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64| Chapter 4

Abstract

In Hunti ngton’s disease (HD) atrophy of the caudate nucleus and putamen has been 
described many years before clinical manifestati on. Volume changes of the pallidum, 
thalamus, brainstem, accumbens nucleus, hippocampus, and amygdala are less well 
investi gated, or reported with contradicti ng results. The aim of our study is to provide 
a more precise view of the specifi c atrophy of the subcorti cal grey matt er structures in 
diff erent stages of Hunti ngton’s disease, and secondly to investi gate how this infl uences 
the clinical manifestati ons. All TRACK-HD subjects underwent standardised T1-weighted 
3T MRI scans encompassing 123 manifest HD (stage 1, n = 77; stage 2, n = 46), 120 
premanifest HD (close to onset, n = 58; far from onset, n = 62) and 123 controls. Using 
FMRIB’s FIRST and SIENAX tools the accumbens nucleus, amygdala, brainstem, caudate 
nucleus, hippocampus, pallidum, putamen, thalamus and whole brain volume were 
extracted. Results showed that volumes of the caudate nucleus and putamen were 
reduced in premanifest HD far from predicted onset (> 10.8 years). Atrophy of accumbens 
nucleus and pallidum was apparent in premanifest HD in the close to onset group (0–10.8 
years). All other structures were aff ected to some degree in the manifest group, although 
brainstem, thalamus and amygdala were relati vely spared. The accumbens nucleus, 
putamen, pallidum and hippocampus had a strong signifi cant correlati on with functi onal 
and motor scores. We conclude that volume changes may be a sensiti ve and reliable 
measure for early disease detecti on and in this way serve as a biomarker for Hunti ngton’s 
disease. Besides the caudate nucleus and putamen, the pallidum and the accumbens 
nucleus show great potenti al in this respect.
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Introducti on

Hunti ngton’s disease (HD) is an autosomal dominantly inherited, slowly progressive, 
neurodegenerati ve disease localised on chromosome four. The pathophysiological 
mechanism is complex and although impaired energy metabolism and neuronal 
excitotoxicity are named as major contributors1;2, it is sti ll not fully understood, but the 
main result is neuronal dysfuncti on and loss in the brain. The disease is characterised by 
clinical symptoms in the motor, cogniti ve, and psychiatric domains. 

Loss of brain cells and their connecti ons, referred to as atrophy, can be visualised with 
Magneti c Resonance Imaging (MRI) techniques and has been the focus of many studies 
in search of objecti ve biomarkers for tracking disease progression. The striatum has 
been the primary region of interest, due to previous fi ndings in pathological studies that 
demonstrated the most severe loss of neurons in this region3. In manifest HD, the evidence 
for widespread atrophy is extensive, whereby several MRI studies showed striatal4-12 and 
corti cal atrophy13;14. The striatal atrophy occurs in the premanifest stages of HD, with 
atrophy of the caudate nucleus and putamen present up to a decade or more before 
clinical manifestati on15-20.

Other subcorti cal grey matt er structures have been examined to a lesser degree. 
Thalamic4;5;9;21 and pallidum9;10;22;23 atrophy is apparent in the manifest stages of HD; 
however, fi ndings are controversial in the premanifest stage, as not all studies are in 
agreement16-19;22;24. Atrophy of the hippocampus, amygdala, accumbens nucleus, and 
brainstem has only been reported in the manifest stage in a very limited number of 
studies9;22. Whole brain atrophy has been demonstrated in HD25;26. However, the rate of 
volume reducti on of the subcorti cal structures as compared to whole brain atrophy has 
not been reported in any of the above menti oned studies and is of importance as this 
regional atrophy may very well only be a refl ecti on of whole brain atrophy. Correlati on 
studies have been performed for volume reducti ons and global clinical measures in 
manifest HD8;9;22. However, reports on the relati onship of atrophy with clinical measures of 
all these structures in diff erent disease stages in one large cohort has not been previously 
reported. 

