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Abstract
Background: Gait impairment is closely related to quality of life in patients with Parkinson’s disease (PD). This study aimed to 
explore alterations in brain microstructure in PD patients and healthy controls (HCs) and to identify the correlation of gait 
impairment in the ON and OFF states of patients with PD, respectively.
Methods: We enrolled 24 PD patients and 29 HCs from the Movement Disorders Program at Beijing Friendship Hospital Capital 
Medical University between 2019 and 2020. We acquired magnetic resonance imaging (MRI) scans and processed the diffusion 
kurtosis imaging (DKI) images. Preprocessing of diffusion-weighted data was performed with Mrtrix3 software, using a direc-
tional distribution function to track participants’ main white matter fiber bundles. Demographic and clinical characteristics were 
recorded. Quantitative gait and clinical scales were used to assess the status of medication ON and OFF in PD patients.
Results: The axial kurtosis (AK), mean kurtosis (MK), and radial kurtosis (RK) of five specific white matter fiber tracts, the 
bilateral corticospinal tract, left superior longitudinal fasciculus, left anterior thalamic radiation, forceps minor, and forceps major 
were significantly higher in PD patients compared to HCs. Additionally, the MK values were negatively correlated with Timed Up 
and Go Test (TUG) scores in both the ON and OFF in PD patients. Within the PD group, higher AK, MK, and RK values, whether 
the patients were ON or OFF, were associated with better gait performance (i.e., higher velocity and stride length).
Conclusions: PD exhibits characteristic regional patterns of white matter microstructural degradation. Correlations between 
objective gait parameters and DKI values suggest that dopamine-responsive gait function depends on preserved white matter 
microstructure. DKI-based Tract-Based Spatial Statistics (TBSS) analysis may serve as a tool for evaluating PD-related motor 
impairments (e.g., gait impairment) and could yield potential neuroimaging biomarkers.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative 
disorder that is associated with a variety of movement- 
related symptoms, including bradykinesia, myotonia, rest-
ing tremors, and postural and gait disturbances.[1] Gait 
impairment is a major symptom that drives declines in 
quality of life among PD patients. It also increases the risk 
of falls, fractures, and even death.[2]

PD-associated motor symptoms can be traced to the 
disease’s underlying pathology, including injuries to the 
dopaminergic projections between the substantia nigra 
pars compacta and the basal ganglia (caudate nucleus 
and putamen of the striatum), as well as the concomitant 
appearance of alpha-synaptic protein-immunoreactive 

inclusions in the cytoplasm of the neurons (Lewy bodies) 
and of the neuronal processes of the Lewy neurons.[3,4] 
In pathophysiology, gait impairments are already evident 
when 80% of the dopaminergic neurons in the patient’s 
striatum have been lost.[5,6] Given the intricacy of the 
systems that regulate normal gait, the neural mechanisms 
underlying gait impairment in PD remain incompletely 
understood.[7–10] In normal individuals, gait orchestration 
involves the integration of cognitive planning, initiation, 
and movement execution in concert with cognitive stimuli, 
emotional stimuli, and sensory stimuli from the external 
environment.[11] This process involves multiple nerve fiber 
bundles in the brain. Consequently, the underlying neu-
rodegeneration in PD patients may affect the functioning 
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of nerve fiber bundles involved in gait control systems, 
which then likely contributes to the development of gait 
impairment.

Gait impairment can occur in the early stage of PD or even 
in the preclinical stage, and as the disease progresses, the 
difficulty of treating it—whether with pharmacotherapy, 
physiotherapy, speech therapy, or even psychotherapy—
increases accordingly.[12,13] Although the degeneration 
of dopaminergic neurons underlies disease progression 
in PD, timely disease identification and intervention may 
help protract symptom advancement. Recent work has 
identified several novel biomarkers, including cerebrospi-
nal fluid and serum markers, which can be used for the 
early prediction of PD.[14] However, there is still a need to 
explore the intracerebral mechanisms associated with gait 
impairment in PD from multiple perspectives in order to 
improve treatment.

