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A B S T R A C T   

Mapping the spatiotemporal progression of neuroanatomical change in Huntington’s Disease (HD) is funda-
mental to the development of bio-measures for prognostication. Statistical shape analysis to measure the striatum 
has been performed in HD, however there have been a limited number of longitudinal studies. To address these 
limitations, we utilised the Spherical Harmonic Point Distribution Method (SPHARM-PDM) to generate point 
distribution models of the striatum in individuals, and used linear mixed models to test for localised shape 
change over time in pre-manifest HD (pre-HD), symp-HD (symp-HD) and control individuals. Longitudinal MRI 
scans from the IMAGE-HD study were used (baseline, 18 and 30 months). We found significant differences in the 
shape of the striatum between groups. Significant group-by-time interaction was observed for the putamen 
bilaterally, but not for caudate. A differential rate of shape change between groups over time was observed, with 
more significant deflation in the symp-HD group in comparison with the pre-HD and control groups. CAG repeats 
were correlated with bilateral striatal shape in pre-HD and symp-HD. Robust statistical analysis of the correlates 
of striatal shape change in HD has confirmed the suitability of striatal morphology as a potential biomarker 
correlated with CAG-repeat length, and potentially, an endophenotype.   

1. Introduction 

In Huntington’s Disease (HD), atrophy of the striatum, caused by a 
trinucleotide repeat expansion in the huntingtin gene, leads to progres-
sive motor, psychiatric and cognitive disturbances (Vonsattel et al., 
1985). Striatal volume decreases 10.8 years before predicted onset of 
motor symptoms (van den Bogaard et al., 2011a), with more pro-
nounced atrophy the closer an individual is to predicted onset (van den 
Bogaard et al., 2011b). Mapping the spatiotemporal progression of 

neuroanatomical change in HD (Abeyasinghe et al., 2021; Wijeratne 
et al., 2021), such as in the striatum, is fundamental to developing 
endophenotypes (intermediate phenotypes such as cognitive, motor and 
behavioural changes; (Gottesman and Gould, 2003), which, in turn, may 
lead to development of clinically relevant bio-measures suitable for 
staging disease and monitoring treatment response. Based on prior work 
(Looi and Walterfang, 2012), we explore the role of the striatum as a 
specific spatiotemporal structural basis (Looi and Santillo, 2017) that can 
lead to development of endophenotypes of HD through future 
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correlation of neuroanatomical structure and function. 

1.1. Striatal shape in HD 

Morphological changes in the striatum in HD were initially observed 
in post-mortem studies (Vonsattel and DiFiglia, 1998; Vonsattel et al., 
1985), with atrophy beginning in the dorsal medial head of the caudate 
and putamen, as well as early loss in the tail of the caudate (Roos et al., 
1985; Kassubek et al., 2004; Douaud et al., 2006; Vonsattel and DiFiglia, 
1998; Vonsattel et al., 1985). This finding has been largely confirmed 
using more recent imaging modalities (van den Bogaard et al., 2011b; 
Younes et al., 2012; Looi et al., 2012; Abeyasinghe et al., 2021). Sta-
tistical shape analysis of the striatum has been performed in 
pre-manifest as well as symptomatic HD (pre-HD and symp-HD, 
respectively) (Looi et al., 2012; Younes et al., 2012; van den Bogaard 
et al., 2011b): small areas of shape displacement are reported to occur in 
people with pre-HD 11.6y from predicted disease onset (van den 
Bogaard et al., 2011b), with more pronounced changes occurring in the 
medial caudate nucleus and putamen in those closer than 10.8y to 
predicted onset (van den Bogaard et al., 2011b). Using an index of de-
gree of exposure to the toxic polyglutamine repeats (CAP-score, based on 
CAG repeat length and age) significant shape differences can be seen in 
caudate and putamen in people with pre-manifest HD with high CAP 
scores, and in left putamen in the mid CAP scores group (Younes et al., 
2012). Explosive joint torque, a measure of the motor dysfunction in HD, 
was found to be lower and associated with striatal shape deflation, 
disease burden and striatal pathology in prodromal HD compared to 
healthy controls (Cruickshank et al., 2020). Furthermore, early striatal 
degeneration has also been linked to network spread of pathology 
causing degeneration and disconnection in cortico-striatal pathways 
(Poudel et al., 2019; Tan et al., 2022a; Tan et al., 2022b)). 

