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Abstract
The striatum is the principal site of disease pathology in Huntington’s disease and contains neural connections to
numerous cortical brain regions. Studies examining abnormalities to neural connections �nd that white matter integrity
is compromised in HD; however, further regional, and longitudinal investigation is required. This paper is the �rst
longitudinal investigation into region-based white-matter integrity changes in Huntington’s Disease. The aim of this
study was to better understand how disease progression impacts white matter tracts connecting the striatum to the
prefrontal and motor cortical regions in HD. We used existing neuroimaging data from IMAGE-HD, comprised of 25 pre-
symptomatic, 27 symptomatic, and 25 healthy controls at three separate time points (baseline, 18-months, 30-months).
Fractional anisotropy, axial diffusivity and radial diffusivity were derived as measures of white matter microstructure.
The anatomical regions of interest were identi�ed using the Desikan-Killiany brain atlas. A Group by Time repeated
measures ANCOVA was conducted for each tract of interest and for each measure. We found signi�cantly lower
fractional anisotropy and signi�cantly higher radial diffusivity in the symptomatic group , compared to both the pre-
symptomatic group  and controls (the latter two groups did not differ from each other), in the rostral middle frontal and
superior frontal tracts; as well as signi�cantly higher axial diffusivity in the rostral middle tracts only. We did not �nd a
Group by Time interaction for any of the white matter integrity measures. These �ndings demonstrate that whilst the
microstructure of white matter tracts, extending from the striatum to these regions of interest, are compromised during
the symptomatic stages of Huntington’s disease, 36-month follow-up did not show progressive changes in these
measures. Additionally, no correlations were found between clinical measures and tractography changes, indicating
further investigations into the relationship between tractography changes and clinical symptoms in Huntington’s
disease are required.

Introduction
Huntington’s disease (HD) is an autosomal dominant, neurodegenerative condition that causes catastrophic damage to
numerous cellular structures in the brain (De Souza and Leavitt 2014). Principal amongst these is the striatum
(particularly the caudate), which shows pronounced atrophy as the disease progresses (Dominguez et al. 2016;
Domínguez D et al. 2013; Georgiou-Karistianis, Scahill, et al. 2013). As such, caudate atrophy is widely considered the
most sensitive marker of disease progression in HD (Georgiou-Karistianis, Scahill, et al. 2013; Tabrizi et al. 2012).
However, damage caused by HD is not only limited to the striatum, but also to white matter connections throughout the
brain (Domínguez D et al. 2013; Dumas et al. 2012; Poudel, Stout, Churchyard, et al. 2015; Sweidan et al. 2020). White
matter in the brain is comprised of a complex network of axonal �bres that transmit signals between neurons. When
white matter structures are disrupted, communication between neurons can become compromised. This disruption has
been proposed to relate to the clinical symptoms observed in HD (Poudel et al. 2014). However, the mechanisms
underlying this remains largely unknown.  

Due to the sheer complexity of white matter connectivity in the human brain, no single technique can completely
characterise the neural network (Mori et al. 2005). As such, many techniques have been employed to study axonal
changes, including volumetric analyses (Aylward et al. 1998; Jernigan et al. 1991; Paulsen et al. 2010) and more
recently, diffusion weighted imaging (Poudel, Stout, Churchyard, et al. 2015; Tabrizi et al. 2013). Early investigations
into white matter changes that occur in HD focused on volumetric loss (Aylward et al. 1998; Jernigan et al. 1991;
Paulsen et al. 2006), and demonstrate similar patterns of white matter degeneration as found in other
neurodegenerative conditions, such as Alzheimer’s disease (Jernigan et al. 1991) and Parkinson’s disease (Pozorski et
al. 2018; Rektor et al. 2018). These studies report that white matter loss is a key feature of HD (Jernigan et al. 1991),
with symptomatic HD (symp-HD) individuals showing signi�cantly greater loss compared to those with Alzheimer’s
disease. Other studies have found that white matter loss occurs early in the disease process (Tabrizi et al. 2011),
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beginning in the posterior frontal regions before spreading to other cortices.  Additionally, white matter loss has been
found to exceed grey matter loss in frontal regions (Aylward et al. 1998), implicating axonal integrity loss as another
marker of disease progression. 

Diffusion Tensor Imaging (DTI) enables the investigation of microstructural abnormalities in vivo by characterising the
diffusion of water in the brain (Jones 2008), allowing researchers to analyse the integrity of speci�c neuroanatomical
circuits. Inferences about white matter integrity and abnormalities can be made using DTI measures, such as Fractional
Anisotropy (FA), Axial Diffusivity (AD) and Radial Diffusivity (RD) (Basser and Pierpaoli 2011). FA provides detail about
the degree to which water diffusion is greater along some directions compared to others, and can be used as a measure
of overall axonal integrity (Basser and Pierpaoli 2011). AD and RD are generally accepted as providing more granular
information about white matter microstructure than FA (Song et al. 2003), quantifying the diffusion of water parallel
and perpendicular (respectively) to the axonal structure. Whilst some researchers warn of potential problems arising
from interpreting AD and RD, as being indicative of underlying changes to myelin and axonal density (Wheeler‐
Kingshott and Cercignani 2009), numerous investigations of neuropathological changes have shown the usefulness of
using these as in vivo measures of white matter integrity.   

