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Abstract.
Background: Diffusion magnetic resonance imaging (dMRI) has revealed microstructural changes in white matter (WM) in
Huntington’s disease (HD).
Objective: To compare the validities of different dMRI, i.e., diffusion kurtosis imaging (DKI) and diffusion tensor imaging
(DTI) in HD.
Methods: 22 mutant huntingtin (mHTT) carriers and 14 controls were enrolled. Clinical assessments and dMRI were con-
ducted. Based on CAG-Age Product (CAP) score, mHTT carriers were categorized into high CAP (hCAP) and medium
and low CAP (m& lCAP) groups. Spearman analyses were used to explore correlations between imaging parameters in
brain regions and clinical assessments. Receiver operating characteristic (ROC) was used to distinguish mHTT carriers from
control, and define the HD patients at advanced stage.
Results: Compared to controls, mHTT carriers exhibited WM changes in DKI and DTI. There were 22 more regions showing
significant differences in HD detected by MK than FA. Only MK in five brain regions showed significantly difference
between any two group, and negatively correlated with the disease burden (r = –0.80 to –0.71). ROC analysis revealed that
MK was more sensitive and FA was more specific, while Youden index showed that the integration of FA and MK gave rise
to higher authenticities, in distinguishing m& lCAP from controls (Youden Index = 0.786), and discerning different phase of
HD (Youden Index = 0.804).
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Conclusions: Microstructural changes in WM occur at early stage of HD and deteriorate over the disease progression.
Integrating DKI and DTI would provide the best accuracies for differentiating early HD from control and identifying advanced
HD.

Keywords: Huntington’s disease, diffusion kurtosis imaging, diffusion tensor imaging, mean kurtosis, fractional anisotropy,
CAG-Age product

INTRODUCTION

Huntington’s disease (HD) is an autosomal domi-
nant inherited neurodegenerative disorder caused by
mutation in huntingtin gene (HTT). This mutation
arises from an abnormal expansion of cytosine ade-
nine guanine (CAG) trinucleotide repeats in exon 1
of HTT gene, situated in chromosome 4p16.3 region
[1]. Age at HD motor onset inversely correlates with
the length of CAG expansion, with full penetrance
observed at 40 or more repeats and incomplete pene-
trance between 36 and 39 repeats. Clinical diagnosis
typically relies on identifying characteristic motor
signs, supported by a positive family history and/or
confirmed through DNA analysis [2].

To estimate the progression of HD pathology as
a function of CAG repeats and time of exposure
to the effects of the repeats, Penney et al. in 1997
proposed CAG-Age Product (CAP) scores [3]. CAP
has been examined in various studies, including
TRACK-HD and PREDICT-HD [4], as it serves as
a representative marker for the disease burden. The
CAP formula, used in this paper, was proposed by
Zhang et al. and categorizes individuals into three
groups: Low, Medium, and High, with the group
thresholds set at CAP < 290 (Low), 290 ≤ CAP≤ 368
(Medium), and CAP > 368 (High) [4]. HD can be
divided into Pre-manifest HD (PreHD) and mani-
fest HD (mHD) depending on whether the patient
has characteristic motor symptoms. Symptoms can
manifest in diverse ways at early stage of the dis-
ease, with signs potentially escaping detection during
a standard neurological examination, thus requiring
an experienced clinician’s expertise. These chal-
lenges in pinpointing the exact onset of HD’s motor
symptoms, coupled with the fact that pathological
changes and other symptoms (e.g., cognitive impair-
ment and behavioral changes) may commence years
before clinical diagnosis [5, 6], underscore the need
for developing biomarkers with capability to accu-
rately portray the pathological changes, predict the
disease stages, as well as measure the disease pro-
gression in individuals carrying the abnormal gene.