1.2. Mapping spatiotemporal progression of striatal atrophy in HD: the 
current state of play 

Multiple studies have investigated longitudinal striatal volume 
changes in HD. A study using linear mixed methods and data from the 
TRACK-HD and TRACK-On-HD studies found that CAG repeat length 
was strongly associated with brain volumes, particularly, basal ganglia 
volumes, in the progression from prodromal to manifest disease, but 
there was limited evidence of acceleration of volume loss with ageing 
(Langbehn et al., 2019). Common anatomical regions with a large effect 
size (>0.5) differentiating between pre-manifest and manifest HD 
include caudate, putamen and pallidum (Wijeratne et al., 2020). 
Multivariate linear mixed modelling of 63 combinations of clinical and 
volumetric markers in HD found that individual and combined caudate 
and putamen volumes differentiate CAG repeat, age groups, and detec-
ted progression of disease (Abeyasinghe et al., 2021). Wijeratne and 
colleagues used a non-parametric Gaussian process progression model to 
analyse structural MRI scans of patients with HD from the TRACK-HD 
and PREDICT-HD cohorts, and found that there were large (20%) and 
early (2 years prior to disease manifestation) differences in caudate, 
putamen and pallidum volumes in pre-HD compared to symp-HD, where 
symp-HD had smaller volumes (Wijeratne et al., 2021). 

To date, a limited number of studies have investigated longitudinal 
striatal shape change in HD (Hong et al., 2017; Muralidharan et al., 
2014; Muralidharan et al., 2016; Langbehn et al., 2019; Wijeratne et al., 
2020; Ramirez-Garcia et al., 2020; Bartlett et al., 2020; Abeyasinghe 
et al., 2021; Wijeratne et al., 2021). Using data from the PREDICT-HD 
study, Muralidharan and colleagues utilised diffeomorphic trajectories 
to compare caudate (Muralidharan et al., 2014) and right putamen 
(Muralidharan et al., 2016) shapes in pre-HD, with observed contraction 
in the head and tail and expansion in the medial body of the caudate, 
and deflation of the anterior and posterior aspects of the right putamen, 
with again some medial inflation increasing with higher CAP scores. In 
these studies, the significance of local shape change was not tested, nor 

did the authors examine for shape change association with CAG repeats. 
Hong and colleagues (Hong et al., 2017) have tried to address some of 
these issues in a feasibility study using geodesic regression from a 4D 
shape atlas representing normal ageing. However, they only provide 
qualitative differences rather than statistical testing between groups 
(Hong et al., 2017). Ramirez-Garcia and colleagues (Ramirez-Garcia 
et al., 2020) performed longitudinal surface-based analysis on 17 people 
with symp-HD and 17 controls, with two scans over a 16-month period: 
this used the FMRIB Integrated Registration and Segmentation Tool 
(FIRST) software of FSL version 6.0 to identify shape-deformation 
pattern in a vertex-wise fashion and analysed using repeated measures 
ANOVA. Using a similar method Bartlett and colleagues found that there 
was relative preservation of right striatal shape in a group that under-
went multidisciplinary rehabilitation (Bartlett et al., 2020). Again, 
correlation with CAG repeats was not done. There is burgeoning evi-
dence that the volume and shape of the striatum in HD may be a suitable 
structural basis for a biomarker, and the subsequent development of an 
endophenotype. 

1.3. A method to measure spatiotemporal progression 

To address the limitations of the current literature (and those of 
longitudinal shape analysis more broadly, including statistical testing of 
unbalanced data), we used the Spherical Harmonic Point Distribution 
Method (SPHARM-PDM) (Styner et al., 2006) to generate point distri-
bution models of shapes for individuals, and used linear mixed models to 
test for localised shape change over time. We sought to conduct shape 
analysis using SPHARM-PDM to determine if longitudinal changes in 
striatal morphology are measurable using different methodology and 
consistent across methods. As such, we hypothesised that we would find 
similar results to those seen in pathological studies and in the pre-
liminary longitudinal imaging studies, but that the changes would be 
resolved in greater detail. Further characterisation of changes during 
different stages of HD might increase knowledge of neurodegenerative 
pathways, and progress development of biological measures that may 
yield single or composite biomarkers for prognostication and use in HD 
treatment trials. Furthermore, understanding the relationship between 
quantitative measures of morphology (morphometry) and function in 
vivo may lead to the development of endophenotypes. 

