA
in the BG of symptomatic patients with HD after 30 months,’’
while the PADDINGTON cohort showed increases in diffusivity
metrics exclusively in the BG in a similar population.®!

In conclusion, detectable longitudinal changes in manifest
HD affect similar areas to those seen in cross-sectional studies;
these are only subtle in pre-HD.* % Studies with larger cohorts
and longer follow-up periods are needed to increase sensitivity
for the detection and characterisation of the pathophysiological
consequences of changes in WM organisation.
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CLINICAL IMPLICATIONS OF DIFFUSION STUDIES

Many studies examine changes in WM organisation in relation
to clinical and neuropsychological functions. These are gener-
ally presented as correlations between diffusion metrics and, for
example, disease burden or Unified Huntington's Disease Rating
Scale (UHDRS) Total Motor Score. While not causal in terms
of the relationships they measure, these analyses indicate how
different domains of the HD phenotype are related to changes in
particular WM pathways.

Correlates with motor deficits

In HD, clinical diagnosis is based solely on motor symptoms,
which have a characteristic evolution of hyperkinetic movements
followed by parkinsonism. Correlation studies have shown that
diffusivity in corticostriatal connections between the putamen
and prefrontal as well as primary motor cortex are associated
with scores in motor scales in HD gene carriers.>’ In addition,
there are robust associations between diffusion in the CC and
movement dysfunction, with significant correlations between
MD in the CC and tapping variability, sustained tongue force*
and UHDRS Total Motor Score,”” suggesting a contribution of
this structure to the motor deficits in HD. Finally, diffusivity
in the cerebellum is also significantly correlated with motor
dysfunction in HD®! possibly through the connectivity between
this structure and the BG.**

Correlates with cognitive scales

Although cognitive dysfunction in HD involves brain regions
across various cognitive domains, cognitive measures such as
the Symbol Digit Modalities Test and Stroop Word Reading
are sensitive to disease progression in HD.? These scales show
associations in pre-HD and manifest HD with diffusivity in the
putamen—frontal tract,’® the CC and with FA in total WM.”33*
In addition, a global composite score encompassing nine cogni-
tive domains is significantly correlated with the strength of
connections between left and right motor—occipital-parietal
modules, as well as with intrahemispheric corticostriatal and
intramodular left frontocingulate connections in pre-HD.®

Correlates with neuropsychiatric scales

Despite neuropsychiatric symptoms being one of the core
features of HD, few studies have specifically investigated
associations between psychiatric scales and microstructural
changes.®* ®° Interestingly, scores in depression scales are asso-
ciated with decreased FA in the cerebellum, frontal and cingu-
late cortex, and insula before any volume loss can be identified,
maybe indicating an earlier detectable neuronal damage in
WM microstructure than in volumetric MRI in symptomatic
patients.®* However, while apathy scores correlate with corti-
costriatal connectivity,’® depressive symptoms are associated
with the connections between cingulate, orbitofrontal, precu-
neus, caudate and thalamus, but not the corticostriatal circuit,
suggesting specific neuroanatomical substrates for the different
neuropsychiatric symptoms present in HD.%

ADVANCED TECHNIQUES IN DIFFUSION IMAGING
Diffusion imaging in GM
Although DWTI is generally used in WM to infer the strength and
coherence of WM tracts, alterations in diffusivity in GM have
been shown since early voxel-based studies with increased MD
and FA in the BG of HD gene carriers.'® %!

In addition, recent evidence has evaluated MD in the cortex
of patients with different conditions through surface-based

intracortical MD. This method determines the MD values
halfway between pial and WM surface through coregistration
between MD maps and T1 scans, followed by partial volume
correction to avoid the inclusion of voxels containing CSF.*”
This technique has shown extensive cross-sectional and longi-
tudinal increases in cortical MD in a range of neurological disor-
ders such as Alzheimer’s disease,®® ® Parkinson’s disease®” and
frontotemporal dementia.”® In HD, a recent study using the same
methodology demonstrated that cortical MD is increased even
in the absence of cortical atrophy since premanifest stages of
the disease. Moreover, there was a marked increase with disease
progression that correlated with disease burden and different
clinical scales.”! Although methodological considerations may
limit the interpretation of these results, these findings suggest the
presence cortical microstructural degeneration in HD possibly
related to cell membrane breakdown since early stages of the

disease.®®

Newer modelling methods, beyond the tensor

Despite the presence of a number of tissue types within each
voxel, DTI models diffusivity uniformly and therefore cannot
differentiate the diffusivity characteristics associated with each
microstructural tissue component.” Advanced techniques have
been developed, which are able to estimate diffusivity associated
with different tissue types, in turn providing more information
regarding the underlying biological properties associated with
microstructural change.”