Neuropathological changes in HD are notably selec-
tive, characterized by significant cell loss and brain
atrophy, particularly in the caudate and putamen [7,
8]. Multimodal magnetic resonance imaging (MRI)
offers a non-invasive means to observe the patholog-
ical alterations in HD [9, 10]. While neuroimaging
research has predominantly focused on grey matter
volume loss, particularly in grey matter and subcorti-
cal structures, it is now evident that both white matter
volume loss [11–13] and modified white matter dif-
fusion metrics [14–19] are affected in both PreHD
and mHD. Diffusion magnetic resonance imaging
(dMRI) is a technique used to characterize the dif-
fusion of water molecules within tissue, including
diffusion tensor imaging (DTI), diffusion kurtosis
imaging (DKI), bi-tensor DTI, and neurite orienta-
tion dispersion and density imaging (NODDI) [20].
Fractional anisotropy (FA) is a parameter of DTI,
which reflects the degree of anisotropy of the disper-
sion of water molecules. A recent meta-analysis study
showed that both PreHD and mHD patients demon-
strated significant decreased FA values in the corpus
callosum enriched with white matter when compared
with that in controls [21].

DKI stands out as a highly promising diffusion
imaging technique [22, 23], extending its reach
to quantify non-Gaussian water diffusion. Recent
research has showcased the superior sensitivity of
DKI measures in detecting developmental and patho-
logical microstructural changes in neuronal tissues
compared to conventional DTI [24, 25]. The mean
kurtosis (MK) value is the major parameter in DKI,
reflecting the average dispersion kurtosis of water
molecules in all directions, with lower MK values
indicating reduced microstructural complexity within
the region of interest. Studies applying DKI tech-
nique in other neurodegenerative diseases, such as
mild cognitive impairment (MCI), Alzheimer’s dis-
ease (AD) [26–29], and Parkinson’s disease (PD)
[30, 31] have showed that microstructural changes
in cerebral white matter and suggested neuronal loss
in correspondent cortical regions. However, there is
no study using DKI technique in patients with HD
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and only two animal-based studies showing signifi-
cant microstructural changes in HD models [32, 33].
Both studies indicate that DKI is a sensitive method
for detecting HD-associated white matter abnormali-
ties [32, 33]. Compared to NODDI, DKI can capture
information about non-Gaussian diffusion of tissues,
which give rise to better sensitivity to detect more
complex tissue microstructural changes in neurode-
generative diseases [20].

In this study, we aim to use DKI technology to
study the microstructural changes of white matter
fiber bundles in HD patients, compare DKI and DTI in
detecting the microstructural changes of white matter
in HD, and further explore the correlations between
DKI imaging parameters and various clinical mani-
festations.

MATERIALS AND METHODS

Subjects

Twenty-six subjects with more than 35 CAG
repeats were enrolled from the Huntington Disease
Center at Beijing Tiantan Hospital, Capital Medi-
cal University, Between May 8, 2019 and February
8, 2023. They underwent multimodal MRI scans.
In addition, we recruited 16 age- and sex-matched
healthy controls during the same period. Ethical
approval for this study was obtained from the ethics
committee of the hospital. The inclusion and exclu-
sion criteria are outlined below:

Inclusion criteria for mutation HTT (mHTT) gene
carrier group: 1) Age ≥ 18 years; 2) Confirmed pres-
ence of more than 35 CAG repeats in exon 1 of
HTT through PCR, southern blot hybridization, or
triple repeat primer PCR [34]; 3) Physically capa-
ble of completing the MRI examination; 4) Signed
informed consent to participate in this research.

Inclusion criteria for control group: 1) Age ≥ 18
years; 2) without genetic or clinical evidence for
the presence of a neurological disorder; 3) signed
the informed consent; 4) sex- and age-matched with
mHTT carriers.

Exclusion criteria: 1) History of severe stroke,
brain trauma, epilepsy, or mental illness; 2) History
of brain tumor and space occupation; 3) History of
other central nervous system degenerative diseases;
4) Patients with other diseases who can’t complete
the magnetic resonance examination; 5) Refusal to
sign informed consent.

All study procedures were conducted according to
the declaration of Helsinki. All participants provided

written informed consent approved by the Ethics
Board of the Beijing Tiantan Hospital, Capital Med-
ical University of China.