In HD, DTI has been used to identify microstructural damage in speci�c white matter tracts and networks, including
striatal motor loops (Bohanna, Georgiou-Karistianis, and Egan 2011), the corpus collosum (Phillips et al. 2013), fronto-
caudal connections (Klöppel et al. 2008), and networks involving the prefrontal cortex, motor cortex and
putamen (Poudel et al. 2014). Many have reported inconsistent results. For example, some observed signi�cant FA
changes in the caudate and putamen (Douaud et al. 2009; Hobbs et al. 2013), whilst others have reported changes in
the putamen only (Bohanna, Georgiou-Karistianis, and Egan 2011; Rosas et al. 2006). Furthermore, tractography
abnormalities have been associated with motor and cognitive dysfunction (Bohanna, Georgiou-Karistianis, and Egan
2011; Poudel et al. 2014) and the onset of symptoms in HD (Klöppel et al. 2008). These �ndings suggest that damage
to white matter microstructure can be used as a measure to predict functional decline in HD. 

Although existing studies have provided a snapshot of neural networks impacted by the disease, no studies have
utilised a large longitudinal dataset to examine how these changes occur over time, in either pre-HD or in symp-HD
individuals. Doing so would provide further clarity about the neuropathology of disease, particularly pertaining to how
white matter microstructure degenerates over time, and how these changes are related to developing symptoms in HD. 

The aim of the current study was to investigate whether white matter tractography changes occur in tracts extending
from the caudate to speci�c cortical regions of interest (ROIs) over-time. Given that previous studies have found the
frontal and motor regions of the brain to be primarily impacted by white matter degeneration (Aylward et al. 1998;
Klöppel et al. 2008; Poudel et al. 2014; Tabrizi et al. 2011), we chose to investigate speci�c tracts extending from the
caudate to the precentral (the brain region housing the motor cortex), rostral middle frontal and superior frontal regions
from the well-validated Desikan-Killiany brain atlas (Desikan et al. 2006). Furthermore, we sought to establish whether
tractography changes were associated with worsening clinical symptoms observed in HD. 

Methods And Materials
Participants

A total of 108 participants were originally recruited as part of the IMAGE-HD longitudinal database, comprised of 36
healthy controls, 36 pre-HD and 36 symp-HD (Georgiou-Karistianis, Gray, et al. 2013). Controls were matched to pre-HD
participants by age and gender. Clinical, cognitive and multimodal neuroimaging measures were acquired at three time-
points: baseline, 18-month and 30-month. For this study, 11 controls, 11 pre-HD and 9 symp-HD were excluded from the
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    Controls (n = 25)

Mean ± SD

Pre-HD (n = 25)

Mean ± SD

Symp-HD (n = 27)

Mean ± SD

Gender (M:F) Baseline      

Age (Years) Baseline 43.88 ± 13.47 41.13 ± 9.71 53.20 ± 9.36

CAG Baseline - 42.36= ± 2.04 42.89 ± 2.26

UHDRS-TMS Baseline - .92 ± 1.19 18.67 ± 9.81

  18-month - 2.84 ± 4.04a 22.52 ± 11.25a

  30-month - 2.80 ± 4.44 24.07 ± 12.96

DBS Baseline - 269.21 ± 59.44 376.84 ± 67.15

  18-month - 279.69 ± 61.39 388.18 ± 70.23

  30-month - 287.02 ± 63.01 396.01 ± 72.13

sample due to incomplete data. Of these 31 participants excluded from the analysis, 28 were lost to follow-up (at 18-
months or 30-months) and three were lost to image analysis fails. This left a total of 77 total participants remaining (25
controls, 25 pre-HD, 27 symp-HD). The average age of participants at baseline was 43.89 for controls, 41.13 for pre-HD
and 53.20 for symp-HD. 

Pre-HD and symp-HD participants underwent gene testing prior to enrolment for the study. CAG repeat length ranged
from 39 to 49. A Uni�ed Huntington’s Disease Rating Scale total motor score (UHDRS-TMS) was derived and as per
Tabrizi et al. (2009), gene positive participants who scored ≤5 were included in the pre-HD group. Those who scored ≥5
were included in the symp-HD group. Lifetime exposure to the mutant huntingtin protein was measured by the Disease
Burden Score (DBS) expressed as: Age x (CAG - 35.5). Demographic and clinical data are included in Table 1 (below). 

 Table 1. Demographic and Clinical Data for each group, at each time point. 

Note: SD = Standard
Deviation; UHDRS-TMS =
Uni�ed Huntington’s
Disease Rating Scale-
Total Motor Score; DBS =
Disease Burden Score; a =
Signi�cant from Baseline
(p = 0.05); b = Signi�cant
from 18-month (p = 0.05). 

