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ABSTRACT 

Background: Progressive subcortical changes are known to occur in Huntington’s 

disease (HD), a hereditary neurodegenerative disorder. Less is known about the 

occurrence and cohesion of whole brain grey matter changes in HD. 

Objectives: We aimed to detect network integrity changes in grey matter structural 

covariance networks and examined relationships with clinical assessments.

Methods: Structural magnetic resonance imaging data of premanifest HD (n = 30), HD 

patients (n = 30) and controls (n = 30) was used to identify ten structural covariance 

networks based on a novel technique using the co-variation of grey matter with 

independent component analysis in FSL. Group differences were studied controlling 

for age and gender. To explore whether our approach is effective in examining grey 

matter changes, regional voxel-based analysis was additionally performed.

Results: Premanifest HD and HD patients showed decreased network integrity in 

two networks compared to controls. One network included the caudate nucleus, 

precuneous and anterior cingulate cortex (in HD p < 0.001, in pre-HD p = 0.003). 

One other network contained the hippocampus, premotor, sensorimotor, and insular 

cortices (in HD p < 0.001, in pre-HD p = 0.023). Additionally, in HD patients only, 

decreased network integrity was observed in a network including the lingual gyrus, 

intracalcarine, cuneal, and lateral occipital cortices (p = 0.032). Changes in network 

integrity were significantly associated with scores of motor and neuropsychological 

assessments. In premanifest HD, voxel-based analyses showed pronounced volume 

loss in the basal ganglia, but less prominent in cortical regions.

Conclusion: Our results suggest that structural covariance might be a sensitive 

approach to reveal early grey matter changes, especially for premanifest HD. 
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1. INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative 

disorder, caused by a cytosine-adenine-guanine (CAG) trinucleotide repeat expansion 

on chromosome four in the Huntingtin (HTT) gene.1 The clinically manifest phase of 

the disease is characterized by motor disturbances, cognitive decline and psychiatric 

symptoms (such as apathy, depression, irritability, and obsessive-compulsive behavior), 

with a mean age at onset of 30 to 50 years.2 

HD gene carriers that have been tested positive for the CAG expansion are diagnosed 

as manifest HD based on the presence of typical motor disturbances that mainly 

involve chorea, dystonia, bradykinesia and rigidity.2 

Recent neuroimaging studies revealed pronounced neuropathological changes in 

subcortical structures, which primarily involve atrophy of the caudate nucleus and 

putamen.3 This decline in striatal volume is already detectable in premanifest gene 

carriers, years before onset of motor disturbances.4–6 Local subcortical grey matter 

volume changes in HD are commonly examined using a voxel-based approach,7–13 but 

only few neuroimaging studies have investigated the occurrence of volume changes 

in the cerebral cortex. Still, neuropathological studies on HD report the presence 

of widespread cortical atrophy in addition to striatal atrophy.14 Reported voxel-wise 

subcortical volume changes in HD are, however, more prominent than cortical changes 

and the amount of cortical changes varies across voxel-based studies.15,16

As voxel-based methods, such as voxel-based morphometry (VBM) analysis, provide 

whole-brain results for individual regions by studying voxels separately, a multivariate 

network-based analysis might give more information about inter-regional dependencies 

between grey matter voxels. As neurodegeneration is probably a network-based 

process involving several brain regions and is not regional specific,17 examining 

such approach might be particularly interesting in HD. Recently, a novel technique 

is developed to study disease-specific inter-regional network changes in grey matter 

by using structural covariance networks independent of a-priori defined regions.18,19 

Structural covariance networks are based on the observation that grey matter regions 

in the brain co-vary in morphometric characteristics. Therefore, structural covariance 

networks might be a valuable tool in investigating the topological organization of the 

brain.18 

Previous studies in premanifest HD showed that cognitive impairment and psychiatric 

symptoms can present prior to motor disturbances.5,20 Additionally, subcortical changes 

are already detectable in this stage of the disease.21,22 Whether or not abnormal grey 

matter changes are present in premanifest HD, we hypothesize that we may be able 
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to reveal morphological characteristics that vary reciprocally between cortices or 

between the cortex and the subcortical grey matter regions using structural covariance 

networks. Such changes in a given patient population address for abnormality in the 

reciprocal relationship that is due to disturbance in normal development or aging. 