Clinical assessments

Detail medical history data from all participants
were recorded, including basic information, height,
weight, body mass index (BMI), educational back-
ground, onset time, family history, duration of motor,
cognitive, and psychiatric symptoms, and the num-
ber of CAG repeats in the HTT gene. We calculated
the CAG-Age Product (CAP) score for each mHTT
carrier. The CAP score was derived using the stan-
dardized formula CAP = Age * (CAG repeat length
– 33.66), as proposed in 2011 [4]. Here, CAG rep-
resents the length of CAG repeats in mHTT, Age
is the patient’s age at enrollment. The CAP score
reflects the disease burden of mHTT carriers. It
could be divided into three groups: low (CAP < 290),
medium (290 ≤ CAP ≤ 368), and high (>368) [35].
To decrease the group variability, we categorized
mHTT carriers into two groups: high CAP group
(hCAP), composing of 14 participants (2PreHD and
12 mHD), and medium & low CAP group (m& lCAP)
with 8 participants (1mHD and 7 PreHD).

We also conducted the Unified Huntington’s Dis-
ease Rating Scale (UHDRS) [36] assessments for
all enrolled subjects, including Total Motor Score
(TMS), Total Functional Capacity (TFC) [36], Func-
tional Checklist Score (FCS), and independence
scale. Depression was assessed using Beck Depres-
sion Inventory II (BDI-II) [37]. Cognitive changes
were assessed by the Stroop Interference Test (STIT),
Symbol Digit Modality Test (SDMT), Category Flu-
ency Test of animals (CFT), and Mini-Mental State
Examination (MMSE) [38]. Our clinician team had
the above clinical rating scales training and certifi-
cated by Enroll HD program (https://enroll-hd.org/).
Clinical assessments of participants in this study were
undertaken independently by two clinicians, and con-
solidated by a third party (YH) in case of disparities.
Demographic information and clinical assessments
were also collected for all control participants in this
study.

Imaging data acquisition

We conducted MRI scans on a Siemens Prisma 3T
MRI scanner equipped with a 64-channel head coil.
During the scanning process, participants remained
awake with their eyes closed and heads immobilized,

https://enroll-hd.org/
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ensuring minimal motion. According to previous
study [20], three b values of 0, 1000 and 2000 s/mm2

were usually selected for collection in DKI. In this
study, b values of 0, 1000 and 2000 s/mm2 were
adopted. Scanning parameters for each sequence
were as follows:

High resolution T1 scanning parameters: Voxel
size: 0.9 × 0.9 × 1.0 mm; Field of View (FoV) read:
240 mm; FoV phase: 100%; Repetition time (TR):
1560 ms; Echo time (TE): 1.69 ms; Slice resolution:
100%; Flip angle: 8 deg; Sagittal slices: 176; Acqui-
sition Time (TA): 3 min 37 s.

DKI was acquired with 129 gradient directions and
b values of 0 s/mm2, 1000, s/mm2, and 2000 s/mm2.
Voxel size: 2.5 * 2.5 mm; FoV read: 220 mm; FoV
phase: 100%; TR: 2900 ms; TE: 64 ms, TA: 6 min
40 s. Then, 65 gradient directions of b values of 0
and 1000 s/mm2 are extracted for DTI analysis.

Image data processing and quality control

Every MRI scan underwent visual review to
exclude subjects with intracranial masses or other
abnormalities. Scans with missing sequences or
motion artifacts during DKI and DTI were excluded
from analysis. We employed FMRIB’s Software
Library (FSL) [39] for DKI and DTI measurements,
involving brain extraction (BET) and correction
for motion and eddy current-induced distortions
through affine registration to a reference b = 0 vol-
ume. FMRIB’s Diffusion Toolbox (FDT) was used
to calculate MK value and FA value for each subject.
The process of obtaining an individualized tensor
map, ie. the spatial information of the diffusion image
of each subject, consisted of structural images regis-
tration and alignment to the Montreal Neurological
Institute (MNI) standard space. Firstly, the image
of the individual diffusion space is registered to the
image of the individual structure space to obtain the
transformation matrix “FAtoT1.mat”. Secondly, the
methods linear and nonlinear were used to regis-
ter the image of the individual structure space to
the MNI standard space to obtain the deformation
field “T1toMNI cwarp.nii.gz”. Thirdly, the deforma-
tion field “T1toMNI cwarp.nii.gz” was transformed
into the deformation field “MNItoT1 cwarp.nii.gz”
from the MNI standard space to the individual Struc-
ture space used “invwarp” command. Fourthly, the
deformation field “MNItoT1 cwarp” and the trans-
formation matrix “T1toFA.mat” are combined by
command “convertwarp” to obtain the deforma-
tion field “MNItoFA cwarp.nii.gz” from the MNI