MRI Data Acquisition

MRI scanning was
conducted at the Murdoch
Children’s Research
Institute (Royal Children’s
Hospital, Vic, Australia),

using a Siemens 3 Tesla scanner. T1-weighted images were acquired for each participant (192 slices, 0.9mm slice
thickness, 0.8mm x 0.8mm in-plane resolution, 320 x 320 �eld of view, TR = 1900ms, TE = 2.6ms, �ip angle = 9°) (Refer
to Dominguez et al., 2013 and Georgiou-Karistianis et al., 2014 for further details). 

DTI whole brain images were acquired using double spin echo diffusion weighted EPI sequence (TR=5800msec,
TE=82.3msec, acquisition matrix =128x128, FOV=24cm2, slice thickness 2.5mm, 50 contiguous axial slices). The
diffusion-sensitizing gradient encoding (B1) was applied in 60 directions (b=1200s/mm2) and 5 images acquired
without diffusion weighting (b =0s/mm2). 

MRI pre-processing

Probabilistic tractography streamlines were generated using MRtrix3. MRtrix3 provides a suite of tools for image
processing, analysis and visualisation of white matter using diffusion-weighted MRI (Tournier et al. 2019). Images were
pre-processed using the DWI pre-processing pipeline outlined in
[https://mrtrix.readthedocs.io/en/latest/dwi_preprocessing/denoising.html]. This included DWI distortion correction,
image registration, atlas registration, DWI pre-processing and tissue segmentation. 
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Atlas registration was completed to provide cortical and subcortical (i.e. caudate) brain regions. This was completed
using the well-validated Desikan-Killiany brain atlas, an automated labelling system (Desikan et al. 2006). Note, that
this atlas automatically generates maps for each hemisphere separately. As such, all analyses were performed
calculating mean values for both hemispheres of each brain region in order to minimise the number of multiple
comparisons. 

Once pre-processing was complete, images were processed to quantify measures of white matter integrity and generate
a visual map of white matter tracts. 

Tractography 

Whole-brain tractography streamline reconstruction included brain mask generation, response function generation and
streamline generation using “Second-order Integration Over Fiber Orientation Distributions” (iFOD2). “Spherical-
deconvolution Informed Filtering of Tractograms” (SIFT) was used to improve the quality of tract reconstruction
 outlined in https://mrtrix.readthedocs.io/en/latest/quantitative_structural_connectivity/sift.html.  White matter
tractography measures were generated for the tracts of interest using subcortical and cortical parcellations from the
Desikan-Killiany brain atlas as noted in the section above. 

White matter tractography measures

The mean fractional anisotropy (FA), axial diffusivity (AD) and radial diffusivity (RD) were calculated as the mean value
of all �xels (�bre bundles within each voxel), within each of the four regions of interest. The directionality of diffusivity
(as measured by AD and RD) can provide more granular information into the nature of axonal damage or demyelination
occurring in HD.

Fractional Anisotropy (FA)

FA is a metric that provides a simple and robust measure of the degree of anisotropic diffusion of water occurring
within a region (Smith et al. 2012). Because FA re�ects the degree of anisotropic diffusion, it will be high (ie,
approaching unity) in regions of high organization (eg, corpus callosum), intermediate in regions with some degree of
organization (eg, white matter regions that have no strong predominant axon �ber axis orientation), and low in tissues
where the predominant cell shape, and therefore diffusion, is not speci�cally oriented (eg, grey matter) and approaching
zero in free �uids (eg, CSF) (Pfefferbaum et al. 2000). Reductions in FA are associated with axonal damage.

Axial Diffusivity (AD) 

AD is a metric which quanti�es the diffusion of water parallel to white matter �bres. Whilst a decrease in AD is
indicative of axonal damage (Song et al. 2003), an increase in AD may represent axonal degeneration and loss due to
neuronal trimming (Beaulieu 2002).

Radial Diffusivity (RD) RD is a metric which quanti�es the diffusion of water perpendicular to white matter �bres. An
increasein RD is indicative of axonal damage (Song et al. 2005) and re�ective of demyelination (Beaulieu 2002).

Statistical Analysis 

Using IBM SPSS Version 24.0 for Windows, comparisons of tractography measures (FA, AD, RD), were conducted for
within groups (baseline, 18-month, 30-month) and between groups (controls, pre-HD, symp-HD) using a general linear
model (repeated measures ANCOVA) with Group and Time as Independent Variables (IVs) and each tractography
measure (i.e., FA, AD, RD) as the dependent variables (DV). Age and gender were used as covariates for all analyses. 
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Summary statistics were calculated for the three groups on each of the white matter integrity measures and for each
cortical region at each time point. Signi�cant differences between groups and time points were calculated using t-tests.
See Table 2. 

Correlation Analysis 

Pearson’s correlations were performed between clinical measures (i.e., UHDRS-TMS and DBS) and tractography
measures for each region of interest. A correlation analysis between baseline tractography measures and UHDRS-TMS
was conducted in the symp-HD group only. Correlations between change in mean cortical tractography measures and
DBS was conducted for both HD groups. 