Neuroimaging is one such perspective that remains rela-
tively underexplored in PD gait impairment research. 
Diffusion kurtosis imaging (DKI) represents a magnetic 
resonance imaging (MRI) sequence that primarily cap-
tures the non-Gaussian dispersion of water molecules 
in biological tissues.[15] Through the meticulous quanti-
fication of water molecule diffusion characteristics, DKI 
accurately reflects the information of microstructural 
transformations in neural tissues.[15] Its unique merit 
lies in the analysis of nerve fiber tissue integrity, which 
also facilitates the detection of minute microstructural 
alterations within the nervous system.[16] Of particular 
significance is its capability to monitor and evaluate nerve 
fiber bundle damage. By surveying the directional-specific 
kurtosis, DKI reflects the complexity of neural tissue in 
normal, developmental, and pathological states. Notably, 
DKI provides three kurtosis parameters along distinct orien-
tations: axial kurtosis (AK), mean kurtosis (MK), and 
radial kurtosis (RK).[17] Previous work has suggested that 
decreases in RK are associated with demyelination, that 
changes in AK reflect axonal degeneration,[15,18] and that 
increases MK may indicate injury-associated microglial 
proliferation and increased axonal bead granulation.[19] 
This method can provide quantitative neurological 
information, which can further help us understand the 
mechanism of gait impairment in PD and provide a more 
accurate method for its early diagnosis and treatment.

Given that PD is associated with white matter changes, 
we hypothesized that there may be a correlation between 
altered diffusion kurtosis of certain cortical white matter 
tracts and gait impairment in the “ON state” or “OFF 
state” of PD patients. Previous research has rarely com-
bined objective gait parameters and DKI to assess PD. 
Thus, in the present study, we examined diffusion kur-
tosis alterations of white matter fiber bundles in healthy 
control (HC) and PD patients. Based on the computerized 
gait blanket, we also determined the correlation between 
objective gait parameters and DKI indexes. This study 
aims to improve understanding of the pathologic changes 
underlying gait impairment in PD, contributing to early 
disease detection and treatment.

Methods

Participants

Two datasets were included in this study. All participants 
in each dataset were recruited between 2019 and 2020 
at the Movement Disorders Program at the Beijing 
Friendship Hospital Capital Medical University. The 
PD cohort (dataset 1) consisted of 24 participants, all 
of whom met the UK Parkinson’s Disease Society Brain 
Bank criteria.[20] The patients were between the ages of 
40 years and 85 years and had no history of brain-af-
fecting surgery, trauma, or addiction, and had no other 
neuropsychiatric diseases. The HC cohort (dataset 2) con-
sisted of 29 healthy subjects aged between 40 years and 
85 years. These participants exhibited good motor and 
cognitive functions and had no history of neurologic or 
psychiatric disorders, neurosurgery, trauma, or addiction. 
All participants signed informed consent forms before 
being included in the study. All experimental procedures 
and tests followed the guidelines of the Ethics Committees 
of Beijing Friendship Hospital, Capital Medical University 
(No. 2019-P2-283-02). The sample size was calculated 
using the Power Analysis and Sample Size Software 2021 
(PASS, NCSS, LLC, Kaysville, Utah, USA, ncss.com/soft-
ware/pass) and the details are shown in Supplementary 
Materials, http://links.lww.com/CM9/C312.

Clinical assessments

PD patients with gait impairments were identified based 
on their medical history and thorough assessment using 
the International Parkinson and Movement Disor-
der Society-Unified Parkinson’s Disease Rating Scale 
(MDS-UPDRS) part-II (items 2.12 or 2.13) and part-III 
(items 3.10 or 3.11), with a minimum score of 1. The 29 
PD patients were studied in two conditions, the “OFF 
state” (PD-OFF) and “ON state” (PD-ON). The “OFF 
state” required patients withdraw any anti-parkinsonian 
drugs for a minimum of 12 h prior to the experimental 
procedures.[21] The “ON state” referred to experiments 
that were conducted exactly 1 h after patients received 
a super-ON dose of levodopa (125% of their equivalent 
morning levodopa dose).[22] Motor function was assessed 
for each patient on the same day, using the full MDS-UP-
DRS, Berg Balance Scale (BBS), New Freezing of Gait 
Questionnaire (NFOGQ), Timed Up and Go Test (TUG), 
and with objective gait parameters, in both the “OFF 
state” (performed first) and “ON state” (performed later) 
experiments. Objective gait parameters were assessed 
using a 20-foot-long computerized Zeno Walkway Gait 
Analysis System (Proto Kinetics, Havertown, PA, USA) at 
a self-selected pace (SSP) and a fast pace (FP). Non-motor 
scales include the Parkinson’s Disease Questionnaire-39 
items (PDQ-39), Mini-Mental State Examination 
(MMSE), Beck Depression Inventory (BDI) score, Beck 
Anxiety Inventory (BAI) score, and Modified Apathy 
Evaluation Scale (MAES). Of note, for PD patients, MRI 
scanning and non-motor assessments (PDQ-39, MMSE, 
BDI, BAI, MAES) were only performed in the “OFF 
state”.
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MRI data acquisition and preprocessing

Diffusion-weighted (DW) images were acquired on a 
3.0T MRI system (Prisma, Siemens, Erlangen, Ger-
many) with a 64-channel phase-array head coil. The 
major acquisition parameters included: field-of-view 
(FOV) = 209 mm × 209 mm, matrix size = 116 × 116, 
slices = 84 (with no gap), voxel size = 1.8 mm ×  
1.8 mm × 1.8 mm, repetition time (TR) = 3000 ms, echo 
time (TE) = 81 ms, and flip angle = 90°.