standard space to the individual Diffusion space.
Finally, the Johns Hopkins University (JHU) ICBM-
DTI-81 white matter map of MNI space, which
contains 48 regions, registered to the individual dif-
fusion space according to the deformation field of
“MNItoFA cwarp.nii.gz”, and “JHU diff.nii.gz” was
obtained. We used the JHU white matter map in
the MNI space to identify individual diffusion space
regions of interest (ROI). This allowed us to calculate
FA and MK values for these 48 brain regions.

Statistics and analysis

Data following a normal distribution were pre-
sented as mean ± standard deviation, while data not
adhering to a normal distribution were expressed
as median ± interquartile range. The Shapiro-Wilk
test was used to test the normality of the data. For
normally distributed data, we employed T-tests and
one-way ANOVA to compare differences between
groups. ANCOVA was used to eliminate the differ-
ences in age and gender among different groups.
Non-parametric tests were used for data that did
not exhibit a normal distribution. Bonferroni post
hoc tests were conducted following ANOVA, as it
could be applied to almost any situation with multiple
comparisons. Corrected p < 0.05 was considered sig-
nificant. A chi-square (χ2) test was used to compare
gender composition differences between the mHTT
and control groups. Correlation analysis between
changes in white matter microstructure, and dis-
ease burden or clinical manifestations was performed
using Spearman analysis. To assess differences in FA
and MK values in different brain regions for distin-
guishing the m& lCAP group from the control group
and the m& lCAP group from the hCAP group, we
utilized receiver operating characteristic (ROC) anal-
ysis and further verified with Youden index, which
is Sensitivity + Specificity-1. All analyses, including
normality tests, were carried out using SPSS 26.0 and
MATLAB, and False Discovery Rate (FDR) correc-
tion was used for multiple tests of p values obtained
from the same variables. Statistical images were cre-
ated using GraphPad Prism 9 and SPSS 26.0.

RESULTS

Participant characteristics and clinical
assessments

Following image processing and quality control,
finally this research included 22 participants in the
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. mHTT group, with 9 classified as PreHD and 13 as
mHD, along with 14 healthy control (HC) subjects
(Supplementary Figure 1). The CAP score of the
mHD group was significantly higher than that of the
PreHD group (589.45 ± 154.89 vs. 333.25 ± 116.68,
p < 0.001), despite the absence of significant differ-
ences in the number of abnormal HTT CAG repeats
between the PreHD and mHD groups (44.33 ± 3.32
vs. 46.31 ± 4.11, p > 0.05). In order to decrease vari-
ability in the whole group, we categorized mHTT
carriers into two groups: a high CAP group (hCAP,
CAP score > 368) consisting of 14 participants, 2
PreHD and 12 mHD, and a medium and low CAP
group (m& lCAP, CAP score ≤ 368) with 8 partici-
pants, including 1 mHD and 7 PreHD, in following
analysis.

Demographic and clinical assessment details for
the mHTT group (m& lCAP & hCAP) and controls
are presented in Table 1. There were no statistically
significant differences in terms of sex, and educa-
tional background between the mHTT group and the
control group (Table 1). The mean enrolment age of
m&lCAP group significantly differed from those in
HC or hCAP.

Cognitive function evaluations, encompassing
STIT, SDMT, and CFT, revealed that the cognitive
function of the hCAP group was notably inferior to
those of HC and m&lCAP groups (Table 1). MMSE
was significantly different only between hCAP and
HC groups. However, BDI-II scores did not show a
significant difference between any two groups, only
showed an upward trend among the three groups.

DKI and DTI analyses

According to the JCH ICBM-DTI-81 white mat-
ter atlas, which provides a comprehensive division
of human white matter into 48 distinct fiber tracts,
we extracted MK values from all 48 regions for all
36 subjects and examined differences in each region
among the three groups. To eliminate potential con-
founding factors such as age and sex on white matter
structure, we conducted covariance analysis.