Results
Using a general linear model (repeated measures ANCOVA), we sought to determine whether white matter integrity
changes (FA, AD, RD) occurred in speci�c tracts from the caudate to regions of interest (Precentral Gyrus, Superior
Frontal and Rostral Middle Region), for each hemisphere separately, over time in pre-HD and symp-HD, compared to
controls. 

Table 2 Mean Tractography Measures at Each Time Point in Each Cortical Region

Table 2.  Unadjusted means of tractography measures for each group, at each time point. 

Note: SD = Standard Deviation; Pre-HD = Presymptomatic Huntington’s Disease; Symp-HD = Symptomatic Huntington’s
Disease; LGI = Local Gyri�cation Index. a =  versus Control p < 0.05;  b =   versus Symp-HD p < 0.05;  c = versus Control 
p < 0.01; d = versus Symp-HD p <0.01. p values in Table 2 are not corrected for multiple comparisons

Main effects and Interaction effects on FA

There were no signi�cant interaction effects of Group by Time in any of the regions of interest.

Signi�cant main effects of Group were found in the Precentral region, F (2,72) = 3.20, p = 0.047. However, after
correcting for multiple comparisons, this did not remain signi�cant. Controls and pre-HD showed signi�cantly higher FA
than symp-HD in this area (see Figure 1). There were no signi�cant effects of Group in the Rostral Middle or Superior
Frontal regions. 

There were no signi�cant main effects of Time in any regions of the interest. 

Main effects and Interaction effects on AD

There were no signi�cant interaction effects of Group by Time on AD in any of the regions of interest.

Signi�cant main effects of Group were found in the Rostral Middle Frontal region, F (2, 72) = 9.83, p = <0.01. Controls
showed signi�cantly higher FA than pre-HD and symp-HD individuals (see Figure 2). 

There were no signi�cant main effects of Time on AD in any of the regions of interest.

Main effects and Interaction effects on RD

There were no signi�cant interaction Group by Time effects in any of the regions of interest. 

There were signi�cant main effects of Group in the Precentral, F(2,72) = 3.39, p = <0.05 and Rostral Middle Frontal
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    Mean (SD)