For each subject, two-shell high angular resolution dif-
fusion imaging (HARDI) data were acquired, including 
1 non-DW image (b = 0 s/mm2, B0) with phase-encod-
ing in the anterior-posterior (AP) direction, 10 non-DW 
images (b = 0 s/mm2) with phase-encoding in the 
posterior-anterior (PA) direction, 64 DW images from 
64 non-collinear gradient directions with a b-value of 
1000 s/mm2 and phase-encoding in the PA direction, 
and 64 DW images from 64 non-collinear gradient 
directions with a b-value of 2000 and phase-encoding 
in the PA direction.

Three-Dimensional (3D) T1-weighted image for each 
participant was obtained using a magnetization prepared 
rapid gradient echo (MPRAGE) sequence. The imag-
ing parameters for 3D T1-weighted images included: 
FOV = 224 mm × 256 mm, matrix size = 448 × 512, 
192 sagittal slices, voxel size = 0.5 mm × 0.5 mm × 1 mm, 
TR = 2530 ms, TE = 2.98 ms, and flip angle = 7°.

MRI data preprocessing and DKI processing

Diffusion-weighted imaging (DWI) preprocessing was 
performed with an optimized pipeline introduced by Maxi-
mov et al[23]. First, DWI data underwent noise correction 
and Gibbs ringing correction using the Marchenko-Pastur 
principle component analysis (MP-PCA)[24] and the local 
subvoxel-shifts method proposed by Kellner et al[25] sepa-
rately with Mrtrix3 (https://www.mrtrix.org).[26] Next, 
non-DW images with opposite phase encoding directions, 
AP directions, and PA directions were used to correct the 
echo-planar imaging geometric distortion with top-up 
function[27,28] offered in FMRIB’s Software Library (FSL)  
6.0.3 (https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/topup/ 
index).[29] Distortions appearing due to eddy currents, 
head motion, and susceptibility-originated artefacts were 
corrected by top-up and eddy[30] together in FSL 6.0.3. 
The B1 field inhomogeneity corrections for DWI data were 
performed using dwibiascorrect in Mrtrix3.[26] Finally, 
the 11 preprocessed non-DW images were averaged to 
generate the mean B0 image for the following processes. 
Consequently, the preprocessed DWI data included one 
B0 image, 64 DWI images with a b-value of 1000 s/mm2, 
and 64 DWI images with a b-value of 2000 s/mm2. All 
the DWI images (b = 0 s/mm2, 1000 s/mm2, 2000 s/mm2) 
were used to calculate DKI metrics, including AK, MK, 
and RK, with the Diffusional Kurtosis Estimator (https:// 
www.nitrc.org/projects/dke/). Only images with b = 0 s/mm2  
and 1000 s/mm2 were used to calculate DTI metrics, 
including fractional anisotropy (FA) maps, with the dtifit 
function in FSL.[29] The 3D T1-weighted images were 
segmented using the CAT12 (Computational Anatomy 

Toolbox for Statistical Parametric Mapping) (http://
www.neuro.uni-jena.de/cat/index.html) to generate brain 
images in T1 space (brain_T1).

Statistical analysis

Statistical analysis of demographic and clinical infor-
mation was performed using SPSS version 25.0 (SPSS, 
Inc., Chicago, IL, USA). Statistical significance was set at 
P <0.05 (two-tailed). Tests of normality revealed that not 
all clinical and objective gait-measurement data met the 
assumption of normality.

Demographic and clinical characteristics of PD and HC 
individuals were described as number with percentages (%) 
for categorical variables and as the median with interquar-
tile ranges (IQRs) for continuous variables. Categorical 
variables were analyzed with chi-squared (χ2) tests and 
continuous variables with Student’s t-tests or Wilcoxon 
rank-sum tests. The disease-relevant DKI measures and 
clinical scales (MDS-UPDRS-III scores, TUG test scores, 
and BBS scores) were assessed by calculating Pearson’s or 
Spearman’s rank correlations, as appropriate.