Following ANCOVA analysis, we identified 42
regions with significant differences in MK values
among the three groups (Fig. 1, Table 2, and Sup-
plementary Table 1). Specifically, after post-hoc MK
values in five regions exhibited significant differences
between any two groups, encompassing the genu of
the corpus callosum, the body of the corpus callosum,
the right superior corona radiate, the right posterior
corona radiate, and the left superior longitudinal fas-
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Fig. 1. Brain regions with different MK or FA values among groups. Dispersion space imaging shows brain regions with different
diffusion values among three groups (areas highlighted in green). Regions with differences in MK values among groups (A), and regions
with differences in FA values among groups (B). The MNI coordination of the picture is X46; Y41; Z36.

Table 2
The number of brain regions with different MK or FA values in multiple comparisons of three groups

No. of brain regions with
different MK values (Total 48)

No. of brain regions with
different FA values (Total 48)

Among three groups 42 20
Between any two groups 5 0
HC vs. (m& lCAP + hCAP) 17 11
(HC + m& lCAP) vs. hCAP 3 1
HC vs. hCAP 17 8

No., number; HC, healthy control; m& lCAP, medium and low CAP group; hCAP, high CAP group.

ciculus, where MK values were the biggest in HC,
followed by m& lCAP, and then hCAP group. On the
other hand, we identified 20 out of 48 regions out-
lined in the ICBM-DTI-81 atlas with significant FA
values differences among the three groups (Fig. 1,
Table 2, and Supplementary Table 2). However, we
did not identify any region within the ICBM-DTI-81
atlas that displayed significant differences between
any two of the three groups in DTI analysis.

Correlation analysis of key white matter regions
with clinical presentations

We identified key brain regions for correlation
analysis based on significant differences in diffu-
sion parameters observed among the three groups
in the dMRI analysis. These parameters specifically

encompassed MK values from the genu of the corpus
callosum, the body of the corpus callosum, the right
superior corona radiate, the right posterior corona
radiate, and the left superior longitudinal fasciculus.
We conducted correlation analyses with CAP, TMS,
TFC, STIT, SDMT, and BDI-II (Fig. 2). Higher CAP
and TMS scores indicate more severe disease burden
and motor symptoms. Lower TFC, STIT, SDMT, and
CFT indicate more severe functional impairment and
cognitive impairment. Higher BDI-II scores reflect
more pronounced depression.

Notably, the MK values of the genu of the cor-
pus callosum exhibited negative correlations with
CAP and TMS, while displaying positive correla-
tions with TFC, STIT, and SDMT, all of which held
true even after applying the FDR correction (Fig. 2).
Similarly, MK values for the body of the corpus cal-
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Fig. 2. The heat map of correlation analysis between diffusion parameters with clinical assessments. X-axis is CAP scores and clinical
assessment scores. Y-axis is MK values in five key brain regions. The starts refer to correlation analysis with P values less than 0.05 after
FDR correction. Red represents a positive correlation, and blue represents a negative correlation. MK, mean kurtosis; GCC, genu of corpus
callosum; BCC, body of corpus callosum; SCRR, superior corona radiata R; PCRR, posterior corona radiata R; SLFR, superior longitudinal
fasciculus L; TMS, Total Motor Assessment; TFC, Total Functional Capacity; STIT, Stroop Interference Test; SDMT, Symbol Dicit Modality
Test; BDI-II, Beck Depression Inventory II.

losum demonstrated negative correlations with CAP
and TMS, and positive correlations with TFC, STIT,
and SDMT after FDR correction (Fig. 2). Moving
on to the right superior corona radiate, MK values
displayed negative correlations with CAP and TMS,
as well as positive correlations with TFC, STIT, and
SDMT, again even after FDR correction (Fig. 2). Sim-
ilarly, MK values of the right posterior corona radiate
exhibited negative correlations with CAP and TMS,
and positive correlations with TFC, STIT, and SDMT
after FDR correction (Fig. 2). Finally, the MK values
for the left superior longitudinal fasciculus revealed
negative correlations with CAP and TMS, along with
positive correlations with TFC, STIT, and SDMT, all
of which remained significant even after FDR cor-
rection (Fig. 2). No significant correlation was found
between MK values in the above five regions and
BDI-II scores

ROC and Youden Index analyses

To test whether microstructural changes in white
matter can be used as an indicator to distinguish
m& lCAP from HC patients and distinguish differ-
ent stages of mHTT carriers, we conduct the ROC
analysis.