Using structural covariance networks in such an unrestricted exploratory way can give 

more insight into the pathophysiological processes underlying HD.

Network integrity scores can be defined as the strength of an individuals’ expression 

in each identified anatomical network and can therefore indirectly provide information 

about grey matter changes. Network integrity scores can change as covariance can 

diminish when the existing correlation drops due to the variation within a normal range. 

Therefore, network integrity can change regardless of atrophy and might provide a 

more sensitive biomarker for tracking disease progression than direct measurement of 

volume changes in HD.

Thus, the aim of this study is to investigate network integrity changes in grey matter 

structural covariance networks in HD and examine the relationship between the 

identified networks and clinical assessments. Furthermore, we compared our inter-

regional findings with regional volumetric voxel-based analysis on the same data, as 

this approach is most often used to examine volume loss in HD.16

2. METHODS
2.1 Participants
Thirty premanifest gene carriers (pre-HD), 30 HD patients and 30 healthy controls who 

participated in the TRACK-HD study at the Leiden University Medical Center study 

site, were included. Both pre-HD and HD patients required a positive genetic test with 

40 CAG repeats or more. Participants were considered pre-HD with a total motor score 

(TMS) of 5 or less on the motor assessment of the Unified Huntington’s Disease Rating 

Scale (UHDRS)23 and a disease burden score (age x [CAG repeat length – 35.5]) of > 

250.24 HD patients were included with an UHDRS-TMS score > 5 and a Total Functional 

Capacity (TFC) score greater than or equal to 7 points. Partners and gene-negative 

relatives were recruited as healthy controls. The control group was age and gender 

matched to the combined pre-HD and HD patients. The Medical Ethical Committee 

of the Leiden University Medical Center approved this study and written informed 

consent was obtained from all participants. For additional details about the study 

design and exclusion criteria, see Tabrizi et al. (2009).4 
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2.2. Clinical assessments
The UHDRS-TMS was used to measure the degree of motor disturbances, ranging 

from 0 to 124, with higher scores indicating more increased motor impairment. The 

TFC assesses global impairments in daily functioning, ranging from 0 to 13, with lower 

scores indicating more impaired function. Cognitive scores included the total scores 

of the Mini Mental State Examination (MMSE), Symbol Digit Modality Test (SDMT), 

Stroop word reading test and Trail-Making Test (TMT) A and B. The TMT score was 

derived by subtracting the completion time of TMT-A from TMT-B, thus minimizing 

the potential effect of motor speed and disturbances. For more details on all clinical 

assessments.4

2.3. MRI image acquisition 
From January until August 2008, all participants underwent structural magnetic 

resonance imaging (MRI) scanning. Quality control of all images was performed by 

IXICO, London, United Kingdom. Imaging was performed on a 3 Tesla MRI scanner 

(Philips Achieva, Best, the Netherlands) using a standard 8-channel whole-head coil. 

Three-dimensional T1-weighted images were acquired with the following parameters: 

TR = 7.7 ms, TE = 3.5 ms, flip angle = 8 °, FOV 24 cm, matrix size 224 x 224 cm and 

164 sagittal slices to cover the entire brain with a slice thickness of 1.0 mm with no gap 

between slices. This resulted in a voxel size of 1,07 mm x 1,07 mm x 1,0 mm. 

2.4. Data analysis
2.4.1. Image post-processing
All T1-weighted images were analyzed using the software provided by FMRIB’s 

software library (FSL, version 5.0.8, Oxford, United Kingdom).25

First, all non-brain tissue was removed from structural T1-weighted images using a 

semi-automated brain extraction tool implemented in FSL.26 Before being aligned to 

the 2 mm MNI (Montreal Neurological Institute)-152 standard space image27 using 

non-linear registration,28 voxel-based morphometry (VBM) analysis was used as 

implemented in FSL.29 First, tissue-type segmentation was performed. The segmented 

images have values that indicate the probability of a given tissue type (i.e. grey matter, 

white matter or cerebrospinal fluid). To correct for the partial volume effect (i.e. voxels 

containing more than one tissue type), the tissue type segmentation was carried out 

with partial volume estimation. The segmented images have values that indicate the 

probability of a given tissue type. The resulting grey matter segmented images were 

averaged to create a study-specific grey matter template and ‘modulated’ to correct 

for local enlargements and contractions due to the non-linear component of the 
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spatial transformation.30 During the modulation step, each voxel of every registered 

grey matter image was multiplied by the Jacobian of the warp field. This defines the 

direction (larger or smaller) and the amount of modulation. The modulated grey matter 

images were finally smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. 