Neurite orientation dispersion and density imaging (NODDI)
has recently been used in HD cohorts to characterise microstruc-
tures more fully.”””> NODDI uses a three-tissue compartment
model whereby each tissue element is independently estimated
according to its proposed diffusion properties. The three compo-
nents are intraneurite, extraneurite and a CSF component. In
the case of WM, neurite measures represent underlying axons
(as opposed to dendrites in GM). Output metrics for NODDI
include Orientation Dispersion Index (ODI), which refers to the
organisation of neurites; Neurite Density Index (NDI) related to
the density of axons, and the free water fraction.”” These metrics
can be used alongside DTI measures to gain a greater under-
standing of the underlying biological properties of WM micro-
structural changes.”? In a cohort of HD gene carriers, on average
23.6 years before clinical diagnosis, there were no differences
in any DTI or NODDI metric when compared with healthy
controls,”® but in those closer to motor onset from the Track-
On-HD cohort, extensive reductions in NDI correlated with
disease burden and motor dysfunction, while reduced ODI in
the internal and external capsules was suggestive of some degree
of selective pruning of WM fibres early in the disease.”* These
widespread decreases in NDI, combined with increased diffu-
sivity, persist in manifest HD gene carriers.”

Other advanced techniques include quantitative magnetisa-
tion transfer, which nominally tracks demyelination, by char-
acterising the macromolecular proton fraction’® and correlates
with increases in diffusivity in HD.”” Alternatively, the isotropic
volume fraction measures extracellular fast-moving water, a
potential proxy measure of WM atrophy, which has been shown
to be sensitive to disease-related WM change in corticostriatal
pathways.”®

While newer diffusion modelling techniques suggest greater
sensitivity to HD pathology-related change, they require both
further in vivo investigation in large, longitudinal studies and
validation with postmortem pathological findings.
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Connectomics, a different approach to diffusion analysis

In addition to newer modelling techniques, there have also been
significant advances in the methods used to analyse diffusion
metrics. ROI and whole-brain voxel-based analyses are useful
in terms of identifying where microstructural changes occur and
continue to be implemented routinely. However, approaches
such as network-based analyses of brain connections, or connec-
tomics (figure 3D), can provide additional information regarding
the interaction of neural connections across the brain.”

Pre-HD gene carriers display selective degeneration of subcor-
tical hub brain areas, that is, those that are most highly connected,
extending to those in the cortex as the disease progresses.””
There is also an apparent hierarchical pattern of vulnerability
associated with WM pathway length, such that longer connec-
tions are affected earlier.®® In line with previous findings,* corti-
costriatal connections first show decreased connectivity followed
by interhemispheric and then intrahemispheric connections.®®
Interestingly, corticostriatal and interhemispheric connections
are associated with a synaptic gene profile, while intrahemi-
spheric tracts are associated with metabolic genes.*” The break-
down of long-range connectivity versus maintenance of localised
connectivity increases was evident during both pre-HD and early
manifest HD stages, correlating with clinical scales. Importantly,
as indicated previously, hub functionality proceeded to diminish
over time.®!

These studies are consistent with pathological reports
supporting the transneuronal diffusion of the mHTT protein,
which may underscore early WM degeneration in densely
connected networks.! Further supporting this hypothesis, in a
sample of manifest HD and healthy controls, using a network
diffusion model predicted neuron-to-neuron distribution of
pathology, suggesting that the healthy connectome explained the
pattern of atrophy in HD, especially in areas that were affected
earliest.®” This is in agreement with tractography studies where
patterns of connectivity in controls determine decay in WM
coherence in HD.*!

DIFFUSION METRICS AS BIOMARKERS FOR CLINICAL TRIALS
Several studies have investigated the potential utility of diffu-
sion measures as markers of drug efficacy in clinical trials. The
Track-HD cohort comprised pre-HD, symptomatic HD and
controls followed up annually over threeyears, investigating
quantifiable endpoints to inform future disease-modifying clin-
ical trials with a particular focus on imaging metrics.” DWI was
performed at three of the four participating sites and showed
both widespread decreases in FA and widespread increases in
MD in patients with manifest HD; increased MD was localised
to the CC, external capsule and inferior longitudinal fasciculi in
pre-HD.