Brain regions with significant different FA or MK
values between HC and m& lCAP were selected for
ROC analysis to differentiate m& lCAP groups from
controls. When using the MK values of splenium of
corpus callosum, the maximum AUC of 0.848 was

reached to distinguish participants with hCAP from
m& lCAP, and the Youden index was 0.661 (Table 3,
Supplementary Figure 2). When using the FA values
of right posterior thalamic radiation, the maximum
AUC of 0.920 was achieved to distinguish m& lCAP
from HC, and the Youden index was 0.714 (Table 2,
Supplementary Figure 2).

Brain regions with significant different FA or MK
values between m& lCAP and hCAP were selected
for ROC analysis to differentiate different stages of
HD. When using the MK values of left superior lon-
gitudinal fasciculus, the maximum AUC of 0.911 was
reached to distinguish participants with hCAP from
m& lCAP, and the Youden index was 0.732 (Table 3,
Supplementary Figure 2). When using the FA values
of the left tapetum, the maximum AUC of 0.830 was
reached to distinguish participants with hCAP from
m& lCAP, and the Youden index was 0.625 (Table 3,
Supplementary Figure 2).

Furthermore, we combined the FA and MK values
with the best identification power to obtain an optimal
differentiation effect. The MK of Splenium of corpus
callosum combining with the FA of Posterior thala-
mic radiation R was able to distinguish m& lCAP
group from HC group with AUC 0.911 and Youden
index 0.786 (Table 2, Supplementary Figure 2). While
combining the MK values of the left superior longi-
tudinal fasciculus and the FA values of left tapetum
would be able to distinguish hCAP group from m&
lCAP group with AUC 0.902 and Youden index 0.804
(Table 2, Supplementary Figure 2).
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Table 3
ROC and Youden Index analyses using MK and FA values

Comparison Values Sensitivity 1-Specificity AUC Youden Index cutoff value

HC vs. m& lCAP MK of splenium of
corpus callosum

0.786 0.125 0.848 0.661 1.09024

HC vs. m& lCAP FA of right posterior
thalamic radiation

0.714 0.000 0.920 0.714 0.52181

HC vs. m& lCAP MK of Splenium of
corpus callosum
combined with FA of
Posterior thalamic
radiation R

1.000 0.214 0.911 0.786 0.25174

hCAP vs. m& lCAP MK of left superior
longitudinal fasciculus

0.875 0.143 0.911 0.732 1.05361

hCAP vs. m& lCAP FA of left tapetum 0.625 0.000 0.830 0.625 0.43369
hCAP vs. m& lCAP MK of left superior

longitudinal fasciculus
combined with FA of left
tapetum

0.929 0.125 0.902 0.804 0.47341

HC, healthy controls; m& lCAP, medium and low CAP; hCAP, high CAP; AUC, area under curve.

DISCUSSION

This is the first study using DKI technique to detect
microstructural changes of white matter in patients
with HD. Furthermore, we explored differences in
diffusion parameters among individuals with varying
HD disease burdens in combination of DKI and DTI
techniques. Utilizing ROI-based analysis, we iden-
tified notable white matter fibers alterations in five
brain regions with the most significant changes using
DKI. MK values in these regions demonstrated nega-
tive and gradient correlations with the disease severity
and disease burden of HD. Importantly, apart from
underscoring the superior sensitivity of DKI in detect-
ing white matter microstructural changes compared
to DTI, our findings also suggested combining FA
with MK values would generate the best accuracy of
identifying mHTT carriers or patients with advanced
HD by ROC and Youden index analyses.