    Baseline 18-month 30-month

Cortical
Region

Cortical
Measure

Controls Pre-
HD

Symp-
HD

Controls Pre-
HD

Symp-
HD

Controls Pre-
HD

Symp-
HD

Precentral FA 0.436 ±
0.054

0.425
±
0.038

0.416
±
0.054

0.454 ±
0.049

0.464
±
0.037

0.432
±
0.045

0.442 ±
0.035

0.457
±
0.029

0.431
±
0.044

AD 1.14E-
03 ± 

7.93E-
05

1.14E-
03 ± 

8.79E-
05

1.15E-
03 ± 

1.00E-
04

1.17E-
03 ± 

1.12E-
04

1.16E-
03 ± 

9.65E-
05

1.21E-
03 ± 

1.31E-
04

1.12E-
03 ± 

1.07E-
04

1.14E-
03 ± 

1.07E-
04

1.18E-
03 ± 

1.89E-
04

RD 5.72E-
04 ± 

6.93E-
05

5.81E-
04 ± 

8.03E-
05

6.65E-
04 ± 

1.30E-
04

5.84E-
04 ± 

1.27E-
04

5.43E-
04 ± 

8.99E-
05

6.15E-
04 ± 

9.81E-
05

5.88E-
04 ± 

9.80E-
05

5.42E-
04 ± 

9.07E-
05

6.13E-
04 ± 

1.58E-
04

Superior
Frontal

FA 0.409 ±
0.043

0.413
±
0.037

0.379
±
0.039

0.402 ±
0.042

0.388
±
0.047

0.369
±
0.036

0.397 ±
0.039

0.393
±
0.038

0.372
±
0.056

AD 1.17E-
03 ±

1.06E-
04

1.17E-
03 ± 

1.03E-
04

1.20E-
03 ± 

8.10E-
05

1.14E-
03 ± 

6.20E-
05

1.21E-
03 ± 

1.74E-
04

1.19E-
03 ± 

8.17E-
05

1.58E-
03 ± 

8.98E-
05

1.16E-
03 ± 

1.04E-
04

1.20E-
03 ± 

7.29E-
05

RD 6.18E-
04 ± 

8.60E-
05

6.18E-
04 ± 

8.42E-
05

6.90E-
04 ± 

1.06E-
04

6.19E-
04 ± 

1.04E-
04

6.83E-
04 ±

1.59E-
04

6.87E-
04 ± 

7.25E-
05

6.34E-
04 ± 

9.05E-
05

6.49E-
04 ± 

8.51E-
05

7.01E-
04 ± 

8.78E-
05

Rostral
Middle
Frontal

FA 0.409 ±
0.041

0.407
±
0.041

0.379
±
0.035

0.400 ±
0.034

0.395
±
0.029

0.369
±
0.035

0.395 ±
0.035

0.397
±
0.035

0.365
±
0.036

AD 1.15E-
03 ± 

8.24E-
05

1.19E-
03 ± 

6.12E-
05

1.26E-
03 ± 

9.92E-
05

1.17E-
03 ± 

5.85E-
05

1.18E-
03 ± 

1.59E-
04

1.24E-
03 ± 

9.50E-
05

1.17E-
03 ± 

6.76E-
05

1.18E-
03 ± 

6.94E-
05

1.26E-
03 ± 

1.00E-
04

RD 6.22E-
04 ± 

8.65E-
05

6.33E-
04 ± 

6.13E-
05

7.19E-
04 ± 

1.10E-
04

6.33E-
04 ± 

6.67E-
05

6.33E-
04 ± 

6.30E-
05

7.08E-
04 ± 

7.91E-
05

6.40E-
04 ± 

7.13E-
05

6.41E-
04 ± 

7.45E-
05

7.38E-
04 ± 

1.01E-
04

Regions, F(2,72) = , p = <0.01. In the Rostral Middle Frontal region, symp-HD individuals had signi�cantly higher RD than
controls and re-HD. In the Superior Frontal region, symp-HD differed signi�cantly from controls, but not from pre-HD. See
Figure 3. 

There were no signi�cant main effects of Time in any of the regions of interest. 

Correlations between clinical and tractography measures
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Correlations between change in UHDRS-TMS and white matter integrity measures.

To investigate the relationship between white matter integrity and motor symptoms, partial correlations between change
in UHDRS-TMS (score at 30-months minus score at baseline) and change in white matter integrity measures were
conducted in the symp-HD group only. There were no signi�cant correlations between change in UHDRS-TMS and
change in white matter integrity measures in any of the eight regions of interest. 

Correlations between baseline DBS and change white matter integrity measures.

Partial correlations between baseline DBS and change in white matter integrity measures (FA, AD, RD, score at 30-
months minus score at baseline) were calculated with both pre-HD and symp-HD groups combined to determine the
impact of exposure to the disease across the disease continuum. There were no signi�cant correlations between
baseline DBS and change in white matter integrity measures in any of the eight regions of interest. 

Discussion
This study examined white matter tractography changes in the caudate and precentral, superior frontal and rostral
middle frontal brain regions in pre-HD and symp-HD, compared to controls. We did not �nd a signi�cant interaction
effect of Group by Time for any measure in the three regions of interest, nor were there any signi�cant effects of Time.
However, for the �rst time we demonstrated signi�cant group differences of FA in the precentral frontal region, AD in the
rostral middle frontal region, and RD in the precentral and rostral middle frontal regions with the symp-HD group
showing signi�cant differences compared to the pre-HD and control groups (the latter two groups did not differ from
one another). Tractography changes were not correlated with change in UHDRS-TMS or DBS in any of the regions of
interest. 

The �nding of signi�cant group level tractography changes in symp-HD from the caudate to the precentral region
supports previously established �ndings that motor circuits are particularly vulnerable in HD (Bohanna, Georgiou-
Karistianis, and Egan 2011; Poudel et al. 2014). We found that the symp-HD group had signi�cantly decreased FA,
compared to pre-HD and controls, indicating that tracts to the precentral region are likely affected during the
symptomatic stage of disease.  As HD is primarily a motor disorder, and clinical diagnosis is determined by the
development of motor symptoms, it would be expected that white matter connections to the motor cortex would be
compromised in symp-HD. Indeed, others have reported similar compromise of the structural connectivity of motor
circuits  (Bohanna, Georgiou-Karistianis, and Egan 2011; Poudel et al. 2014). In this study, we measured an approximate
~4.5% reduction in FA from the caudate to the motor cortex in symp-HD, compared to the FA at baseline, to ~2.5%
reduction at 30-months. It is unclear why the difference in FA between controls and symp-HD reduced over this time
period, but this could be indicative of either selective neurodegeneration or adaptive neuroplasticity (De Erausquin and
Alba-Ferrara 2013; Mole et al. 2016). 

Elevated AD was observed in the tracts radiating from the caudate to the rostral middle frontal region in conjunction
with signi�cantly increased RD to the precentral and rostral middle regions in symp-HD. These �ndings were somewhat
expected as previous studies had found increased AD and RD in the corpus callosum (Phillips et al. 2013; Rosas et al.
2010) and whole brain (Weaver et al. 2009) in symp-HD, compared to controls (Liu et al. 2016). Whilst an increase in AD
can indicate an increased coherence of tracts, this may also be suggestive of a selective neurodegenerative process
occurring in symp-HD, which results in fewer neural branches. Alternatively, higher RD may indicate diffusion of water
molecules perpendicular to the direction of the tract, potentially re�ecting impaired myelin. The rostral middle frontal
region houses the dorsolateral prefrontal cortex, which is integral for executive functions including working memory,
which is well documented as being impaired in symp-HD compared to controls (Georgiou‐Karistianis et al. 2014; Poudel,
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Stout, Gray, et al. 2015). Although we did not investigate the relationship between working memory performance and
tractography measures in this paper, future studies could utilise this as a measure of functional decline. Together, these
�ndings characterise the damage to white matter tracts caused by HD; namely selective neurodegeneration in the
rostral middle frontal region accompanied by demyelination of white matter tracts in the precentral and rostral middle
frontal regions.