2. Methods 

2.1. Subjects and measures 

As part of the IMAGE-HD project (Georgiou-Karistianis et al., 2013), 
T1-weighted brain MRI scans were obtained from 36 individuals with 
pre-HD, 37 with early symp-HD, and 36 healthy matched controls. These 
scans were repeated 18 months after the initial scan and again 12 
months afterwards. 6 controls, 3 pre-HD, and 4 symp-HD subjects were 
lost to follow up at the second time point, and a further 4 controls, 3 
pre-HD, and 4 symp-HD were lost at the third time point. In total, 26 
controls, 30 pre-HD, and 29 symp-HD subjects completed all three scans. 
Healthy controls were matched for age, sex and IQ to the pre-HD in-
dividuals. All participants were right-handed.  

The IMAGE-HD study was approved by the Monash University and 
Melbourne Health Human Research Ethics Committees and informed 
written consent was obtained from each participant prior to testing in 
accord with the Helsinki Declaration. All testing was undertaken at the 
Royal Children’s Hospital, Parkville, Melbourne, Australia. Ethics 
approval for this neuroimaging sub-project has also been obtained from 
both Monash University and from the Australian National University. 

Imaging was performed on a Siemens Magnetom Trio Tim System 3 
Tesla scanner with a 32-channel head coil (Siemens AG, Erlangen, 
Germany) at the Murdoch Children’s Research Institute (Royal Chil-
dren’s Hospital, Victoria, Australia). High-resolution T1-weighted im-
ages were acquired (192 slices, slice thickness of 0.9 mm, 0.8 mm 0.8 
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mm in-plane resolution 320 × 320 field of view, TI = 900 ms, TE = 2.59 
ms, TR = 1900 ms, flip angle = 9◦). ICV was calculated from outputs 
from FMRIB’s Software Library FSL 4.1.6 1, for more details see 
(Georgiou-Karistianis et al., 2013). 

2.2. Shape analysis 

A single trained researcher (FW) manually segmented the striatum 
on MRI scans of subjects using a validated protocol (intra-rater intra- 
class correlation 0.88-0.98) (Looi et al., 2009; 2008) and ANALYZE 
11.0 (Mayo Foundation, Rochester, MI, USA) software. 

Traced structures were processed for shape analysis using the 
SPHARM-PDM analysis software (https://www.nitrc.org/projects/sph 
arm-pdm/) (Styner et al., 2006). Segmented 3D binaries were 
smoothed with a 1mm Gaussian kernel and spherical harmonics were 
used to generate 1002 corresponding surface points (Levitt et al., 2009; 
Styner et al., 2006). An average shape was created using the control 
participants at the baseline time, and all structures were aligned to this 
mean shape using Procrustes alignment. All shape parametrisations and 
registrations were manually checked for accuracy. For each participant 
at each time point, we calculated the signed magnitude of displacement 
along the surface normal from the mean shape. This displacement vector 
was used in subsequent shape analysis. 

Displacement vector values were used as the dependent variables in 
all analyses, and all analyses were conducted across the 1002 corre-
sponding points for each structure. We utilised linear mixed models to 
account for unbalanced longitudinal data with random intercepts and 
random slopes, addressing repeated time effects (Jakabek et al., 2022). 
All analyses were performed in R 3.6.2 (R_Core_Team, 2013). For all 
analyses, estimated total intracranial volume, sex, and baseline age were 
considered fixed covariates, and time (baseline, 18- and 30 month 
follow-ups) a fixed factor. Predominant interest was in group and time 
differences for: (a) between group comparisons, we examined effects of 
ordinal group, time, and the interaction; and (b) covariate analyses 
(CAG repeats), we were interested in the group by covariate interaction, 
time by covariate interaction, and three-way group, time and covariate 
interaction. For significant group effects we examined post-hoc com-
parisons between groups using tukey corrections for multiple compari-
sons. Additionally, p-values across each shape were corrected using a 
False Discovery Rate (FDR) with p < 0.05 (Benjamini and Hochberg, 
1995). For the purposes of results and discussion, significant differences 
were only considered at the FDR corrected level. 

3. Results 

Demographic data as well as striatal volumes can be seen in Table 1. 
Striatal volumes have been reported in prior papers from the IMAGE-HD 
consortium and we focus on the shape analyses below. 

3.1. Group effects- shape 

There was a significant main effect for group type, controlling for 
different time points (Fig. 1). Widespread deflation was observed over 
the surface of all structures, with a small amount of inflation in the 
inferomedial caudate body. Post-hoc analyses showed significant dif-
ferences between groups in almost all regions of the caudate and puta-
men, with significant shape deflation in pre-HD compared to controls, 
and in symp-HD compared to both controls and to pre-HD (Supple-
mentary Figure 1.1 and 1.2). 