For the network-based data-driven analysis, Multivariate Exploratory Linear Optimized 

Decomposition into Independent Components (MELODIC)31,32 was used with the 

modulated grey matter images of all participants as a four-dimensional dataset. 

This statistical technique with independent component analysis (ICA) defines fully 

automated spatial component maps of maximal statistical independence, which is 

commonly used to study functional network integrity. When applied on structural grey 

matter images, this method defines spatial components based on the co-variation 

of grey matter patterns among all participants.18,19,33 Then, ICA provides for each 

participant a score (‘network integrity score’), which can be negative or positive, 

describing the strength of the individual expression in each network,31,33 with high scores 

indicating strong individual expression of the identified network. In general, there is no 

consensus on the optimal number of components, which may be depending on the 

data size and the research question.34 In our study, choosing less than ten components 

caused loss of spatial information due to merging of components, whereas selecting 

more components created additional components consisting of considerable noise. 

Therefore, we choose to set the number of independent components in our study to 

ten components. This number is consistent with previous studies of brain networks, in 

which eight to ten components are most often applied.18,34 A standard threshold level 

of 0.5 was used to describe significance of individual voxels within a spatial map. This 

indicates that the probability of a voxel being a signal component is greater than the 

probability of a voxel being noise. 

To investigate voxel-wise group differences in grey matter volume, VBM analysis was 

performed. Here, the modulated grey matter images were analyzed using a general 

linear model in FSL for statistical inference. 

Voxel-wise non-parametric permutation testing with 5000 permutations was performed 

using FSL randomise.35 Further, the Threshold-Free Cluster Enhancement (TFCE) 

technique was used,36 to correct for multiple comparisons with a p-value < 0.05 as 

significant threshold.

Brain structures were identified using the Harvard-Oxford atlas integrated in FSL.

For each participant, the mean voxels’ grey matter density value was calculated using 

the identified anatomical regions that showed significant grey matter volume changes 

as a mask.
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2.4.2. Statistics
Statistical analyses were performed using the Statistical Package for Social Sciences 

(SPSS for Mac, version 23, SPSS Inc.). Differences in demographic and clinical variables 

between groups were assessed using analysis of variance (ANOVA), χ2 and Kruskall-

Wallis tests for continuous, categorical and skewed data respectively. 

For group comparisons, separate linear regression analysis was performed in each 

network with correction for age and gender using the network integrity scores as 

dependent variable. The analysis was performed to compare controls with gene 

carriers (i.e. pre-HD and HD patients separately). All independent variables were 

entered in one block. Furthermore, correlations between clinical assessments and 

genetic markers (i.e. CAG repeat length and disease burden) with the anatomical 

networks were assessed using linear regression analysis in pre-HD and HD patients. 

For the VBM analysis, a design matrix for a general linear model was constructed in 

FSL to compare grey matter differences between controls and pre-HD and HD patients 

separately using two-tailed t-statistics, with age and gender as covariates to correct for 

confounding effects. To correct for multiple comparisons with family wise error, the 

Threshold-Free Cluster Enhancement (TFCE) technique was used,36 with a p-value < 

0.05 as significant threshold.

Linear regression analysis in HD gene carriers was performed to assess the relationship 

between clinical assessments and genetic markers with grey matter density values 

based on the mean value of the significant voxels of the VBM analysis.

In this observational study, the identified anatomical networks, grey matter density 

values, and cognitive tasks that were assessed share a mutual dependency. Considering 

it is not clear for which dependency to correct, we therefore present our correlational 

findings with clinical assessments uncorrected for multiple comparisons. As a result, 

to prevent type 2 errors, the interpretation of slight significant findings will be with 

caution. The significance threshold was set at a p value < 0.05.
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3. RESULTS
3.1. Demographic characteristics
Demographic and clinical data of all participants are shown in Table 1. There was a 

significant difference between groups for all clinical measures. Age, gender, handedness 

and education level did not differ between groups. There was no difference in CAG 

repeat length in both pre-HD and HD patients. 