There were no signi�cant associations between changes in tractography measures and change in UHDRS-TMS or DBS
in symp-HD in any cortical regions, despite mean UHDRS-TMS being signi�cantly different between time points. Change
in tracts to cortical regions not investigated may be responsible for in�uencing the clinical presentation of symptoms
measured by the UHDRS-TMS. One such region may be the superior parietal lobe, which is responsible for visuomotor
control and motor planning (Andersen, Plum, and Mountcastle 1987; De Renzi 1982). Damage to the superior parietal
lobe has been found to result in motor de�cits (Fogassi and Luppino 2005) and it is possible that white matter
connectivity changes to this region may contribute to the motor signs in HD.

There were certain limitations of the present study. Although we observed some signi�cant group differences, we did
not observe a signi�cant effect of Time or any interaction effects of Group by Time. Additionally, numerous
neuroimaging studies have reported degeneration in cortical and sub-cortical structures many years prior to clinical
diagnosis, and prior to the presence of overt motor symptoms in HD (Dumas et al. 2012; Klöppel et al. 2008). As such, it
was surprising that we were unable to detect signi�cant differences between pre-HD and controls. One explanation for
this �nding is that whilst group level differences occur during the symptomatic stages of the disease, it is likely that
these changes occur over a longer period than 30-months. To better understand the nature of tractography changes in
these regions, longer intervals between time points are required, as the length of time from baseline to 18-months and
18-months to 30-months may be inadequate to detect such differences. Another possible explanation is that our
measures were not sensitive to subtle white matter changes that occur along these tracts over and above the ageing
process, especially in the pre-symptomatic group. However, these measures have been shown to successfully detect
changes in white matter microstructure in 12 to 18-month longitudinal studies of Alzheimer’s disease (Kitamura et al.
2013; Mayo et al. 2017). Alternatively, the sample size may have been insu�cient at detecting small but signi�cant
changes occurring in white matter tracts. Thus, larger samples may be required to detect small effects.

Conclusion
Our 30-month longitudinal study remains the only longitudinal analysis of white matter microstructure changes in both
pre- and symp-HD. We showed white matter tractography differences in symp-HD in both the precentral and rostral
middle frontal regions, brain regions responsible for motor control and working memory, respectively. Speci�cally, the
symp-HD group had decreased FA in the rostral middle frontal region, increased AD in the precentral region, and
increased RD in the precentral and rostral middle regions compared with the pre-HD and control groups. These �ndings
demonstrate that demyelination and selective neurodegeneration of speci�c tracts in the frontal lobe occur in the
symptomatic stages of disease and are preserved during the premanifest stages.

Declarations
Acknowledgements 

We would like to acknowledge all the participants who contributed to this study, the CHDI Foundation Inc. New York
(USA), and the National Health and Medical Research Council (NHMRC) for funding IMAGE-HD. We would also like to
thank the Royal Children’s Hospital Murdoch Children’s Research Institute for the use of their MRI scanners. 



Page 10/15

Declarations

Funding: 

This work was supported by the CHDI Foundation Inc. New York (USA) (Grant Number A: 3433) and the National Health
and Medical Research Council (NHMRC) (Grant Number: 606650) for funding IMAGE-HD. Alex Fornito was additionally
supported by the Sylvia and Charles Viertel Charitable Foundation.

Competing Interests:

The authors declare no con�icts of interest. 

Con�ict of Interest Disclosure:

None of the authors have a con�ict of interest to declare.

Ethical Approval: 

Ethical Approval was provided by the Monash University Human Research Ethics Review Committee (Project ID:
14105). 

Consent to Participate:

This study used data collected for the IMAGE-HD study, as such informed consent had previously been obtained. 

Consent to Publish:

As above. 

Availability of Data and Materials:

All data and materials were collected as part of the IMAGE-HD study and are available upon request. 

Author Contributions:

Author contributions included conception and study design (BT, RS, AF and NGK) statistical analysis (BT, SO),
interpretation of results (BT, RS, AF and NGK), drafting the manuscript work or revising it critically for important
intellectual content (BT, RS, AF and NGK) and approval of �nal version to be published and agreement to be
accountable for the integrity and accuracy of all aspects of the work (All authors).

References
1. Andersen, R A, F Plum, and V B Mountcastle. 1987. “Handbook of Physiology, Section I: The Nervous System, Vol.

5, Part 2.”

2. Aylward, Elizabeth H et al. 1998. “Frontal Lobe Volume in Patients with Huntington’s Disease.” Neurology 50(1):
252–58.

3. Basser, Peter J, and Carlo Pierpaoli. 2011. “Microstructural and Physiological Features of Tissues Elucidated by
Quantitative-Diffusion-Tensor MRI.” Journal of Magnetic Resonance 213(2): 560–70.

4. Beaulieu, Christian. 2002. “The Basis of Anisotropic Water Diffusion in the Nervous System–a Technical Review.”
NMR in Biomedicine: An International Journal Devoted to the Development and Application of Magnetic Resonance



Page 11/15

In Vivo 15(7‐8): 435–55.