Similarly, the PADDINGTON study investigated changes in
brain structure in early HD across a series of short intervals.®!
This study was primarily purposed to assist the design of trials
using multiple study sites with heterogeneous acquisition param-
eters. The authors also compared effect sizes of volumetric
measures with those from diffusion MRI to determine which
modalities performed better in terms of classifying participants
as HD or controls. Here, there were significant differences in
all DTI metrics in the putamen, caudate, total WM and CC
when compared with controls. Moreover, although the largest
effect sizes were for macrostructural metrics, diffusion in the
putamen and caudate nuclei showed excellent sensitivity with
increased diffusivity and increased FA.** Further results from
PADDINGTON have shown that, assuming a disease-modifying

treatment effect of 50% over a 15-month period, a sample size
of less than 70 patients per treatment arm would be required for
DTT metrics to detect efficacy, while the most sensitive clinical
scale for HD would require twice as many patients.®!

In addition, surface-based cortical MD has shown excellent
sensitivity for the detection of cortical changes in other neuro-
degenerative disorders, with moderate-to-high effect sizes’®
supporting its inclusion in clinical trials if further HD studies
confirm these findings.

Although most studies include both clinical and diffusivity
metrics, a statistical comparison of effect sizes has not been
routinely performed. However, DTI metrics consistently outper-
form clinical measures both in isolation (eg, cognitive) or when
combined in composite scores from premanifest stages.'> 7 34

Although DWT is still some way from being integrated as a
diagnostic tool for neurodegenerative processes, diffusivity can
be used as a secondary outcome in clinical trials to aid the eval-
uation of drug efficacy and safety. For example, laquinimod is
an immunomodulatory drug that targets the central nervous
system and has been evaluated in patients with HD. Interestingly,
although the primary outcome of the human trial in HD with
laquinimod did not show disease-modifying effects, the drug
had a significant positive impact on imaging biomarkers.®* These
findings were also in agreement with results obtained in HD
mouse models showing improvements in WM microstructure as
well as rescuing atrophy in different brain regions, including the
striatum,® %

LIMITATIONS AND APPLICABILITY OF DIFFUSION IMAGING
IN HD

In this review, we have focused on the most recent DTT studies
in HD. It should be noted, however, that there are meaningful
differences in terms of study design, data acquisition and analysis
technique, which limit comparisons between studies.

In addition to the limitations that are inherent to the tech-
nique, such as the presence of crossing fibres within the same
voxel or the inability to detect directionality of the axons,® HD
has some characteristics that may affect the reliability of DWI
studies. The presence of chorea may cause movement artefacts
in images, but this is generally only a limitation in a minority of
patients with uncontrollable movements of large amplitude and
can be improved with motion-correction software after image
acquisition.®” Multicentric imaging studies are an efficient way
to group patients with rare diseases such as HD; however, differ-
ences in MRI scanner or software potentially limit the sensi-
tivity of analysis to detect changes,® although these differences
can be accounted for using multilevel modelling procedures or
constraining data from various sources.®® In addition, diffusivity
measures such as FA, MD, AD and RD have longitudinal intra-
class correlation coefficients above 0.80, indicating good reli-
ability over time." Thus, despite methodological concerns, there
is robust evidence in HD to suggest that multicentric imaging
studies are feasible and reproducible with good test-retest reli-
ability.® ¥’

CONCLUSIONS

In summary, degeneration of WM microstructure in HD occurs
at a relatively early point during the disease course with a tempo-
rarily specific pattern that is also associated with meaningful
clinical outcomes. At a cross-sectional level, there is a centrif-
ugal pattern of degeneration with deeper brain areas being
affected prior to superficial ones’ **°?; this is in agreement with
histological studies.? Sensorimotor regions, areas more densely
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connected, and longer tracts tend to be affected first, resulting in
a loss of integration of neural networks in HD.?® 7

Over the last 15 years there have been huge advances in the
field of structural connectivity and the investigation of WM
organisation. From whole-brain voxel-based studies analysing
standard DTI metrics® to TBSS,* 7* which improves the align-
ment of the different WM tracts.'’ Furthermore, hypothesis-
driven ROI studies restrict the analyses to relevant areas, whereas
tractography has allowed us to visualise in vivo the anatomical
WM tracts with increasing precision.® Finally, different tissue
compartments within a voxel can be modelled using novel tech-
niques such as NODDI,’* while the field of connectomics has
provided a radically different approach to the analysis of the
brain as a network using graph theory.”’