With the possibiliti es of new therapies for HD, there has been increasing interest in 
the development of robust, reproducible biomarkers to assess the effi  cacy of potenti al 
treatments. The TRACK-HD study is an internati onal multi -centre study investi gati ng 
candidate biomarkers for HD and encompasses a large, well defi ned, sample of HD gene 
carriers26. Applicati on of a fully automated MRI-analysis tool to this study sample provides 
the opportunity to study brain atrophy in detail within a very large HD cohort. The aim of 
this study is to provide a more precise overview of the specifi c atrophy of the subcorti cal 
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66| Chapter 4

grey matt er structures in diff erent disease stages, whilst taking into account whole brain 
atrophy and provide bett er targets for biomarker research. Secondly, we aim to examine 
the relati onship of all subcorti cal grey matt er structure volumes to clinical measures for 
HD. 

Methods

Subjects
The TRACK-HD study recruited 366 parti cipants from four centres (the Nati onal Hospital for 
Neurology and Neurosurgery in London, the Department of Medical Geneti cs at University 
of Briti sh Columbia in Vancouver, the Department of Geneti cs and Cytogeneti cs at the 
Hôpital de la Salpetrière-Université Pierre and Marie Curie in Paris and the Department of 
Neurology at Leiden University Medical Center in Leiden) totalling 123 early manifest HD, 
120 premanifest HD and 123 control subjects. Inclusion criteria for the early manifest HD 
group consisted of geneti c confi rmati on of an expanded CAG repeat of ≥ 40, presence of 
motor disturbances on the Unifi ed Hunti ngton’s Disease Rati ng Scale (UHDRS), defi ned as 
a diagnosti c motor confi dence score of 4 and a total motor score (TMS) of > 5, and a Total 
Functi onal Capacity (TFC) of ≥ 7. Inclusion criteria for the premanifest group consisted of 
geneti c confi rmati on of an expanded CAG repeat of ≥ 40, absence of motor disturbances 
on the UHDRS, defi ned as a TMS of ≤ 5. Furthermore, premanifest gene carriers required a 
burden of pathology score > 250, based on CAG length and age27, to ensure a premanifest 
HD sample close to onset. Spouses or partners of premanifest and aff ected subjects or 
gene-negati ve siblings were recruited as healthy control subjects. The control group was 
age-and gender-matched to the combined premanifest and manifest HD group. Further 
subdivision of the premanifest group was performed on the basis of predicted years to 
diagnosis into preHD-A (10.8 or more years to disease onset) and preHD-B (closer than 
10.8 years to disease onset) based on Langbehn’s et al. (2004) survival analysis formula28;29. 
The early manifest HD subjects were also divided into two groups based on disease stage 
by means of TFC score, the HD1 group (TFC score: 11-13) and the HD2 group (TFC score: 
7-10)30. The study was approved by the local ethical committ ees and writt en informed 
consent was obtained from each subject. For full details on study design see Tabrizi et al. 
(2009)26. 

Clinical measures
From the total TRACK-HD assessment batt ery, the UHDRS motor scale and TFC were used 
for this study. The UHDRS TMS is a representati on of the severity of motor disturbances, 
scores potenti ally range from 0-124, with higher scores indicati ng more severe motor 
abnormaliti es. The TFC is a scale used for assessment of global impairments within daily 
acti viti es, ranging from 0-13, with lower scores indicati ng impaired global functi oning.
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MRI acquisiti on
All parti cipants underwent 3Tesla MRI scanning. T1-weighted image volumes were 
acquired using a 3D MPRAGE acquisiti on sequence on a 3.0T Siemens or a 3.0T Phillips 
whole body scanner with the following imaging parameters: TR = 2200ms (Siemens) / 
7.7ms (Philips), TE=2.2ms (Siemens) / 3.5ms (Philips), FA=10° (Siemens) / 8° (Philips), FOV= 
28cm (Siemens) / 24cm (Philips), matrix size 256x256 (Siemens) / 224x224 (Philips), 208 
(Siemens) / 164 (Philips), sagitt al slices to cover the enti re brain with a slice thickness of 
1.0 mm with no gap between slices.