TABLE 1  Clinical and volumetric group differences between HD patients and controls

HD (n= 79) Controls (n=30) p-value

Clinical characteristics

Age 46.5 (9.7; 28 – 65) 48.9 (8.4; 35 – 65) 0.229

Gender m/f (%m) 30/49 (38.0%) 14/16 (46.7%) 0.409

CAG 44.1 (2.4; 40 – 51) NA NA

Disease duration 3.3 (3.0; 0 – 13) NA NA

Disease burden 382.1 (77.8; 234 – 551) NA NA

UHDRS-TMS 17.8 (10.8; 6 – 45) 2.6 (2.4; 0 – 7) <0.001

UHDRS chorea 5.2 (4.8; 0 – 18) NA NA

UHDRS hypokinetic-rigid 4.6 (3.2; 0 – 12) NA NA

UHDRS dystonia 0.2 (0.6; 0 – 3) NA NA

UHDRS eye movements 4.9 (3.2; 0 – 13) NA NA

UHDRS gait/balance 1.8 (1.4; 0 – 6) NA NA

Subcortical structures

Accumbens nucleus 732.0 (188.0) 930.5 (207.0) <0.001

Caudate nucleus 4942.2 (997.5) 6695.4 (839.0) <0.001

Amygdala 2208.0 (528.5) 2163.4 (379.4) 0.673

Putamen 7093.0 (1229.1) 9280.0 (1289.7) <0.001

Pallidum 2749.8 (555.8) 3338.5 (471.4) <0.001

Thalamus 13958.0 (1551.3) 14844.2 (1383.7) <0.005

Hippocampus 7195.4 (1016.0) 7682.1 (818.3) 0.021

Data are mean (SD; range) or number (%) for gender. Volumes of subcortical structures are
expressed in mm3. Mean disease duration is based on a smaller sample size (n=65) due to missing 
data. Independent sample t-test was used to compare groups, except for gender (χ2-test). 
Statistically signifi cant p-values are highlighted in bold (p<0.05). NA = Not applicable; CAG = 
Cytosine-Adenine-Guanine; HD = Huntington’s Disease; UHDRS = Unifi ed Huntington’s Disease 
Rating Scale; TMS = Total Motor Score.
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Voxel-based morphometric analysis showed regional grey matter volume changes in premanifest gene 
carriers (A) and Huntington’s disease patients (B) compared to controls. The grey matter changes are overlaid 
on sagittal, transversal and coronal slices of MNI-152 standard T1-weigthed images. Corresponding MNI x-, 
y- and z- coordinates are displayed. The threshold for display is p < 0.05 (corrected using familywise error). 
The color scale bar represents T-scores.

FIGURE 1  Regional grey matter volume changes in HD

3.2. Voxel-based morphometry analysis
Regional volumetric voxel-based analysis was performed to assess voxel-wise 

differences between HD gene carriers and controls. In pre-HD, significant local 

grey matter volume reductions in the basal ganglia, mainly in the putamen, nucleus 

accumbens and caudate nucleus (Figure 1A and Table 2) was found compared to 

controls. Cortical volume changes in pre-HD were limited to the insular cortex (p = 

0.018) and a small region containing the planum temporale, parietal operculum cortex 

and posterior supramarginal gyrus (p = 0.045).  

In HD patients, grey matter volume reductions were more distributed across the brain 

(Figure 1B and Table 2). VBM analysis showed subcortical volume loss in the caudate 

nucleus, putamen and pallidum. Significant cortical grey matter changes were primarily 

located in the pre- and postcentral gyrus, the supplementary motor cortex and the 

lateral occipital cortex. 
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3.3. Anatomical networks and group comparisons
Ten grey matter anatomical networks were identified in all participants (Figure 2 and 

Table 3). Two structural covariance networks, the caudate nucleus network (network B) 

and the hippocampal network (network D), revealed a significant association in both 

pre-HD and HD patients compared to controls, meaning network integrity is reduced 

in both gene carrier groups compared to controls (Figure 2B, 2D and Table 4). The 