In the 2009 review entitled ‘MRI of Huntington’s disease:
preparing for clinical trials’, Kléppel et al mentioned that ‘It
is still too early to decide on the usefulness of DWI to either
understand the pathophysiology of HD or in the preparation of
treatment trials’.3’ Ten years later, we have a much better under-
standing of the biological and clinical correlates of diffusion
MRI and DWI is a routine exploratory sequence in trials with
neurodegenerative populations.
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Table S1 — ROI and whole-brain cross-sectional studies*

Participants ROI analysis Whole-brain analysis
Author Year | Controls | PreHD HD FA MD AD RD FA MD AD RD Threshold
Mascalchi 2004 | 21 2 19 N/A HDGC: 1 in N/A N/A N/A N/A N/A N/A p<0.05
BG, deep
WM and
whole WM
Reading 2005 | 7 7 Not N/A N/A N/A N/A PreHD: { in N/A N/A N/A p<0.005
included the superior uncorrecte
frontal, post- d, k>50
central and voxels
pre-central
WM
Rosas 2006 | 29 15 17 PreHD and | N/A N/A N/A PreHD and PreHD and | N/A N/A p<0.05
HD: ¢ in HD: P in BG HD: P in
CCand M 4 in CC,EC, | BG
IC and BG cerebral
peduncles,
brainstem,
thalamus,
subcortical
WM
Kloppel 2008 | 20 25 Not N/A PreHD: ' in | N/A N/A N/A N/A N/A N/A p<0.001
included BG
Douaud 2009 | 10 Not 14 HD: P in HD: P inBG | N/A N/A HD: 1 in BG HD: P in N/A N/A WHOLE-
included BG BG, CR, BRAIN
subcortical p<0.01 FDR
WM corrected
for the MD
maps
p<0.05 FDR
corrected
for FA maps
ROI
p<0.05
Mandelli 2009 | 25 15 9 N/A HD: P inBG | N/A N/A N/A N/A N/A N/A p<0.05
PreHD: { in
BG
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Della Nave 2010 | 15 1 14 N/A N/A N/A N/A HDGC: | in HDGC: HDGC: 1 | HDGC: p<0.05
CC, fornix, EC, | areas with in areas Similar to TFCE
IFOF, ILF and { FA plus with { MD corrected
Nin AF and CP FA
supralenticula
r frontal WM
Sritharan 2010 | 17 Not 18 N/A HD: 1 in BG, | N/A N/A N/A N/A N/A N/A p<0.005
included thalamus Bonferroni
and CC corrected
Stoffers 2010 | 25 39 Not N/A N/A N/A N/A PreHD: | PreHD: P PreHD: P | PreHD: D p<0.05
included widespread widespread | thalamic | widesprea
radiations | d
,IC, ED
Rosas 2010 | 40 19 21 PreHD and | N/A PreHD PreHD and N/A N/A N/A N/A p<0.05
HD: { in and HD: HD: 1 in CC Bonferroni-
cC N in CC corrected
Bohanna 2011 | 17 Not 10 HD: { CC, HD: P same | HD: P CR, | HD: P CC, N/A N/A N/A N/A p<0.05
included fornix, EC, as | FA IC, EC, fornix, EC, IC, corrected
CR and SS plus IC and fornix CR, SS, for multiple
cerebral cingulum, SLF comparison
peduncles S
cluster
forming
threshold
of t>3.
Di Paola 2012 | 34 17 17 N/A N/A N/A N/A PreHD: { in N/A PreHD: PreHD: P p<0.05
CC No in CC TFCE
HD: { in CC differenc | HD: P in corrected
es cC
HD: P in
cC
Hobbs 2013 | 40 Not 61 HD: No HD: P in BG | HD: 1 in HD: 1 in BG HD: 1 in BG HD: P HD: P HD: P WHOLE-
included differences BG inHD ¢ in widespread | widespre | widesprea | BRAIN
WM ad d p<0.001
ROI
p<0.05
Delmaire 2013 | 24 Not 27 N/A N/A N/A N/A HD: 1 in BG HD: P N/A N/A p<0.05 FWE
included and { in widespread corrected
frontal lobe,
CR
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Georgiou- 2013 | 36 35 36 PreHD and | PreHD and N/A N/A N/A N/A N/A N/A p<0.05
Karistianis HD: PNin BG | HD: 1Nin BG
Sanchez- 2013 | 30 17 12 PreHD: P PreHD and N/A N/A N/A N/A N/A N/A p<0.05
Castaneda in BG HD: ™ MD in Bonferroni