The Wilcoxon rank-sum test was used to compare gait 
parameters between PD patients and HCs. For PD 
patients, changes in the objective gait parameters between 
the “ON” and “OFF” states were analyzed using Wil-
coxon Signed Ranks Test. Correlations between the DKI 
indicators and gait parameters were analyzed using Pear-
son’s or Spearman’s rank correlations, as appropriate.

The Tract-Based Spatial Statistics (TBSS)[31] from FSL was 
used to investigate whole brain white matter anomalies 
in the PD cohort. First, FA images were used to generate 
the mean FA skeleton following the steps of TBSS. Next, 
AK, MK, and RK data were projected onto the original 
mean FA skeleton to generate 4 Dimensional projection 
data using tbss_non_FA in FSL. Finally, voxel-wise 
between-group statistics on the skeletonized DKI metrics 
was carried out using the randomize tool in FSL, with 
age and sex as covariates (50,000 permutations, corrected 
for multiple comparisons with Threshold-Free Cluster 
Enhancement[32]) (P <0.05).

Results

Participant demographics and behavioral measures

Demographic and clinical data are shown in Table 1 and 
Table 2. No significant differences in age, sex, education, 
MMSE scores, or MAES scores were found between the 
PD and HC groups (all P >0.05). BAI and BDI scores 
were significantly higher in the PD group compared to 
the HC group [Table  1]. BBS scores were significantly 
lower and TUG values were significantly higher in the PD 
group compared to the HC group [Table 2]. Compared 
with the HC group, the PD group had lower gait velocity 
and step length [Table 2]. Finally, in the PD group, ON 
status reduced the TUG time, MDS-UPDRS-III scores 
(P <0.01), and MDS-UPDRS total scores (P <0.05) 
when compared with OFF status [Table 2].

https://www.mrtrix.org
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/topup/
index
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/topup/
index
https://
www.nitrc.org/projects/dke/
https://
www.nitrc.org/projects/dke/
http://www.neuro.uni-jena.de/cat/index.html
http://www.neuro.uni-jena.de/cat/index.html
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Tract-based spatial statistics data

There were significant between-group differences in 
broad fibers (P <0.05, corrected by Threshold-Free 
Cluster Enhancement; Figure 1). The white matter tracts 
with significant between-group AK differences included 
the corticospinal tract, superior longitudinal fasciculus, 

cingulum, anterior thalamic radiation, and forceps 
minor. The white matter tracts with significant between-
group MK differences included the forceps minor, 
forceps major, anterior thalamic radiation, corticospinal 
tract, and left inferior fronto-occipital fasciculus. The 
white matter tracts with significant between-group RK 

Table 1: Demographic and clinical characteristics (Non-motion) of the control and PD participants in the PD diffusion kurtosis study.

Variables PD participants (n = 24) Control participants (n = 29) Statistical values P-value

Age (years) 68.0 (63.3–70.0) 64.0 (51.5–70.0) –1.522* 0.128
Male sex 10 (41.7) 14 (48.3) 0.232† 0.630
Education (>9 years) 12 (50.0) 15 (51.7) 0.016† 0.901
Disease duration (months) 52.0 (27.3–81.8) – – –
MMSE 29.0 (29.8–28.0) 29.0 (30.0–27.0) –0.598* 0.550
MASE 10.5 (4.3–17.0) 7.0 (5.0–13.0) –1.163* 0.245
BAI 26.0 (24.0–29.8) 24.0 (22.0–25.5) –3.055* 0.002
BDI 6.0 (4.0–9.0) 3.0 (1.0–4.5) –3.349* <0.001
LEDD (mg) 550.0 (318.8–743.8) – – –
NFOGQ 10.0 (41.7%) – – –
PDQ-39 20.5 (11.5–33.3) – – –

Data are shown as n (%) or mean (interquartile range). *Z score between the PD and control group. †χ2 values between the PD and control group. 
PD: Parkinson's disease; MMSE: Mini-Mental State Examination; MASE: Modified Apathy Estimate Scale; BAI: Beck Anxiety Inventory; BDI: Beck 
Depression Inventory; LEDD: Levodopa equivalent daily dose (mg); NFOGQ: New Freezing of Gait Questionnaire; PDQ-39: Parkinson's Disease 
Questionnaire-39 items; −: Not applicable. The same set of clinical data from the control was used to analyze against the PD group.

Table 2: Motor characteristics of the control and PD participants in the PD diffusion kurtosis study.