TABLE 2  Results of voxel-based morphometry analysis

Cluster size Anatomical region
MNI 

coordinates T-score p-value
x y z

Premanifest gene carriers

1126 Left putamen -32 -16 -6 5.39 0.005

Left caudate nucleus -20 14 8 4.25 0.013

Left accumbens -6 12 2 4.14 0.015

Insular cortex -28 6 10 4.49 0.018

1018 Right caudate nucleus 14 8 6 5.78 0.001

Right thalamus 14 -8 18 4.92 0.003

Right putamen, right pallidum 28 -16 8 3.99 0.025

10 Planum temporale 

-46 -36 16 4.47 0.045Parietal operculum cortex

Posterior supramarginal gyrus

HD patients

61398 Caudate nucleus 16 10 8 12.29 0.001

Putamen, pallidum 24 -4 8 5.17 0.001

Postcentral gyrus -18 -36 70 3.28 0.001

Precentral gyrus -14 -22 60 2.98 0.001

Supplementary motor cortex 10 -22 58 3.22 0.001

Lateral occipital cortex -46 -72 4 3.96 0.001

11 Frontal pole 22 44 18 4.24 0.041

Anatomical regions that showed signifi cant grey matter volume changes in Huntington’s disease 
compared to controls using voxel-based morphometry analysis. Regions were identifi ed using 
the cluster tool and the Harvard-Oxford Subcortical and Cortical Structural Atlases in FSL. 
The most signifi cant local maxima are presented with T-statistics and a Threshold-Free Cluster 
Enhancement (TFCE) family-wise error corrected p-value.
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FIGURE 2  Overview of structural covariance networks

The ten identified anatomical networks are based on the structural covariance of grey matter among all 
participants. The networks are overlaid on sagittal, transversal and coronal slices of MNI-152 standard T1-
weigthed images.

caudate nucleus network includes the nucleus accumbens, pallidum, putamen, and 

precuneous. The hippocampal network is further comprised of the parahippocampal 

gyrus, cerebellum, pallidum, and planum polare. One other network, the intracalcarine 

network (network E), showed only a significant change in network integrity in HD 

patients compared to controls, but not in pre-HD (Figure 2E and Table 4). 

This network includes the precuneous, cuneal and lateral occipital cortices and lingual 

gyrus. There were no significant group differences in network integrity in the 7 other 

identified networks (Figure 2A,C, F-J and Table 4). These networks include: anterior 

cingulate gyrus (network C), temporal gyrus (network F), lateral occipital cortex 

(network H), precuneous (network I), lingual gyrus (network J) and two cerebellar 

networks (networks A and G).
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3.4. Correlations of structural changes with clinical assessments
The caudate nucleus network, hippocampal network and intracalcarine network were 

selected to further assess the relationship with clinical scores, as these anatomical 

networks showed significant differences between controls and HD gene carriers. Six 

clinical assessments were analyzed in the HD gene carrier group and consisted of 

motor, functional and cognitive scores. CAG repeat length and disease burden score 

were used as a measurement of genetic burden in HD gene carriers. The caudate 

nucleus network showed a significant correlation with the TFC score and the UHDRS 

total motor score (Table 5). This means that a higher motor score is associated with a 

reduction in network integrity for this specific network. Significant correlations were 

also found with the caudate nucleus network and both CAG repeat length and disease 

burden score, meaning that a larger CAG repeat length and higher disease burden 

score are associated with a reduction in network integrity scores. Furthermore, all 

cognitive assessments showed a significant correlation with this network, i.e. the SDMT 

score, Stroop word reading test, TMT score and MMSE. The hippocampal network 

revealed no significant correlations with any of the clinical assessments or the measures 

of genetic burden. Two clinical assessments showed significant correlations with the 

intracalcarine network, the TFC score and the TMT score (Table 5). Furthermore, the 

disease burden score also showed a significant correlation with this network. The 

identified voxel-based anatomical regions of grey matter volume changes in HD were 

additionally used to assess relationships with clinical assessments in HD gene carriers. 