HD: P in BG, corrected
BG and | hippocampu
in thalamus | s
and
hippocamp
us
Matsui 2014 | 34 53 Not PreHD: No PreHD: No PreHD: No | PreHD: N/A N/A N/A N/A p<0.05 FDR
included | differences | differences difference | I orbitofront corrected
S aland a
inferior frontal
lobe region
Novak 2014 | 21 17 19 N/A N/A N/A N/A HDGC: |, CC, HDGC: N/A N/A p<0.05 FWE
SLF, ILF, IC, CC, ILF, SLF, corrected
EC, cingulum IC, EC,
cingulum,
AF and CP
Phillips 2014 | 50 25 25 PreHD: No N/A PreHD: PreHD: 1 in N/A N/A N/A N/A p<0.05 FDR
differences in deep deep WM corrected
HD: ¢ in WM HD: ™1 in
deep WM HD: ™M deep WM
in deep
WM
Odish 2014 | 24 22 10 N/A N/A N/A N/A PreHD: No PreHD: No PreHD: 1 | PreHD: No | p<0.001
differences differences | in total difference | Bonferroni
total WM in total GM | WM, no s in total corrected
HD: No or total differenc | GM or
differences in | WM esin total | total WM
total WM HD: 1 in GM HD: P in
total GM HD: 1M in | total GM
and total total GM | and total
WM and total | WM
WM
Rees 2014 | 12 Not 22 HD: ¢ in HD: 1 in HD: 1 in HD: P in N/A N/A N/A N/A p<0.05
included cerebellar cerebellar cerebellar | cerebellar GM
GM GM and WM | GM and and WM
WM
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Gregory 2015 | 36 Not 48 HD: ¢ in N/A HD: P in HD: 1 in CC, N/A N/A N/A N/A p<0.05 FDR
included CCand CC, CR, CR, EC, IC, SLF, corrected
brainstem EC, IC, brainstem
PTR, SLF,
SS
Syka 2015 | 14 Not 14 HD: No HD: No N/A N/A N/A N/A N/A N/A p<0.05 FDR
included differences | differences corrected
Faria 2016 | 79 194 Not PreHD: No | PreHD: 1 in | PreHD: 1 | PreHD: 1 in PreHD: No PreHD: 1 Same as Same as p<0.05 FWE
included | differences | deep WM, in deep deep WM and | differences in PTR, CC MD MD corrected
corticostriat | WM corticostriatal and
al tract trac occipital
WM
Harrington | 2016 | 67 37 Not PreHD: PreHD: 1 in | PreHD: P | PreHD: P in N/A N/A N/A N/A p<0.05 FDR
included | inalltracts | all tracts in all all tracts corrected
tracts
Muller 2016 | 32 Not 34 N/A N/A N/A N/A HD: 1P in BG N/A HD: 1 in HD: P in p<0.05 FDR
included and { in CC, BG and BG and corrected
EC, ICand dorsal dorsal
thalamus WM WM
Gorges 2017 | 13 12 Not N/A N/A N/A N/A PreHD: No N/A PreHD: PreHD: No | p<0.05 FDR
included differences No difference | corrected
differenc | s
es
Saba 2017 | 11 12 11 N/A N/A N/A N/A PreHD: No N/A N/A N/A p<0.05 FWE
differences corrected
HD: { in CC,
EC, IC, ATR,
PTR, SLF, ILF,
IFOF
Gregory 2020 | 20 20 40 N/A N/A N/A N/A HDGC: | HDGC: P in | HDGC: 1 | HDGC: D p<0.05
widespread cc in in CC TFCE
subcortic corrected
al WM
Sweidan 2020 | 11 Not 13 N/A N/A N/A N/A HD: | HD: ¢ N/A N/A p<0.05
included widespread widespread TFCE
corrected

*Only bilateral differences noted. HDGC used when manifest HD and preHD were grouped together in a single group