Variables

PD Control

“ON state” “OFF state”
Statistical 

values P-value
Participants 

(n = 29)

Statistical values P-value

“ON state” “OFF state” “ON state” “OFF state”

MDS-UPDRS-III 16.0 
(12.5–23.8)

29.5 
(20.0–36.8)

–4.393* <0.001 – – –

MDS-UPDRS Total 39.5 
(25.0–46.8)

48.0 
(34.3–62.5)

–2.135† 0.033 – – –

TUG 8.8 
(8.2–10.2)

10.5 
(9.0–12.2)

–2.031† 0.042 8.1 
(7.3–8.6)

–3.091‡ –4.709§ 0.002 <0.001

BBS 52.0 
(44.3–54.0)

49.5 
(39.3–52.8)

–1.674† 0.094 56.0 
(54.0–56.0)

–4.459‡ –5.307§ <0.001 <0.001

Velocity SSP (cm/s) 105.2 
(86.5–118.9)

104.4 
(79.1–113.5)

–0.577† 0.564 117.0 
(106.9–133.0)

–2.698‡ –3.163§ 0.007 0.002

Cadence SSP (step/min) 114.3 
(105.5–119.1)

113.4 
(107.7–120.5)

–0.577† 0.564 112.5 
(106.6–121.4)

–0.059‡ –0.125§ 0.555 0.900

Stride time SSP (s) 1.0 
(1.0–1.1)

1.1 
(1.0–1.1)

–0.320† 0.749 1.1 
(1.0–1.1)

–0.143‡ –0.545§ 0.886 0.586

Stride length SSP (cm) 110.9 
(96.3–124.4)

106.1 
(88.7–120.4)

–0.660† 0.509 127.8 
(114.8–136.0)

–2.984‡ –4.420|| 0.003 <0.001

Velocity FP (cm/s) 126.9 
(109.1–142.8)

123.7 
(103.0–137.7)

0.777* 0.441 147.1 
(139.6–168.4)

–3.677¶ –4.527|| <0.001 <0.001

Cadence FP (step/min) 123.4 
(114.6–132.2)

125.8 
(114.9–132.3)

–0.309† 0.757 129.6 
(119.7–136.4)

–1.805‡ –1.519§ 0.071 0.129

Stride time FP (s) 1.0 
(0.9–1.0)

1.0 
(0.9–1.0)

–0.278† 0.781 0.9 
(0.9–1.0)

–1.626‡ –1.358§ 0.104 0.174

Stride length FP (cm) 122.7 
(108.7–138.5)

120.4 
(101.4–129.2)

1.024* 0.311 138.3 
(127.9–152.6)

–3.143¶ –4.154|| 0.003 <0.001

Data are shown as mean (interquartile range). *t values between “ON state” and “OFF state” data in 24 patients with PD. †Z score between “ON 
state” and “OFF state” data in 24 patients with PD. ‡Z score between patients with PD in “ON state” and control group. §Z score between patients 
with PD in “OFF state” and control group. ||t values between patients with PD in “OFF state” and control group. ¶t values between patients with 
PD in “ON state” and control group. PD: Parkinson’s disease; MDS-UPDRS: International Parkinson and Movement Disorder Society Unified 
Parkinson’s Disease Rating Scale; MDS-UPDRS-III: MDS-UPDRS motor score; TUG: Timed Up and Go Test; BBS: Berg Balance Scale; SSP: Self-
selected pace; FP: Fast pace; −: Not applicable. For control, there is no ON or OFF state. The same set of clinical data from the control was used to 
analyze against the PD group.
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differences included the left corticospinal tract and for-
ceps minor.

As shown in Figure  2, the AK, MK, and RK values of 
specific white matter fiber bundles were significantly 
increased in PD patients compared to their HC coun-
terparts, and these differences remained significant even 
after adjusting for age and sex (P <0.05).

Correlation analysis

MK values in the forceps minor were negatively corre-
lated with both TUG-ON (TUG scores in “ON state”) 
and TUG-OFF (TUG scores in “OFF state”) (r = −0.410, 

P   = 0.047 and r = −0.450, P   = 0.028; Supplementary 
Figure 2, http://links.lww.com/CM9/C312). There were 
no significant correlations between any DKI model 
metrics and BBS, BDI, BAI, MMSE, MAES, PDQ-39, 
MDS-UPDRS, or NFOGQ.