Post-processing
All T1-weighed scans were analysed using soft ware provided by FMRIB’s Soft ware Library 
(FSL)31. Eight subcorti cal regions were assessed using FMRIB’s integrated registrati on and 
segmentati on tool (FIRST)32-34, namely the accumbens nucleus, amygdala, brainstem, 
caudate nucleus, hippocampus, pallidum, putamen, and the thalamus. Total brain ti ssue 
volume was esti mated with SIENAX35;35;36;36. For details on MRI post-processing please 
see the Supplementary Material. The whole brain volume was used to calculate rati os 
of atrophy of the subcorti cal structures to whole brain atrophy. The obtained rati o was 
divided by the control group value in order to obtain an easily interpretable rati o whereby 
1.00 is the control (normal) value rati o. The following formula was used: 
[volume structure / (whole brain volume - volume structure)] / control group value
A value below 1.00 demonstrates that the structure displays more atrophy than the overall 
whole brain atrophy. A value greater than 1.00 demonstrates that the overall whole brain 
atrophy is greater than the atrophy of the structure at hand.

Stati sti cs
Analysis of variance for group comparison was performed for volumes and rati os of the 
eight diff erent subcorti cal structures, whilst correcti ng for intracranial volume, study 
site, age and gender. (Note that each site used a diff erent MRI Scanner model, and thus 
potenti al scanner eff ects can not be diff erenti ated from site eff ects.) Comparisons of 
each structure were made for each disease group as compared to the control group, and 
as compared to the previous disease stage group, e.g. the preHD-B group was, besides 
comparison to the control group, also compared to the preHD-A group. We calculated 
parti al correlati ons between the various subcorti cal structures and total motor score 
and total functi onal capacity from the UHDRS batt ery. These correlati ons used volumes 
corrected for intracranial volume and were further controlled for age, site, and gender 
by “parti aling” these covariates out during the correlati on calculati ons. The UHDRS TMS 
and TFC analyses were performed on the basis of a two-way group division, namely the 
premanifest gene carriers and the manifest HD group in order to keep suffi  cient power to 
perform this analysis. The signifi cance level was set at p value < 0.05.

eve_manuscript_0108.indd   67 1-8-2012   13:14:07



68| Chapter 4

Results

Characteristi cs
The clinical characteristi cs of the fi ve study groups are shown (Table 1). The progressive 
nature of HD inherently leads to a higher age of the manifest HD groups. Except for 
the HD2 group, which displayed lower levels of educati on, there were no signifi cant 
diff erences in educati on level between the disease groups and the controls. For full details 
on group characteristi cs we refer to the recent baseline TRACK-HD paper26.

Table 1: Group characteristics
Control PreHD-A PreHD-B HD1 HD2

N 123 62 58 75 46

Leiden 30 16 14 76 14

London 30 14 16 19 11

Paris 30 14 16 25 4

Vancouver 33 18 12 15 17

Age (SD)
(range; years)

46.1 (10.2) 
(23.0–65.7)

41.1 (8.6) 
(18.6–59.4)

40.6 (9.2) 
(22.3–64.1)

46.9 (10.2) 
(22.8–64.1)

51.4 (8.6) 
(33.3–63.3)

Women (%) 68 (55%) 33 (53%) 33 (57%) 45 (60%) 21 (46%)

Educati on (SD) 
levels 1-6

4.0 (1.3) 4.1 (1.1) 3.8 (1.3) 3.8 (1.3) 3.2 (1.4)

Disease-burden 
score (SD)

n.a. 259.1 (30.1) 333.1 (30.0) 364.1 (75.0)
397.6 (67.5)

Descripti ve stati sti cs of the fi ve diff erent groups. Data are mean (SD, range) or number (%).

Volumes
Examples of a typical output from the segmentati on by the FIRST and SIENAX tools are 
depicted (Figure 1), for the FIRST examples only the left  hemisphere segmentati ons are 
shown, however both sides were segmented for the analysis. 
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Figure 1: FSL-FIRST and SIENAX. A. Example segementati ons by FSL FIRST. Dark blue = brainstem, blue = 
pallidum, light blue = thalamus, green = caudate nucleus, dark red = accumbens nucleus, red = putamen, copper 
= hippocampus, pink = amygdala. B. Example output from the FSL SIENAX tool. Red depicts the fi nal sienax 
segmentati on results.