5. Bohanna, India, Nellie Georgiou-Karistianis, and Gary F Egan. 2011. “Connectivity-Based Segmentation of the
Striatum in Huntington’s Disease: Vulnerability of Motor Pathways.” Neurobiology of Disease 42(3): 475–81.
http://www.sciencedirect.com/science/article/pii/S0969996111000647.

�. Desikan, Rahul S et al. 2006. “An Automated Labeling System for Subdividing the Human Cerebral Cortex on MRI
Scans into Gyral Based Regions of Interest.” Neuroimage 31(3): 968–80.

7. Domínguez D, Juan F. et al. 2013. “Multi-Modal Neuroimaging in Premanifest and Early Huntington’s Disease: 18
Month Longitudinal Data from the IMAGE-HD Study.” PLoS ONE 8(9): e74131.

�. Dominguez, Juan F et al. 2016. “Multimodal Imaging Biomarkers in Premanifest and Early Huntington’s Disease:
30-Month IMAGE-HD Data.” The British Journal of Psychiatry 208(6): 571–78.

9. Douaud, Gwenaëlle et al. 2009. “In Vivo Evidence for the Selective Subcortical Degeneration in Huntington’s
Disease.” Neuroimage 46(4): 958–66.

10. Dumas, Eve M et al. 2012. “Early Changes in White Matter Pathways of the Sensorimotor Cortex in Premanifest
Huntington’s Disease.” Human brain mapping 33(1): 203–12.

11. De Erausquin, Gabriel A, and Lucia Alba-Ferrara. 2013. “What Does Anisotropy Measure? Insights from Increased
and Decreased Anisotropy in Selective Fiber Tracts in Schizophrenia.” Frontiers in integrative neuroscience 7: 9.

12. Fogassi, Leonardo, and Giuseppe Luppino. 2005. “Motor Functions of the Parietal Lobe.” Current opinion in
neurobiology 15(6): 626–31.

13. Georgiou-Karistianis, Nellie, M A Gray, et al. 2013. “Automated Differentiation of Pre-Diagnosis Huntington’s
Disease from Healthy Control Individuals Based on Quadratic Discriminant Analysis of the Basal Ganglia: The
IMAGE-HD Study.” Neurobiology of Disease 51: 82–92.

14. Georgiou-Karistianis, Nellie, Rachael Scahill, et al. 2013. “Structural MRI in Huntington’s Disease and
Recommendations for Its Potential Use in Clinical Trials.” Neuroscience and Biobehavioral Reviews 37(3): 480–90.

15. Georgiou‐Karistianis, Nellie et al. 2014. “Functional Magnetic Resonance Imaging of Working Memory in
Huntington’s Disease: Cross‐sectional Data from the IMAGE‐HD Study.” Human Brain Mapping 35(5): 1847–64.

1�. Hobbs, Nicola Z et al. 2013. “Evaluation of Multi-Modal, Multi-Site Neuroimaging Measures in Huntington’s
Disease: Baseline Results from the PADDINGTON Study.” NeuroImage: Clinical 2: 204–11.

17. Jernigan, Terry L, David P Salmon, Nelson Butters, and John R Hesselink. 1991. “Cerebral Structure on MRI, Part II:
Speci�c Changes in Alzheimer’s and Huntington’s Diseases.” Biological Psychiatry 29(1): 68–81.

1�. Jones, Derek K. 2008. “Studying Connections in the Living Human Brain with Diffusion MRI.” cortex 44(8): 936–52.

19. Kitamura, Soichiro et al. 2013. “Longitudinal White Matter Changes in Alzheimer’s Disease: A Tractography-Based
Analysis Study.” Brain research 1515: 12–18.

20. Klöppel, Stefan et al. 2008. “White Matter Connections Re�ect Changes in Voluntary-Guided Saccades in Pre-
Symptomatic Huntington’s Disease.” Brain 131(1): 196–204.

21. Liu, Wanglin et al. 2016. “Diffusion Imaging Studies of Huntington’s Disease: A Meta-Analysis.” Parkinsonism &
related disorders 32: 94–101.

22. Mayo, Chantel D et al. 2017. “Longitudinal Changes in Microstructural White Matter Metrics in Alzheimer’s
Disease.” NeuroImage: Clinical 13: 330–38.

23. Mole, Jilu Princy et al. 2016. “Increased Fractional Anisotropy in the Motor Tracts of Parkinson’s Disease Suggests
Compensatory Neuroplasticity or Selective Neurodegeneration.” European radiology 26(10): 3327–35.

24. Mori, Susumu, Setsu Wakana, Peter C M Van Zijl, and L M Nagae-Poetscher. 2005. MRI Atlas of Human White
Matter. Elsevier.



Page 12/15

25. Paulsen, Jane S et al. 2006. “Brain Structure in Preclinical Huntington’s Disease.” Biological Psychiatry 59(1): 57–
63.

2�. ———. 2010. “Striatal and White Matter Predictors of Estimated Diagnosis for Huntington Disease.” Brain Research
Bulletin 82(3–4): 201–7.