MK values in 42 regions were found to have sig-
nificant differences among the three groups, and FA
values in 20 regions were found to have significant
differences among the three groups. Furthermore,
MK values in five regions exhibited significant dif-
ferences between any two groups. We did not identify
any brain region that showed significant differ-
ences in FA values between any two of these three
groups. Although FA values could reflect white mat-
ter microstructural changes in patients with advanced
HD, it shows limited capacity to detect microstruc-
tural changes in white matter at low to moderate
disease stages. These findings strongly suggest that
MK values exhibit superior sensitivity in detecting

white matter microstructural changes among individ-
uals with varying degrees of HD disease burden.

The imaging characteristics of DKI can quantify
non-Gaussian diffusion of water molecules in the
tissue [40]. Due to the presence of various mem-
brane structures in tissues, the distribution of water
molecules in the brain tissues does not always follow
a Gaussian distribution, so it has higher sensitivity
for the microstructure changes of fiber bundles with
more complex directions [41]. DKI is more sensitive
to detect early changes in white matter microstructure
in HD, similar to other neurodegenerative diseases
[28, 31, 42]. MK represents the mean value of diffu-
sion kurtosis in all gradient directions under multiple
b values, and is an index to evaluate the microstruc-
ture complexity of tissue in the region of interest. A
decrease in MK values implies disruption of white
matter microstructural integrity [25].

White matter damage in HD was thought sec-
ondary to the loss of grey matter in the form of
Wallerian degeneration [43]. However, other study
suggested white matte aberrations are a feature of
HD independent of neuronal loss [44]. In an animal
study, BACHD mice exhibited thinner myelin and
decreased myelin compaction as early as 1 month old,
suggesting that myelin abnormalities in HD are an
early pathological event [45]. The above studies indi-
cated that white matter changes in HD may attribute
to impaired myelination due to mHTT deposition in
oligodendrocytes and axonal damage secondary to
neuronal loss.

Previous DTI analysis has unveiled abnormali-
ties in neuronal fiber orientation and integrity within
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white matter and subcortical gray matter structures
in both PreHD [17, 46] and mHD [12, 15]. DTI
studies have consistently revealed alterations in FA
values in patients with PreHD and early mHD, with
the most prominent finding being decreased FA in
the corpus callosum [12, 21, 47, 48]. In our study,
we also found the MK and FA of corpus callosum
decreased in PreHD and mHD compared with HC.
In particular, the MK values of Genu of corpus callo-
sum and Body of corpus callosum were significantly
different when comparing any two groups among the
three groups. Our results align with previous stud-
ies showing a widespread reduction in axonal density
observed in the white matter tracts, including the cor-
pus callosum and the basal ganglia surroundings in
HD using NOODI [49], and also in agreement with
Roland et al. study showing the importance of the
corpus callosum for the pathophysiological processes
of HD [50]. Previous studies have selected several
key regions of white matter for diffusion imaging
studies in HD patients or mHTT carriers [21], and
DKI diffusion parameters changes were only found
in the external capsule in HD models compared to
WT mice [32, 33]. While in our study, DKI was per-
formed on the whole region of the JHU map, which
provided a deeper understanding of the white matter
microstructural changes in HD.

To explore the correlations between dMRI param-
eters and clinical characteristics, we analyzed the
clinical features of our HD cohort (Table 1). Cognitive
and psychological assessments showed significant
differences between individuals in the hCAP group
and other two groups. There was a noticeable trend
toward cognitive decline between m& lCAP group
and HC, as evidenced by the STIT, CFT and MMSE
results (Table 1), consistent with previous studies
showing cognitive decline and psychological abnor-
malities often appear during the early stage [51, 52].
In contrast to previous reports [53–55], we did not
find significant differences in BMI among the three
groups. These disparities could be attributed to the
smaller number of subjects in the final analysis, with
most subjects who completed MRI acquisitions being
at an early stage of HD. Furthermore, we confirmed
that the relationship of white matter microstructure
changes associated with the overall disease bur-
den, motor and cognitive functions, but not with
the severity of depression, which was likely caused
by biochemical or hormonal imbalance, rather than
deficits in brain microstructural connectivity. The
MK values of the above five regions were more sig-
nificantly correlated with the disease burden (r=–0.80

to –0.71) compared to FA (r = –0.334 to –0.319) and
NDI values (r = –0.405 to –0.373) reported in pre-
vious studies [49, 56]. These mean that the changes
of MK values can better reflect the microstructural
changes of white matter in HD.