Volume comparisons for eight subcorti cal structures in fi ve groups are shown (Table 2). 
Furthermore, fi gure 2 shows the amount of volume reducti on in terms of percentage 
of the control value. The putamen and the caudate nucleus show a similar patt ern of a 
smaller volume in the preHD-A group and in every subsequent disease stage group with 
a conti nuous decline in volume. The accumbens nucleus and pallidum show a decreased 
volume in the preHD-B group and from every following disease stage group as compared 
to the controls as well as to the previous disease stage group except for the accumbens 
nucleus between HD1 and HD2.
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The brainstem and thalamus show signs of reduced volume in preHD-B, HD1 and HD2 as 
compared to the control group. 

The amygdala showed no reduced volume as compared to the control group. The 
hippocampus showed volume reducti on in stages preHD-B, HD1 and HD2 as compared to 
controls. In terms of percentages of volume reducti on as compared to the control group 
value it is apparent that the pallidum and accumbens nucleus show marked atrophy with 
only 62% and 60% of the normal volume remaining in the HD2 group, respecti vely. These 
structures are closely followed by the putamen and the caudate nucleus with 67% and 
70% remaining volume, respecti vely. Percentages for all structures in the four disease 
stages are also available in the supplementary material.

Rati os
Comparisons for volume rati o of eight structures as compared to whole brain atrophy are 
shown (Table 3). A smaller rati o indicates that the volume of this specifi c structure declines 
faster than the overall brain atrophy. The putamen atrophy rati o showed a conti nuous 
smaller value across subsequent disease stage groups. The caudate nucleus atrophy 
rati o showed a similar patt ern, except within the manifest stage this rati o did not show 
a signifi cant diff erence across HD1 and HD2. The accumbens nucleus and the pallidum 
atrophy rati o showed a decrease over disease stages from the preHD-B group onwards. 

The rati o of whole brain atrophy to amygdala atrophy is comparable or slightly higher 
to the control group rati o. The atrophy rati o for the brainstem and thalamus shows no 
or slightly higher rati os as compared to the control group, stati ng that atrophy of these 
structures is comparable or slower to whole brain atrophy. Finally, the hippocampus 
atrophy rati o shows a drop in value in HD2 as compared to control and HD1.

Clinical measures
The UHDRS total motor score in the premanifest stage is most strongly correlated to the 
atrophy of the caudate nucleus (R=-0.272, p=0.003) and putamen (R=-0.240, p=0.009), but 
also to the atrophy of accumbens nucleus, pallidum and thalamus. The TFC demonstrates 
a strong ceiling eff ect in the premanifest stage and no signifi cant correlati ons are to be 
found. In the manifest stage of the disease the UHDRS total motor score is most strongly 
related to the putamen (R=-0.530, p <0.0001), pallidum (R=-0.390, p <0.0001) and 
accumbens nucleus (R<-0.380, p<0.0001), but also to the hippocampus, thalamus, and 
brainstem.
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The TFC is most strongly correlated to atrophy of the putamen (R=0.270, p=0.004), 
hippocampus (R=0.240, p=0.01) and pallidum (R=0.230, p=0.01) and a weak correlati on to 
accumbens nucleus and brainstem.

Figure 2: Percentage of volume for eight structures as compared to the control value. PreHD-A = premanifest 
gene carriers far from expected disease onset, preHD-B = premanifest gene carriers close to disease onset, HD1 = 
manifest HD stage 1, HD2 = manifest HD stage 2. 

Discussion

The aim of this study was to provide a comprehensive overview of the atrophy of 
subcorti cal structures, with respect to disease stage while taking into account whole brain 
atrophy. The main fi ndings show that all subcorti cal grey matt er structures at some point 
have a reduced absolute volume. However, the accumbens nucleus, the caudate nucleus, 
the pallidum and the putamen display a true progressive decline in volume reducti on 
which is disproporti onate to overall whole brain atrophy and this is already visible in the 
premanifest stages of HD. Conversely, the amygdala, brainstem and thalamus do show 
reduced volumes, but this merely refl ects the overall whole brain atrophy rate. The 
hippocampus is excepti onal in the fact that only in the manifest stage a true rapid decline 
in this structure is observed. Furthermore, the volume reducti ons of the accumbens 
nucleus, putamen, pallidum and hippocampus have a severe impact on clinical measures 
in manifest HD. 
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The atrophy of the caudate nucleus and putamen in the premanifest stages confi rms 
earlier studies. The fact that this happens a decade or more before esti mated ti me to 
onset is in accordance with the fi ndings of Aylward et al. (1996)37, the fi ndings of the 
PREDICT-HD study20;20 and with the results reported in TRACK-HD baseline paper26.