A significant group by time interaction was observed for the putamen 
bilaterally (Fig. 2), but not for the caudate, indicating that there was a 
differential rate of shape change between groups (controls, pre-HD and 
symp-HD) over time in the putamen only. Participant mean displace-
ment trajectories are included in Supplementary Figure 2. Shape defla-
tion was observed across the anterior and posterior lateral aspects of the 
right putamen, middle of the lateral aspect of the left putamen, and 

medial aspects of the putamen bilaterally. Examination of regression 
slopes indicates that such deflation was more pronounced in the symp- 
HD group. Post-hoc analyses revealed significant differences in the 
right putamen, with more rapid deflation over time in symp-HD 
compared to controls (Supplementary Figure 3). 

3.2. CAG repeats- shape 

The main effect of CAG repeats on shape in the HD group (across all 
groups and time points) occurred for the entire bilateral striatum 
(Fig. 3). For the putamen, it was across most of the surface, whilst for the 
caudate, deflation was more prominent in the head and tail, with shape 
in the medial body largely unrelated to CAG expansion. This association 
did not differ between groups (pre-HD and symp-HD), i.e., there was no 
significant group-by-CAG-repeat interaction effect. 

In contrast to the lack of group-by-CAG-repeat interaction effect, 
there was a significant time-by-CAG-repeat interaction effect (Fig. 4). 
Later time points demonstrated an association between increased CAG 
repeats and increased deflation in the left caudate head and tail, and 
right caudate medial body. There were no statistically significant dif-
ferences between pre-HD and symp-HD in relation to time-by-CAG- 
repeat effect. 

4. Discussion 

Using shape analysis combined with linear mixed methods statistical 
testing (Jakabek et al., 2022), we have been able to visualise and 
quantify longitudinal shape change in the striatum in HD, specifically 
with group by time associated with CAG repeat-length. Like prior 
research we found maximal deflation in the anterior and posterior 
striatum, which validates our methodology (Muralidharan et al., 2014; 
Muralidharan et al., 2016; Hong et al., 2017). Additionally, we over-
came previous analytical limitations to show accelerated atrophy (i.e., a 
time interaction effect) of the lateral aspects of the putamen bilaterally, 
with significantly more rapid shape deflation in the right putamen in 
symp-HD compared to controls. Interestingly, there was relative pres-
ervation of right putamen shape in an interventional study of multidis-
ciplinary rehabilitation in HD, including exercise, perhaps indicating 
that putamen atrophy may be a marker of motoric dysfunction (Bartlett 
et al., 2020). Finally, although there is widespread striatal atrophy 
associated with higher CAG repeats, this is both maximal and shows 

Table 1 
Demographic and volume data across groups.   

Mean ± SD  

Controls Pre-HD Symp-HD 

N (Time 1) 36 36 37 
N (Time 2) 30 33 33 
N (Time 3) 26 30 29 
Age at start of study 42 ± 13 42 ± 10 52 ± 9 
Sex (M:F) 12:24 14:22 21:16 
CAG repeats  42 ± 2 43 ± 2 
Estimated YtO  16 ± 7  
Duration of illness (years)   2 ± 2 
Total ICV (cm3) 1457 ±

144 
1415 ±
157 

1401 ±
156  

Baseline bilateral caudate volume 
(cm3)  

7.4 ± 1.1   6.1 ± 1.6   4.4 ± 1.0  

Baseline bilateral putamen volume 
(cm3)  6.0 ± 0.8   5.1 ± 1.1   3.4 ± 0.8  

CAG repeats, repeat length for trinucleotide expansion coding for polyglutamine 
repeat in HD; SD, standard deviation; ICV, intracranial volume; YtO, estimated 
years to disease onset. The ratio of M:F at Time 1 in each group was the same as 
in Time 3, and mean CAG repeats in pre-HD and symp-HD also remained the 
same. 
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accelerated atrophy in the anterior and posterior ends of the striatum. 
This CAG repeat association finding is novel and extends the findings of 
previous longitudinal HD shape studies (Muralidharan et al., 2014; 
Muralidharan et al., 2016; Wijeratne et al., 2018). 