Overall, grey matter density values were significantly lower in manifest HD compared 

to controls and pre-HD (F(2,87) = 24.1, p < 0.001). For all clinical motor, functional 

and cognitive assessments, there was a significant correlation with grey matter density 

values in HD gene carriers (Table 5).
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TABLE 5   Correlations between changes in structural covariance networks and clinical 
assessments

Network B

Caudate 
nucleus network

Network D 

Hippocampus 
network

Network E 

Visuomotor 
network

Voxel-based 
grey matter 
volume changes

β p-value β p-value β p-value β p-value

UHDRS-TMS -0.519 < 0.001 0.057 ns -0.160 ns -0.525 < 0.001

TFC 0.329 0.002 0.019 ns 0.272 0.037 0.437 < 0.001

SDMT 0.544 < 0.001 0.152 ns 0.151 ns -0.520 < 0.001

Stroop word 
reading 

0.410 0.001 0.171 ns 0.047 ns 0.330 0.003

TMT -0.420 0.001 -0.109 ns -0.258 0.049 -0.520 < 0.001

MMSE 0.341 0.008 0.036 ns -0.025 ns 0.348 0.002

CAG repeat 
length

-0.578 < 0.001 -0.012 ns -0.294 ns -0.564 < 0.001

Disease 
burden

-0.474 < 0.001 -0.034 ns -0.263 0.046 -0.452 < 0.001

Signifi cant correlations of motor, functional and cognitive assessments and genetic burden with 
structural covariance networks and voxel-based grey matter volume changes in HD gene carriers are
presented. ns = not signifi cant; β  = standardized Beta coeffi cient; UHDRS-TMS = Unifi ed Huntington’s 
Disease Rating Scale – Total Motor Score; TFC = Total Functional Capacity score; SDMT = Symbol Digit 
Modality Test; TMT = Trail Making Test; MMSE = Mini Mental State Examination; CAG = cytosine, 
adenine, guanine; disease burden score = age x (CAG length-35.5) by Penney et al. (1997).
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4. DISCUSSION

In this study, we showed that identification of structural covariance networks revealed 

early grey matter changes in premanifest gene carriers and HD patients. In total, ten 

anatomical networks were identified in all participants. The regions of grey matter 

changes were located in two specific structural covariance networks, in which we found 

network integrity changes in both pre-HD and HD patients. One of these networks 

contained the basal ganglia, precuneous and anterior cingulate cortex, whereas the 

other network comprised of the hippocampus, parahippocampal gyrus, cingulate, 

insular, and sensorimotor cortices, superior parietal lobule, angular gyrus and frontal 

orbital cortex. One other network, the intracalcarine network, only showed a significant 

change in network integrity in HD patients, not in pre-HD, compared to controls. The 

other seven networks involving the cerebellum, temporal and frontal lobes showed 

no significant differences in network integrity between controls and pre-HD or HD 

patients.

The mean network integrity score describes the strength of group expression in 

each network with higher scores indicating strong group expression of the identified 

network. 

Our findings suggest that there is a progressive increasing change of network integrity 

in grey matter structures from the premanifest phase, when motor symptoms are not 

yet present, to the manifest stage of the disease.

Network integrity changes found in both pre-HD and HD patients were located in a 

network containing the precuneous and anterior cingulate cortex. These structures 

are involved in motor planning, visuospatial processing, and cognitive attention and 

control.37,38 As these motor and cognitive functions are known to be affected in HD,20,22 

this can explain the strong associations we found in HD gene carriers between this 

network and performances on motor and cognitive tasks. The identified hippocampal 

network comprised of cortical structures involved in working memory performance, 

emotion processing and motor control. Although we showed evidence for change in 

network integrity in this network in pre-HD and HD patients, there were no significant 

correlations with clinical assessments. One possible explanation might be that we 

assessed cognitive tasks that are not designed to measure the domains of working 

memory and emotion processing. Another possible explanation could be that changes 

in network integrity precede the clinical decline. 

In HD, network-based analysis has been applied in one other recent study that 

investigated structural covariance networks in brain regions that are functionally 

related.39 Here, in all pre-specified motor, working memory, cognitive flexibility, and 
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social-affective networks there were no differences between controls and pre-HD 

observed.39 In our study, however, we found evidence for early grey matter volume 

changes in two structural covariance networks in pre-HD compared to controls. This 

difference might be explained by the fact that we used patterns of co-variation in 

whole brain grey matter of the participants and were not restricted to pre-defined 

brain regions.