Atrophy of the pallidum and thalamus in the premanifest stages of HD is controversial. 
Campodonico et al. (1998) and Harris et al. (1999) report no signifi cant reducti on in 
volume of the pallidum18;24, while others do report this fi nding16;17;19. With regard to the 
thalamus in the premanifest stage, reports of reduced volume are available in favor16;24 and 
in dispute19;38 of thalamic involvement. Our fi ndings, using 3T MRI and in the largest cohort 
reported thus far, confi rms that atrophy in the pallidum is apparent in the premanifest 
stage closer to predicted disease onset, but not in the further from predicted onset stage. 
Although thalamic atrophy is also apparent in the premanifest close to onset stage, this 
merely refl ects the whole brain atrophy. 

The brainstem, thalamus, and amygdala follow the normal atrophy rate of the whole brain 
in the manifest stages of the disease. In fact, in HD stage 1 the brainstem and the amygdala 
show signs of being relati vely spared. The hippocampus shows a diff erent patt ern 
of atrophy as it starts to show signs of atrophy in preHD-B stage, but really becomes 
signifi cant in terms of volume loss in HD stage 2. To some degree the above described 
fi ndings have been reported by Rosas et al. (2003) and Douaud et al. (2006) 9;22. The added 
value of our study lies not only in the large sample size facilitati ng the further specifi cati on 
of the premanifest and manifest groups, but parti cularly in the fact that the atrophy 
described takes into account whole brain atrophy. It should be noted that some cauti on is 
appropriate when interpreti ng the rati o to whole brain atrophy, as this method does not 
necessarily imply that the volume reducti on of a certain structure has to be greater than 
the whole brain atrophy to be of signifi cance in terms of clinical symptoms. 

The clinical impact of atrophy of subcorti cal grey matt er is diffi  cult to assess as many 
brain structures are involved in complex functi onality. We have demonstrated that of 
the subcorti cal grey matt er structures, specifi cally volume reducti ons of the accumbens 
nucleus, putamen and pallidum have the greatest infl uence on predicti ng the motor 
disturbances in manifest HD, and perhaps surprisingly, the impact of the caudate nucleus 
is minimal. The role of the pallidum in motor functi on is underesti mated and surpasses the 
caudate nucleus and the thalamus. However, the putamen is the most important structure 
for this clinical symptom. Our study shows that decreased global functi oning of manifest 
HD was mainly related to volume loss of the hippocampus, putamen and pallidum. 
Cogniti ve and motor defi ciencies have been shown in a number of separate studies, all 
examining only part of the deep grey matt er structures, to relate to volume reducti ons 
of the basal ganglia, thalamus and frontal lobe4;6;11;18;19;24;39;40. Within one small cohort 
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examinati on of clinical measures with the TFC was carried out by Rosas et al. (2003) who 
provided evidence for an associati on between each separate structure and the TFC in the 
manifest stage22, which, apart from some diff erences between studies, is largely confi rmed 
by our study. All these studies show that there is an associati on between volumes and 
clinical measures; however, we hope by examining all structures within one large, well 
defi ned cohort we can provide evidence for which structure has the most contributi on (or 
at least the strongest correlati on) to global functi oning and motor disturbances.

TRACK-HD is a longitudinal observati onal biomarker study aimed at providing essenti al 
methodology for the assessment of therapeuti c interventi ons. In respect to this goal 
we can add that the accumbens nucleus and pallidum show similar biomarker potenti al 
in additi on to the well recognised structures putamen and caudate nucleus. The 
hippocampus is also of importance as it has a high correlati on with clinical symptoms. 
The important role of the caudate nucleus in the premanifest stage of the disease seems 
to diminish aft er manifestati on, as was also suggested by the TRACK-HD baseline paper26. 
It is possibly fair to say that at diff erent disease stages diff erent structures play a role. 
A biomarker would ideally show sensiti vity across all disease stages and would refl ect 
the underlying pathologic processes. From this cross-secti onal analysis it is not possible 
to draw any defi niti ve conclusions, however, the putamen possibly shows the greatest 
potenti al. Longitudinal evaluati on has to be performed to confi rm the putamen’s true 
potenti al. Furthermore we would like to stress how taking whole brain atrophy into 
account aids our interpretati on of regional atrophy rates and in this way their potenti al as 
biomarkers can be assessed more eff ecti vely. 