CAP can serve as an indicator of disease burden
and mHTT exposure in HD patients. TMS scores
gauge motor symptoms and TFC can reflect the dis-
ease stage [57]. SDMT, a recognized vital marker for
determining the disease stage of mHTT gene carri-
ers, plays a pivotal role in cognitive evaluation [58].
Worth noting is that in a previous study form China,
STIT demonstrated superior diagnostic efficacy for
AD, MCI and normal elderly subjects when com-
pared to Stroop word reading (SWR) and Stroop color
naming (SCN), so we selected STIT as a tool for
cognitive assessment [59]. Our findings underscored
that significant white matter microstructural damage
appeared in these regions in HD. The white matter
damage, in turn, may have enhanced the disease bur-
den, diminished overall function, exacerbated motor
symptoms, and compromised cognitive capabilities.

The ROC analysis using both MK and FA val-
ues could distinguish the m& lCAP group from HC
group, as well as the hCAP group from the m& lCAP
group. The results revealed that the MK value of
the left superior longitudinal fasciculus showing the
maximum AUC for differentiating the hCAP group
from m& lCAP group, while the FA value of the
right posterior thalamic radiation showing the maxi-
mum AUC for distinguishing m& lCAP group from
HC. The ROC analysis demonstrated higher sensi-
tivity when MK values were employed compared to
FA values. These findings confirmed the high sensi-
tivity of the DKI technique in terms of white matter
microstructural changes in HD patients, although the
specificities are secondary to FA evaluation by DTI.
Our results demonstrated that integrative application
of DKI and DTI technology is of great value for accu-
rate staging differentiation of HD. Previous studies
only compared the AUC area obtained by DKI param-
eter and DTI parameter in ROC analysis of disease
diagnose [31, 42, 60, 61], and most of them concluded
that DKI parameter has a larger AUC area, but did
not further clarify the Youden index with its optimal
cutoff value.

Our study first integrates the sensitive MK values
with the specific FA values to achieve the largest
Youden index for actual clinical practice, which
means greater accuracy than either FA or MK when
distinguishing advanced or prodromal HD using
cutoff values. Early diagnosis of neurodegenerative
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diseases is of great significance for early disease inter-
vention. At present, there is still no consensus on the
staging and classification of HD [62]. HD-ISS classi-
fication recently proposed that HD should be regarded
as a continuous state of the disease, rather than simply
divided into manifest stage and pre-manifest stage
[58]. The use of various non-invasive methods to
accurately determine the severity and stages of HD
patients would be the key for early diagnosis of HD.
Our study provided an ideal diagnostic method in the
clinical practice, which is a convenient, non-invasive
and efficient approach through combination of vari-
ous advanced dMRI imaging.

Our cross-sectional exploratory study may have
its limitations. Apart from small sample size, our
utilization of the ROI-based analysis method, while
valuable, may not surpass the precision of other tech-
niques such as tract-based spatial statistics (TBSS)
[63] or fixel-based analysis (FBA) [64] in calculating
diffusion parameters to detect subtle variations within
the white matter skeleton. More diffusion parame-
ters such as mean diffusion rate, radial diffusion rate,
axial diffusion rate, radial kurtosis, axial kurtosis,
and kurtosis anisotropy could be applied in a large
longitudinal HD cohort.

In summary, we identified more extensive white
matter structural alterations in HD compared to
HC using DKI than DTI analysis. In addition, the
white matter alterations detected by DKI technique
exacerbated along the disease course of HD. Our
data indicated that MK values could be used as
biomarkers for monitoring the disease progression
and therapeutic outcomes, and ameliorating white
matter microstructural damaging might slow down
the progression of HD. Furthermore, we proposed
multimodal integration of diffusion MRI for better
staging determination of subjects carrying mHTT.
Although DKI has a longer acquisition time than DTI,
its ability to detect complex fibers and provide the
diffusion parameters of DTI at the same time [41]
supports the notion that DKI carries a higher value
for the diagnosis and monitoring the progression of
HD.
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