4.1. Shape changes in relationship to frontostriatal circuits 

Group by time interactions indicating shape deflation in the bilateral 
putamen implicate a variety of frontostriatal circuits, including motor 
circuitry as well as re-entrant circuits involving orbitofrontal and 
dorsolateral prefrontal cortex (impulse control and executive function 
respectively) (Draganski et al., 2008; Poudel et al., 2019; Tan et al., 

2022a; Tan et al., 2022b), and fit with the known deterioration in motor, 
cognitive, and psychiatric symptoms as HD progresses (Ross and Tab-
rizi, 2011). Changes in the integrity of these tracts are also seen in 
cross-sectional studies of pre-HD and symp-HD (Bohanna et al., 2011; 
Hong et al., 2018; Marrakchi-Kacem et al., 2013; Kloppel et al., 2008), 
although importantly there is some ability to compensate for deficits at 
early stages (Kloppel et al., 2009; Turner et al., 2016). 

4.2. Implications for pathophysiology 

While CAG repeat length plays a dominant role in HD phenotype and 
contributes approximately 56% of the variation in age of onset of disease 

Fig. 1. Main effect of group type, controlling for different time points. Left panels display regions of FDR-significant shape change (in mm) of structures within 
the striatum from different views. Superior view is in neurological convention, such that left-hand structures are to the left of the view. Inferior view is in radiological 
convention, such that left-hand images are on the right of the view. Cooler colours indicate shape deflation, warmer colours indicate inflation, and white indicates no 
significant shape change. The graph on the right plots the mean shape change for significant regions for each participant across groups and structures. 

Fig. 2. Group by time interaction. Left panels display regions of FDR-significant shape change (in mm) of structures within the striatum from different views. 
Superior view is in neurological convention, such that left-hand structures are to the left of the view. Inferior view is in radiological convention, such that left-hand 
images are on the right of the view. Cooler colours indicate shape deflation, warmer colours indicate inflation, and white indicates no significant shape change. The 
graph on the right plots the mean shape displacement for significant regions for each participant across time, groups and structures. Shaded areas represent 95% 
confidence intervals. 
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(Gusella et al., 2014), other genetic and environmental factors are also 
thought to play a role (Wexler et al., 2004) although there is less 
consensus of the role of CAG repeat number in disease progression (Sun 
et al., 2017; Aylward et al., 2011; Hobbs et al., 2010; Ruocco et al., 2008; 
Rosas et al., 2011; Langbehn et al., 2019). For striatal volume, longi-
tudinal studies have found an association between CAG repeat number 
and higher atrophy rates in some brain structures but not necessarily the 
striatum (Hobbs et al., 2010; Ruocco et al., 2008; Rosas et al., 2011), 
whereas cross-sectional studies do show an association between CAG 
repeat number and striatal volume (Aylward et al., 2011; Rosas et al., 
2011). More recently, Langbehn and colleagues (Langbehn et al., 2019) 
have shown early changes in basal ganglia volume which are related to 
CAG repeat lengths, with linear decreases in volume over time and 

minimal acceleration with ageing. This contrasts with overall white 
matter and ventricular changes in the same study which are related to 
CAG repeat length and continue to accelerate with ageing, and with 
other overall grey matter volumes which show a far weaker dependence 
on CAG repeat length and accelerate slightly with age (Langbehn et al., 
2019). (Abeyasinghe et al., 2021) using multivariate linear mixed 
modelling of clinical and volumetric markers in HD, found that indi-
vidual and combined caudate and putamen volumes differentiated CAG 
repeat, age groups and progression of disease. These previous studies 
concur with our novel finding of a CAG-by-time interaction effect for the 
shape of the caudate being limited to only the very anterior and poste-
rior caudate regardless of group status (pre-HD or symp-HD). Previous 
research is also consistent with our finding of a group-by-time 

Fig. 3. Main effect of CAG repeats on shape across all groups and time points. Left panels display regions of FDR-significant shape change (in mm) of structures 
within the striatum from different views. Superior view is in neurological convention, such that left-hand structures are to the left of the view. Inferior view is in 
radiological convention, such that left-hand images are on the right of the view. Cooler colours indicate shape deflation, warmer colours indicate inflation, and white 
indicates no significant shape change. The graph on the right plots the association between mean shape displacement and CAG repeats for significant regions for each 
participant across structures, groups and time. 