A limitati on of our study could be the use of a relati vely new soft ware package from FSL 
used for segmentati on, which hasn’t specifi cally been validated in HD. Visual inspecti on, 
however, did not reveal any signifi cant mismatches. The method applied gives structure 
segmentati on on an individual basis and can therefore be used to compare groups. In 
contrast to this limitati on several clear reasons exist in favor of using FIRST; fi rst of all, 
compared to manual segmentati on the automated segmentati on uses voxel intensity in 
contrast to the someti mes diffi  cult visual contrast diff erences, reducing a rater dependent 
bias. Secondly this automated technique is suitable for implantati on on large datasets, 
whereas manual segmentati on is labour intensive and prone to human error.
In conclusion, we have demonstrated that atrophy of the pallidum and the accumbens 
nucleus exists in the premanifest stages of the disease and confi rmed the well known 
atrophy of the caudate nucleus and putamen. Furthermore, we have shown the important 
correlati on of the accumbens nucleus, putamen, pallidum and hippocampus with clinical 
symptoms. The importance of the remaining subcorti cal structures should be regarded 
when taking into account that they show similar amounts of atrophy as the brain as a 
whole. These fi ndings have implicati ons for biomarker research, as several subcorti cal 
structures now show great potenti al for use as a disease progression measure. 
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Supplementary Material

Table 1: Percentage of the volume as compared to the control group value for 
eight separate structures.

PreHD-A PreHD-B HD1 HD2

Accumbens Nucleus 97.4 % 86.4 % 72.6 % 60.3 %

Amygdala 99.6 % 100.0 % 97.0 % 87.1 %

Brainstem 99.1 % 95.7 % 92.4 % 87.7 %

Caudate Nucleus 91.5 % 82.8 % 73.1 % 69.8 %

Hippocampus 99.7 % 96.4 % 91.1 % 78.6 %

Pallidum 98.1 % 86.2 % 75.6 % 62.3 %

Putamen 93.5 % 84.1 % 73.4 % 67.5 %

Thalamus 100.3 % 97.0 % 90.2 % 84.9 %

Values represent percentage of the volume as compared to the control group value for eight separate subcorti cal 
structures. PreHD-A = premanifest gene carriers far from expected disease onset, preHD-B = premanifest gene 
carriers close to disease onset, HD1 = manifest HD stage 1, HD2 = manifest HD stage 2. 

Methods: MRI Postprocessing 
All T1-weighed scans were analysed using soft ware provided by FMRIB’s Soft ware Library 
(FSL)1. Eight subcorti cal regions were assessed using FMRIB’s Integrated Registrati on 
and Segmentati on Tool (FIRST)2-4, namely the accumbens nucleus, amygdala, brainstem, 
caudate nucleus, hippocampus, pallidum, putamen, and the thalamus. Using FIRST, the 
T1-weighted images were fi rst registered to MNI (Montreal Neurological Insti tute) 152 
standard space, using linear registrati on with 12 degrees of freedom5-6. FIRST draws upon 
a vast library of manually segmented images, which were transformed into deformable 
surface meshes. These meshes were applied to our dataset to be used as subcorti cal 
masks to locate the specifi c structures. Subsequently, segmentati on was carried out using 
the voxel intensiti es and mesh models. Finally a boundary correcti on was applied to 
prevent overlap with adjacent structures. Aft er registrati on and segmentati on the absolute 
volume was calculated having taken into account the obtained informati on from previous 
steps. A visual inspecti on of all registrati ons was performed and of the fi nal segmentati ons 
20% were selected at random and visually inspected for accuracy.Total brain ti ssue volume 
was esti mated with SIENAX7-8.This program extracts brain and skull images from the 
single whole-head input data9.The brain images were then affi  ne-registered to MNI152 
space, using the skull images to determine the registrati on scaling. Next, ti ssue-type 
segmentati on with parti al volume esti mati on was carried out10.
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