Table 3 displays the Pearson’s or Spearman’s correlation 
coefficients for several DKI measures that were strongly 
correlated with objective gait parameters in PD patients. 
Focusing on velocity, AK values were positively correlated 
with both SSP and FP under the ON and OFF states (ON, 
SSP: r = 0.566, P = 0.004; OFF, SSP: r = 0.493, P = 0.014; 
ON, FP: r = 0.485, P = 0.016; OFF, FP: r = 0.471, P = 0.020; 
Table 3). Furthermore, at SSP, a higher AK value was signif-
icantly correlated with longer stride times in the ON states 
in PD patients (r = 0.469, P = 0.021; Table 3). MK values 
were positively correlated with velocity and stride length in 
almost all states (velocity, ON, SSP: r = 0.656, P = 0.001; 
velocity, OFF, SSP: r = 0.564, P = 0.004; velocity, ON, 
FP: r = 0.560, P = 0.004; velocity, OFF, FP: r = 0.523, 
P = 0.009; stride length, ON, SSP: r = 0.550, P = 0.005; 
stride length, OFF, SSP: r = 0.429, P = 0.037; stride length, 
ON, FP: r = 0.463, P = 0.023; Table 3). Finally, in the “ON 
state”, higher RK values during SSP were significantly asso-
ciated with greater velocity and stride length (r = 0.466, 
P = 0.022 and r = 0.435, P = 0.034; Table 3).

Discussion

In the present study, we utilized DKI techniques to inves-
tigate white matter changes and their correlations with 
gait parameters in PD patients. First, we examined whole-
brain white matter differences between a group of PD 
patients and a group of HC participants. Based on those 
findings, we analyzed the correlations between DKI index 
scores and clinical scales, as well as between DKI scores 
and objective gait parameters. The main findings were as 
follows: (1) significant differences between HC and PD 
patients were identified in the whole brain white matter; 
(2) specific white matter changes were correlated with 
TUG-ON and TUG-OFF in PD patients; and (3) specific 
white matter changes were correlated with objective gait 
parameters in PD patients.

DKI analysis demonstrates microstructural characteristics of 
the brain

DKI, a non-Gaussian water molecular dispersion tech-
nique[17,33] for describing complex tissues, can be used to 
detect microstructural changes in cortical white matter[34] 
based on the following parameters[15]: AK, MK, and RK.

MK represents the average of upward diffusion kurtosis 
of all spatial parties, independent of the spatial orientation 
of organizational structure, and can be used in the analysis 
of gray and white matter.[35–37] MK values are also related 
to structural complexity.[38] The higher the structural com-
plexity, the more the dispersion of the water molecules in 
the structure that do not conform to Gaussian distribu-
tions, and the higher the MK value.[39] RK refers to the 
average kurtosis value in the main dispersion orthogonal 
direction and mainly describes the dispersion kurtosis 

Figure 1: Voxel-wise TBSS analysis comparing PD patients and HCs for AK (A), MK (B), 
and RK (C) metrics. Significant voxel-wise group differences (P <0.05, corrected using 
Threshold-Free Cluster Enhancement) are shown in red, overlaid on axial sections of 
the white-matter skeleton (green). The left side of each image corresponds to the right 
brain hemisphere. Z-coordinates indicate slice positions in MNI space. (A) AK: Significant 
differences in the corticospinal tract, superior longitudinal fasciculus, cingulum, anterior 
thalamic radiation, and forceps minor. (B) MK: Significant differences in the forceps minor, 
forceps major, anterior thalamic radiation, corticospinal tract, and left inferior fronto-oc-
cipital fasciculus. (C) RK: Significant differences in the left corticospinal tract and forceps 
minor. AK: Axial kurtosis; HCs: Healthy controls; AK: Axial kurtosis; PD: Parkinson’s disease; 
RK: Radial kurtosis; TBSS: Tract-Based Spatial Statistics.

http://links.lww.com/CM9/C312


Chinese Medical Journal 2025;138(9) www.cmj.org

1099

value perpendicular to the fiber direction.[40] The more 
restricted the dispersion of non-normal water molecules 
in the direction of the vertical fiber bundle, the higher the 
RK value.[39] Finally, AK values reflect the dispersion in 
the direction parallel to the white matter bundle.[40] Since 
AK values are generally significantly lower than the RK 
values, the sensitivity for detecting AK changes is higher 
when the dispersion movement of water molecules in the 
direction of the white matter tract changes.[40]

Previous DKI research has demonstrated microstructural 
changes in PD patients when they are compared with HC. 
Most studies have shown that PD patients have higher 
MK values than HC,[39,41–44] but the findings related to AK 
and RK values in PD have not been consistent.[43] Some 
studies have found increases in AK or RK in specific cor-
tical areas in PD patients,[43,45,46] and others have found 
opposite trends.[47,48] However, most studies[41,49] have not 
found any AK or RK differences between PD patients and 
HC. Therefore, these changes need to be further studied.