Fig. 4. Time by CAG interaction effect. Left panels display regions of FDR-significant shape change (in mm) of structures within the striatum from different views. 
Superior view is in neurological convention, such that left-hand structures are to the left of the view. Inferior view is in radiological convention, such that left-hand 
images are on the right of the view. Cooler colours indicate shape deflation, warmer colours indicate inflation, and white indicates no significant shape change. The 
graph on the right plots the mean shape change for significant regions for each participant across groups and structures. 
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interaction involving only the putamen; that is, change in putamen 
shape over time in symp-HD appears to be somewhat independent of 
CAG repeat length. 

4.3. Towards an endophenotype of HD 

Increased shape deflation in the putamen with time is consistent with 
some previous volumetric work (Tabrizi et al., 2009; Wijeratne et al., 
2018), although of note a recent analysis combining brain volumes from 
the PREDICT-HD, TRACK-HD and IMAGE-HD studies showed that 
caudate volume was the best (volumetric) imaging marker for pre-HD 
(Wijeratne et al., 2020). However, using caudate volume as a 
biomarker for potential treatment trials would still require 661 partici-
pants in a study to achieve power of >80% assuming a 20% treatment 
effect. This study pooled data from three studies, with significant dif-
ferences amongst groups and total motor score, which may explain some 
of the differences in results. They also found that effect sizes for volume 
changed varied with disease burden score of the people in the individual 
studies (Wijeratne et al., 2020). Shape was not investigated in that study 
and may provide more subtle anatomical detail which is missed by 
broader volumetric studies, potentially providing a better opportunity to 
test prospective treatments. Our sample is small and has a relatively low 
disease burden score in pre-HD compared to others (Wijeratne et al., 
2020), and further replication is needed to confidently assert that shape 
may be superior to volume. However our initial findings are encour-
aging. The complexity of changes in HD, found in our study and 
increasingly highlighted in the literature, indicate the usefulness of 
composite structural morphological measures, including shape analysis, 
to construct an endophenotype of HD. 

4.4. Limitations 

Despite this advantage over previous work, a limitation of the cur-
rent methodology is the identification of shape change only along the 
surface normal. Thus, significant stretching or shearing is not captured, 
reducing the sensitivity of the analysis. Shape effects are relatively small 
(in the order of several millimetres) and may be confounded by partial 
volume effects in image acquisition and subsequent tracing, shape 
parameterisation, and shape registration. This study also used manual 
tracing of the putamen and caudate over three time periods as the basis 
for longitudinal shape analysis. This labour-intensive method is limited 
by the need to have an experienced tracer and the increased amount of 
time necessary for manual tracing. Nonetheless, we believe that manual 
tracing is currently superior to automated methods of segmentation 
(Looi et al., 2009; 2008). 

Some medial caudate inflation (indicated by warmer colours) was 
seen in this study, related to group type (Fig. 1) and CAG repeat number 
(Fig. 3). This may be an artefact related to two different processes. 
Firstly, there is ventricular expansion and consequent relative flattening 
of the caudate nucleus with progression of HD. Secondarily, shape 
change here is measured relative to the vertex normal (i.e., perpendic-
ular to the surface) which is less well able to capture more complex 
shape deformations such as bending and shearing. However, it has the 
benefit of being able to be integrated in mixed models for longitudinal 
analysis. Overall, we suspect that there is both complex shape change 
and atrophy, the latter of which is indicated by a larger magnitude of 
shape deflation than inflation. 

It is important to also note that the shape changes seen here occur 
over a relatively small snapshot of time (2.5 years), in people who are 
either still many years from predicted diagnosis of HD or who have only 
recently been diagnosed with HD. This may be responsible for the fact 
that significant longitudinal shape change was only seen in symp-HD in 
the putamen and not the caudate, and no longitudinal change was seen 
in pre-HD, despite the fact that there are baseline differences in both. 
The relatively small sample size here may also limit interpretation. 

4.5. Conclusions/clinical implications 

We have mapped longitudinal shape change in the striatum in HD, 
confirming the findings of previous linear mixed model shape analysis 
and parallel shape analysis methodologies. We have demonstrated that 
robust statistical analysis of shape change in HD is practicable. Such 
shape analysis linear mixed model methods have important implications 
for the development of a morphological biomarker in HD. These 
methods allow spatiotemporal signatures to be derived for the pro-
gression of atrophy of the striatum in HD. These spatiotemporal signa-
tures may assist in understanding pathophysiology towards 
prognostication and analysing the effectiveness of disease-modifying 
treatments. Further characterisation of these changes increases knowl-
edge of neurodegenerative pathways and the relationship between 
striatal shape and function in vivo, constituting an endophenotype, and a 
potential biomarker for prognostication and use in HD treatment trials. 
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