27. Pfefferbaum, Adolf et al. 2000. “Age‐related Decline in Brain White Matter Anisotropy Measured with Spatially
Corrected Echo‐planar Diffusion Tensor Imaging.” Magnetic Resonance in Medicine: An O�cial Journal of the
International Society for Magnetic Resonance in Medicine 44(2): 259–68.

2�. Phillips, Owen et al. 2013. “Tractography of the Corpus Callosum in Huntington’s Disease.” PloS One 8(9): e73280.

29. Poudel, Govinda R et al. 2014. “White Matter Connectivity Re�ects Clinical and Cognitive Status in Huntington’s
Disease.” Neurobiology of Disease 65: 180–87.

30. Poudel, Govinda R, Julie C Stout, Marcus A Gray, et al. 2015. “Functional Changes during Working Memory in
Huntington’s Disease: 30-Month Longitudinal Data from the IMAGE-HD Study.” Brain Structure and Function 220(1):
501–12.

31. Poudel, Govinda R, Julie C Stout, Andrew Churchyard, et al. 2015. “Longitudinal Change in White Matter
Microstructure in Huntington’s Disease: The IMAGE-HD Study.” Neurobiology of Disease 74: 406–12.

32. Pozorski, Vincent et al. 2018. “Longitudinal White Matter Microstructural Change in Parkinson’s Disease.” Human
brain mapping 39(10): 4150–61.

33. Rektor, Ivan et al. 2018. “White Matter Alterations in Parkinson’s Disease with Normal Cognition Precede Grey
Matter Atrophy.” PloS one 13(1): e0187939.

34. De Renzi, Ennio. 1982. “Disorders of Space Exploration and Cognition.” JOHN WILEY & SONS, INC., 605 THIRD AVE.,
NEW YORK, NY 10158. 1982.

35. Rosas, H Diana et al. 2006. “Diffusion Tensor Imaging in Presymptomatic and Early Huntington’s Disease: Selective
White Matter Pathology and Its Relationship to Clinical Measures.” Movement disorders: o�cial journal of the
Movement Disorder Society 21(9): 1317–25.

3�. ———. 2010. “Altered White Matter Microstructure in the Corpus Callosum in Huntington’s Disease: Implications for
Cortical ‘Disconnection.’” Neuroimage 49(4): 2995–3004.

37. Smith, Robert E, Jacques-Donald Tournier, Fernando Calamante, and Alan Connelly. 2012. “Anatomically-
Constrained Tractography: Improved Diffusion MRI Streamlines Tractography through Effective Use of Anatomical
Information.” Neuroimage 62(3): 1924–38.

3�. Song, Sheng-Kwei et al. 2003. “Diffusion Tensor Imaging Detects and Differentiates Axon and Myelin Degeneration
in Mouse Optic Nerve after Retinal Ischemia.” Neuroimage 20(3): 1714–22.

39. ———. 2005. “Demyelination Increases Radial Diffusivity in Corpus Callosum of Mouse Brain.” Neuroimage 26(1):
132–40.

40. De Souza, Rebecca A G, and Blair R Leavitt. 2014. “Neurobiology of Huntington’s Disease.” In Behavioral
Neurobiology of Huntington’s Disease and Parkinson’s Disease, Springer, 81–100.

41. Sweidan, Wafaa, Fen Bao, Navid‐Seraji Bozorgzad, and Edwin George. 2020. “White and Gray Matter Abnormalities
in Manifest Huntington’s Disease: Cross‐Sectional and Longitudinal Analysis.” Journal of Neuroimaging 30(3):
351–58.

42. Tabrizi, Sarah J et al. 2011. “Biological and Clinical Changes in Premanifest and Early Stage Huntington’s Disease
in the TRACK-HD Study: The 12-Month Longitudinal Analysis.” The Lancet Neurology 10(1): 31–42.

43. ———. 2012. “Potential Endpoints for Clinical Trials in Premanifest and Early Huntington’s Disease in the TRACK-HD
Study: Analysis of 24 Month Observational Data.” The Lancet Neurology 11(1): 42–53.



Page 13/15

44. ———. 2013. “Predictors of Phenotypic Progression and Disease Onset in Premanifest and Early-Stage Huntington’s
Disease in the TRACK-HD Study: Analysis of 36-Month Observational Data.” The Lancet Neurology 12(7): 637–49.

45. Tournier, J-Donald et al. 2019. “MRtrix3: A Fast, Flexible and Open Software Framework for Medical Image
Processing and Visualisation.” Neuroimage 202: 116137.

4�. Weaver, Kurt E et al. 2009. “Longitudinal Diffusion Tensor Imaging in Huntington’s Disease.” Experimental
neurology 216(2): 525–29.

47. Wheeler‐Kingshott, Claudia A M, and Mara Cercignani. 2009. “About ‘Axial’ and ‘Radial’ Diffusivities.” Magnetic
Resonance in Medicine: An O�cial Journal of the International Society for Magnetic Resonance in Medicine 61(5):
1255–60.

Figures

Figure 1

Mean FA in the Precentral Region across groups. 
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Figure 2

Mean AD in the Rostral Middle Frontal Region across groups. 
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Figure 3

Mean RD in the Precentral and Rostral Middle Frontal Regions across groups. 