When we compared TBSS-based white matter changes 
between the PD cohort with the gait impairment and the 

HC cohort, we did find that PD patients had higher DKI 
values (including AK, MK, and RK values) compared 
to HC. These changes may be related to the increased 
structural complexity of the white matter, which could 
be driven by several neurobiological causes: (1) the for-
mation of Lewy bodies increases structural complexity, 
thus increasing DKI values;[50] (2) the absence of neu-
rons in the fiber tracts leads to secondary microglial cell 
aggregation and damage repair, increasing the structural 
complexity and thus DKI values;[41,51,52] (3) oxidative 
stress and chronic inflammation lead to restricted dif-
fusion of water molecules, resulting in elevated DKI 
values;[53,54] and (4) increased iron content in neuronal 
cells, which reduces the signal-to-noise ratio and leads to 
elevated DKI values.[55]

White matter degeneration is associated with gait impairment

We also found that gait impairment could be related to 
microstructural white matter changes in PD. Specifically, 
alterations in the bilateral corticospinal tract, left superior 
longitudinal fasciculus, left anterior thalamic radiation, 

Figure 2: Compared with the PD group, the DKI metrics (AK, MK, and RK) were significantly decreased across multiple white matter areas in the HC group. *P <0.01. AK: Axial kurtosis; 
DKI: Diffusion kurtosis imaging; HC: Healthy control; MK: Mean kurtosis; PD: Parkinson’s disease; RK: Radial kurtosis.

Table 3: Correlation between DKI values and different gait measures in the PD diffusion kurtosis study.

Gait measures

AK Person correlation MK Spearman correlation RK Spearman correlation

r P-value r P-value r P-value

SSP
ON

Velocity (cm/s) 0.566 0.004 0.656 0.001 0.466 0.022
Stride length (cm) 0.469 0.021 0.550 0.005 0.435 0.034

OFF
Velocity (cm/s) 0.493 0.014 0.564 0.004 0.367 0.078
Stride length (cm) 0.395 0.056 0.429 0.037 0.246 0.246

FP
ON

Velocity (cm/s) 0.485 0.016 0.560 0.004 0.324 0.122
Stride length (cm) 0.393 0.057 0.463 0.023 0.404 0.050

OFF
Velocity (cm/s) 0.471 0.020 0.523 0.009 0.361 0.083
Stride length (cm) 0.400 0.053 0.372 0.073 0.276 0.192

AK: Axial kurtosis; DKI: Diffusion kurtosis imaging; FP: Fast pace; MK: Mean kurtosis; OFF: In medication “OFF state”; ON: In medication “ON 
state”; RK: Radial kurtosis; SSP: Self-selected pace.
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forceps minor, and forceps major were related to gait 
impairment in our PD cohort.

Previous studies have indicated that these five white matter 
fiber bundles do affect gait. Wei et al[56] found significant 
differences in neurite orientation dispersion and density 
imaging (NODDI) indices in the anterior thalamic radia-
tion, corticospinal tract, superior longitudinal fasciculus, 
forceps major, cingulum, and inferior longitudinal fascicu-
lus in PD patients compared to HC. Vercruysse et al[57] 
identified that microstructural changes associated with 
PD can spread through several subcortical white matter 
layers, including the intra-hemispheric cortico-cortical 
association fibers of the superior longitudinal fasciculus, 
the motor-related corticofugal tract, and the thalamic 
radiation. Verlinden et al[58] reported significant micro-
structural changes in the thalamic radiations, association 
tracts, and forceps major and that these changes were 
strongly associated with gait impairment in PD. Based 
on diffusion tensor imaging, Marumoto et al[59] observed 
significant changes in the anterior thalamic radiation and 
forceps minor. Based on the consistency of these findings 
with our own, we can infer that microstructure alteration 
in cortical white matter tracts might be closely related to 
gait impairment in PD. The vulnerability of white matter 
fiber bundles is anatomically selective and may be related 
to the functional anatomy of gait control. Thus, white 
matter changes in the bilateral corticospinal tract, left 
superior longitudinal fasciculus, left anterior thalamic 
radiation, forceps minor, and forceps major may underlie 
gait impairment in PD.

It is also important to note that, although we found signifi-
cant associations between numerous white matter tracts 
and gait parameters, the tract that was most strongly 
correlated with these parameters was the left superior 
longitudinal fasciculus.[60] Figure  1 shows that the left 
superior longitudinal fasciculus also had the highest rel-
ative weight. This finding suggests that the white matter 
with the most microstructural changes played a dispro-
portionate role in determining gait changes.