Further, we assessed correlations with our identified anatomical networks and genetic 

markers, such as CAG repeat length and disease burden. We found that a larger CAG 

repeat length and higher disease burden score in HD gene carriers were associated 

with a reduction in network integrity scores of the caudate nucleus network, suggesting 

that genetic markers might have an effect on the rate of disease progression. This is 

consistent with previous studies showing a larger CAG repeat length is associated 

more widespread atrophy.10,12,24

In general, grey matter structural covariance networks showed to spatially overlap with 

resting-state functional connectivity networks.33,40 It is suggested that the topological 

organization of anatomical networks reflect the pattern of functional organization of 

different networks, thus, regions that co-vary in grey matter volume may also be part of 

the same functional network.40,41 The identified anatomical networks in our study also 

show similarity with resting state functional connectivity networks found in early HD 

patients in previous studies.42–44

Visual comparison of our identified networks with results from previous functional 

neuroimaging studies in HD show spatial overlap between the caudate nucleus network 

(B) and the functional striatal network, the anterior cingulate cortex network (C) and 

the executive control network, the hippocampal network (D) and the frontoparietal 

network, the intracalcarine network (E) and the functional visuomotor network, the 

temporal gyrus network and the functional medial temporal network, the lateral 

occipital network (H) and the default mode network, the precuneous network (I) and 

the sensorimotor network, the lingual gyrus network (J) and the auditory network, and 

the structural cerebellar networks (A and G) and the functional cerebellar network. Yet, 

more studies are needed to gain more knowledge about the relationship between 

structural networks and functional connectivity in HD.

To investigate whether identifying structural covariance networks is an effective 

approach to examine grey matter changes in HD, regional voxel-based analysis was 

additionally performed on the same data. 

In pre-HD, previous voxel-based analysis studies revealed volume loss in the prefrontal 

cortex,11 insular cortex and parietal lobe.12 This is consistent with our regional analysis 

that showed limited cortical volume loss in pre-HD, located in the insular cortex, 
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planum temporale, parietal operculum cortex and posterior supramarginal gyrus. 

However, our network-based analysis revealed that changes were also located in 

other brain regions like the precuneous, cingulate and sensorimotor cortices, and the 

parahippocampal gyrus. These results are consistent with previous studies on cortical 

thinning in early clinical disease stages.45,46 For the voxel-based regions that showed 

volume loss in HD gene carriers, mean grey matter density values were calculated 

and correlated with scores of clinical assessments. We found significant correlations 

between grey matter density values and motor, functional and cognitive assessments, 

as well as CAG repeat length and disease burden. Comparable significant correlations 

with these clinical assessments were also found in the caudate nucleus network, 

suggesting that network-based analysis is also sensitive in detecting correlations 

with clinical measures. Using univariate VBM, however, these correlations are based 

on voxel-wise differences in grey matter density. Therefore, it is difficult to directly 

compare the sensitivity of the univariate VBM approach with a multivariate network 

approach, based on the correlation with clinical assessments. 

Nevertheless, based on the current results and previous reports, network-based 

analyses using structural covariance network with spatially independent regions 

might be a sensitive method in detecting early grey matter changes in HD as network 

integrity can change regardless of atrophy. Also, cognitive dysfunctions might not only 

be caused by localized brain damage, but of a impaired brain network as well.47

Still, more studies are needed to determine if structural covariance networks are 

reliable to be used as a standardized method for grey matter changes in HD.

4.1. Strengths and limitations
The strength of this current study lies in detecting whole brain networks by using the 

anatomical relationship between spatially distributed brain regions as covariance 

networks without using pre-defined regions of interest or analyzing voxels separately.  

However, this study has a cross-sectional design, so a longitudinal follow-up study 

is preferred to further assess the relationship with disease progression. Additionally, 

larger sample sizes might provide more information about associations with clinical 

assessments. Another limitation of this study is the number of components or networks 

used in our analysis, which was chosen arbitrary.34 When choosing the number of 

components it is important to take into account that the sensitivity to detect regional 

effects can be affected and thus might influence outcomes.18
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5. CONCLUSIONS

This study identified spatially independent grey matter regions that form different 

structural networks based on the co-variance of grey matter in healthy controls, 

pre-HD and HD patients. Our findings suggest that changes in grey matter volume 

are widespread, involve several brain regions, and are already detectable in the 

premanifest stage of the disease. Potentially, structural covariance networks might 

develop into an early biomarker for identifying grey matter changes in HD that could 

be used in future clinical trials. Additionally, it is important to understand large-scale 

anatomical networks in a neurodegenerative disorder like HD, as this might provide 

new insights into underlying cortical pathophysiological processes, which are still 

poorly understood.
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