Estevez-Fraga C, et al. J Neurol Neurosurg Psychiatry 2020;0:1-8. doi: 10.1136/jnnp-2020-324377




BMJ Publishing Group Limited (BMJ) disclaims all liability and ibility arising f eli
Supplemental material B T Gt e i winan het Baer Saiie by the uiiorfg 2y reliance

J Neurol Neurosurg Psychiatry

AD: Axial diffusivity, AF: Arciform Fibers, ATR: Anterior Thalamic Radiations, CC: Corpus Callosum, CP: Cerebral Peduncles, CR: Corona Radiata, CST:
Corticospinal Tract, DTI: Diffusion Tensor Imaging, FA: Fractional Anisotropy, IC: Internal Capsule, EC: External Capsule, HD: Huntington’s Disease, HDGC:
Huntington’s disease gene-carriers, IFOF: Inferior Fronto Occipital Fasciculus, ILF: Inferior Longitudinal Fasciculus, MD: Mean Diffusivity, preHD: Premanifest

Huntington’s Disease, PTR: Posterior Thalamic Radiations, RD: Radial Diffusivity, SS: Sagittal Strattum, SLF: Superior Longitudinal Fasciculus, SFOF: Superior
Fronto Occipital Fasciculus, UNC: uncinate fasciculi.

Estevez-Fraga C, et al. J Neurol Neurosurg Psychiatry 2020;0:1-8. doi: 10.1136/jnnp-2020-324377



BMJPubIlshlngCGro leltedFBMe%dlsclalmsallI|ab|I|t and responsibilit arlsm (()manyrellance

Supplemental material thiS supplemerital material which he pplied b he it J Neurol Neurosurg Psychiatry

Table S2 — Cross-sectional tractography studies

Author Year | Controls | PreHD HD Conclusions
Bohanna 2011 | 14 Not 12 HD: Corticostriatal connections show an anterior-posterior topographical
included organization.
Dumas 2012 | 28 27 16 PreHD: I MD in WM pathways of the sensory motor cortex and CC
HD: Extensive P MD in HD
Marrakchi | 2013 | 15 Not 15 HD: {, connectivity from caudate to parietal and frontal areas and from putamen to
-Kacem included temporal, parietal and frontal regions.
Philips 2014 | 50 25 25 PreHD: {, FA and ™ AD and 1 RD in most deep WM tracts preHD
HD: Same findings as in preHD plus additional deep WM tracts for each DTI metric
Poudel 2014 | 35 36 35 PreHD: Decreased connectivity between putamen and prefrontal/motor cortex
HD: Decreased connectivity between prefrontal/motor/parietal cortices with
caudate/putamen.
Matsui 2015 | 65 146 Not PreHD: Altered diffusivity in all four studied tracts in the prefrontal lobe in the high
included | CAP group, only two tracts in the medium CAP group and none in the lower CAP
group
Novak 2015 | 18 17 14 PreHD: No changes
HD: Altered connectivity between basal ganglia and cortex
Phillips 2015 | 50 25 25 PreHD: No changes in the CST
HD: J FA and 1 AD and I RD in the CST
Muller 2016 | 32 Not 34 HD: Diffusivity not associated with functional connectivity in the motor or thalamo-
included cortical networks
Orth 2016 | 112 96 35 HDGC: Sensorimotor performance explained by a pattern of GM volume and

diffusivity in sensorimotor WM tracts linked to CAG repeat length.
Two further components are common between controls and HD, indicating natural
variation of patterns already present in healthy subjects.
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Gorges 2017 | 13 12 Not PreHD: No differences in diffusivity before disease onset in CST or thalamo-cortical
included | tracts
McColgan | 2017 | 81 70 Not PreHD: Negative correlations between depression scores and connectivity between

included | cingulate, orbitofrontal, precuneus, caudate and thalamus. Positive correlations
with functional connectivity in cingulate, orbitofrontal, precuneus and
parahippocampal regions.

McColgan | 2017 | 66 64 Not PreHD: The properties of WM in controls are associated with increases in functional
included | connectivity in HD. Strong connections in anterior regions are increased while
strong connections in posterior regions are decreased in preHD.

Shaffer 2017 | 70 191 Not PreHD: Cross sectional and longitudinal differences in all DTl metris in the
included | connections between PMC with putamen and caudate. Differences present only in
MD and AD in the connections between M1 and S1 with putamen.