DKI values correlate with clinical indicators in PD

PD patients’ motor functioning was assessed using clinical 
scales and objective gait parameters. To further clarify 
which specific clinical markers of gait were associated 
with alterations in white matter, we correlated clinical 
indicators and objective gait parameters with DKI values.

We found that as MK values increased, TUG scores also 
increased (irrespective of PD ON or OFF state), suggest-
ing a correlation between the structural complexity of the 
white matter tissues and the severity of motor symptoms 
in PD.[56] In terms of gait parameters, PD patients had 
significantly lower stride velocity and length compared to 
HC. Therefore, we only chose these significant measures 
(velocity and stride length) to correlate with DKI values. 
We found a positive relationship between these measures 
and a specific DKI index: higher AK values in the left supe-
rior longitudinal fasciculus correlated with higher stride 
velocities, suggesting that microstructural disruption in 
this region may also underlie gait impairment in PD.[57] 

There were also more correlations between various DKI 
parameters and gait parameters among PD patients in 
the “ON state”, suggesting levodopa could potentially be 
attributed to its partial activation of these white matters, 
consequently modifying their network connectivity and 
influencing the microstructure of these white matters.[56,61] 
“OFF state” measurements reflect the PD inherent con-
dition, unaffected by dopaminergic interventions.[62] The 
elevated DKI values, indicative of a superior degree of 
the white matter complexity, correlate with improved 
gait parameters in the “OFF state”, aligning coherently 
with the hypothesis that the gait parameters responsive 
to dopamine necessitate a substantially preserved white 
matter integrity.

Thus, we speculate that AK, MK, and RK values may be 
related to the formation of Lewy bodies, the aggregation 
of microglia, and/or the repair of neurons rather than 
neuronal loss because they reflect increases in microstruc-
tural complexity (as would be seen in these aggregative/
repair processes), not decrease (as would be seen in neu-
ronal loss). In other words, although neurons are lost, 
the aggregation of other repair cells and inflammatory 
factors results in relatively timely repair and replacement, 
leading to corresponding increases in velocity and stride 
length. Therefore, correlations were found between gait 
measures and DKI indices, suggesting that microstructural 
alterations in these white matters may be the underlying 
cause of gait impairment in PD.[56] Among DKI values, 
MK values were the most strongly correlated with 
objective gait parameters, suggesting that individual DKI 
values could be used as independent parameters of gait 
impairment in PD patients. We also identified relatively 
more correlations between various DKI parameters and 
gait parameters among PD patients in the “ON state”, 
suggesting that levodopa may partially activate, and thus 
preferentially act on these white matter areas.[56,62]

In recent years, many efforts have been made to examine 
brain microstructural changes and their effects in patients 
with PD. Our study applied neuroimaging to offer new 
insights into microstructural alterations and the associated 
changes in objective gait parameters in this population. 
Tracking microstructural changes in PD compared to 
HC will help us better understand the microstructural 
alterations underlying the pathogenesis of PD, and will 
aid in the development of new approaches to monitor and 
treat PD. However, because we hope to establish a reliable 
imaging portfolio for gait changes in the early stages of 
PD, it is important to determine whether a combination 
of DKI metrics and gait parameters can detect microstruc-
tural changes in the brain in this early disease state. In 
future studies, we plan to combine other structural and 
functional MRI techniques to enhance our understanding 
of PD-associated brain microstructural changes and to 
establish a more reliable imaging approach to identifying 
gait impairment in neurodegenerative disease.

The main limitation of this study was that the correla-
tion coefficients between our objective gait parameters 
and DKI values were not high. This may be because DKI  
values were not the only factors affecting gait—it could 
also be impacted by age, cognition, and the course of  
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disease, for example. Nonetheless, our study still provided 
novel imaging insights into the mechanism underlying 
gait impairment in PD patients. Another limitation was 
that the number of participants in each group was rela-
tively small.

In summary, our study identified an important and spe-
cific pattern of white matter changes—namely, we found 
elevated DKI values in specific white matter fiber bundles 
of PD participants. We also found correlations between 
the objective gait parameters and white matter DKI 
values among patients with gait impairment, suggesting 
that brain microstructure changes in specific white matter 
tracts may affect gait in PD. These correlations in the 
“ON state” or “OFF state” of PD patients indicate that 
dopamine-responsive gait parameters rely on a preserved 
white matter integrity. Our findings may ultimately pro-
vide imaging markers for the early identification of and 
intervention for gait impairment in PD patients.
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