Gregory 2018 | 79 61 13 HDGC: Three patterns of diffusivity common to HDGC and controls explain the
majority of the variability in diffusion and are accentuated in HD.

Rosas 2018 | 37 31 38 PreHD: J FA and 1 RD in selected tracts only in the group closer to disease onset.
Changes in RD correlated with cognitive performance

HD: Widespread {, FA, I AD and I RD. Increases in AD associated with cortical
thinning

De Paepe | 2019 | 35 22 24 HDGC: {, FA and I* MD in most corticostriatal tracts

AD: Axial diffusivity, CAP: CAG age product, CST: Corticospinal tract, FA: Fractional Anisotropy, GM: Grey Matter, HD: Huntington's disease, M1:
Primary Motor Cortex, MD: Mean diffusivity, PMA: Premotor area, RD: Radial diffusivity, S1: Primary Sensory Cortex, WM: White matter
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Table S3 — Longitudinal DTI studies
Participants ROI analysis Whole-brain analysis
Author Year Follow-up | Con | PreHD | HD FA MD AD RD FA MD AD RD Threshold
(months) | trols
Weaver 2009 12 7 4 3 HDGC: ¢ N/A N/A N/A HDGC: { | N/A HDGC: ' | HDGC: No | p<0.05
in CC IC, CC, CR IC, CC less | difference | TFCE
extensive | s corrected
than FA
Sritharan 2010 12 17 Not 18 HD: No N/A N/A N/A N/A N/A N/A N/A p<0.005
includ difference Bonferroni
ed s corrected
Dominguez | 2013 18 28 29 29 PreHD: PreHD: N/A N/A N/A N/A N/A N/A p<0.05
No No corrected
difference | difference for
s S multiple
HD: N in | HD: MNin compariso
BG BG ns
Hobbs 2015 15 40 Not 61 HD: No HD: DNin | HD: Nin | HD: Min | N/A N/A N/A N/A p<0.05
includ difference | BG BG BG uncorrecte
ed S d
Gregory 2015 15 36 Not 48 HD: 4 in | N/A HD: Nin HD: Pin N/A N/A N/A N/A p<0.05 FDR
includ CC,CR, IC CCandIC | CC corrected
ed
Poudel 2015 18 27 28 25 N/A N/A N/A N/A PreHD: N/A PreHD: PreHD: p<0.05
No No No TFCE
difference difference | difference | corrected
s s s
HD: { FA HD: No HD: P CC,
in CCand difference | IC, striatal
cingulum s projection
s of WM
Dominguez | 2016 30 36 40 36 PreHD: PreHD: N/A N/A N/A N/A N/A N/A p<0.05
No No Bonferroni
difference | difference corrected
s s
HD: No
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HD: P in | difference
BG S
Harrington | 2016 24 37 67 Not | PreHD: PreHD: 1 | PreHD: PreHD: N/A N/A N/A N/A p<0.05 FDR
inclu | No in SFOF No No corrected
ded | difference difference | difference
s s s
Sweidan 2020 7 11 Not 13 HD: ¢ in | HD: No N/A N/A HD: No HD: No N/A N/A p<0.05
includ CcC difference difference | difference TFCE
ed s s s corrected
Pflanz 2020 12 19 Not 19 PreHD: PreHD: 1 | N/A N/A PreHD: N/A N/A ROI:
includ No in BG No p<0.05
ed difference difference Bonferroni
S S corrected
Whole
brain:
p<0.05
TFCE
corrected

AD: Axial Diffusivity, AF: Arciform Fibers, ATR: Anterior Thalamic Radiations, CC: Corpus Callosum, CP: Cerebral Peduncles, CR: Corona Radiata, CST: CorticoSpinal Tract, DTI:
Diffusion Tensor Imaging, FA: Fractional Anisotropy, IC: Internal Capsule, EC: External Capsule, HD: Huntington’s disease, HDGC, Huntington’s disease gene-carriers, IFOF:

Inferior Fronto Occipital Fasciculus, ILF: Inferior Longitudinal Fasciculus, MD: Mean Diffusivity, preHD: Premanifest Huntington’s disease, PTR: Posterior Thalamic Radiations,
RD: Radial Diffusivity, SS: Sagittal Strattum, SLF: Superior Longitudinal Fasciculus, SFOF: Superior Fronto Occipital Fasciculus, UNC: uncinate fasciculi
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