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INTRODUCTION

High myopia (HM) is a common health issue characterized 
by visual disability, affecting 2.9% of the global population 
and 10–20% of young adults in East and Southeast Asia 
[1,2]. HM is defined by an ocular refractive error less than 
-6.00 diopters (D) or an axial length greater than 26 mm. 
HM is also known as “pathological myopia” or “degenerative 
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myopia”, reflecting the widespread progressive trend toward 
the development of pathological and degenerative changes 
in the neurosensory retina and choroid, which may extend 
to structures of the brain [3,4]. There are a few previous 
studies that detected alterations in brain volume and 
white matter (WM) concentrations in HM patients [5,6]. 
Shu et al. [7] considered that a lack of afferent visual 
information input may lead to transneuronal degeneration 
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and plastic changes in the visual system and other brain 
systems. However, in contrast to other ophthalmology-
related diseases, such as glaucoma, amblyopia, and 
blindness [8-10], WM alterations in HM have not been 
thoroughly explored. Therefore, we speculated that long-
term visual abnormalities caused by HM are accompanied 
by microstructural changes in WM, which may be helpful for 
exploring and monitoring the pathogenesis of the disease. 

Diffusion tensor imaging (DTI) is the most used magnetic 
resonance imaging (MRI) method to provide quantitative 
measures of microstructural integrity and organization 
in vivo. DTI, which measures water diffusion based on 
the hypothesis that water molecules move in a Gaussian 
distribution pattern, has been widely applied to evaluate 
microstructural abnormalities in the WM of the brain 
[11]. However, water molecules often show non-Gaussian 
diffusion in biological tissues due to the presence of 
barriers, such as organelles and cell membranes. Therefore, 
the practicality and sensitivity of the DTI model may not be 
entirely optimal [12]. Diffusional kurtosis imaging (DKI), as 
a natural extension of the DTI model, enables quantification 
of non-Gaussian diffusion and can be used to quantify the 
microstructural integrity and tissue complexity of WM even 
in the presence of crossing fibers [12,13]. DKI can acquire 
both diffusion metrics, such as fractional anisotropy (FA), 
mean diffusivity (MD), axial diffusivity (AD), and radial 
diffusivity (RD) as well as kurtosis parameters, including 
kurtosis FA (KFA), mean kurtosis (MK), axial kurtosis (AK), 
and radial kurtosis (RK), simultaneously by estimating the 
excess kurtosis of the displacement distribution. Further, 
it has exhibited improved sensitivity and specificity in 
assessing developmental and pathological changes in neural 
tissues compared to conventional DTI [13].

In the present study, we aimed to explore microstructural 
impairments and assess the performance of the DKI model 
in detecting WM abnormalities in patients with HM. 
Moreover, relationships between these indices and disease 
duration were also analyzed.

MATERIALS AND METHODS

Subjects
This study was approved by the ethics committee of 

Beijing Friendship Hospital, Capital Medical University, 
and each subject provided written informed consent before 
participation in accordance with the Declaration of Helsinki 
(IRB No. 2019-P2-201-01).

A total of 35 HM patients were recruited from outpatient 
clinics of Beijing Friendship Hospital, Capital Medical 
University from January 2017 to December 2018. Thirty-
five age- and sex-matched healthy controls (HCs) with 
uncorrected visual acuity ≥ 1.0 were also recruited. All 
subjects were right-handed. The exclusion criteria were 
as follows: any other ocular diseases (e.g., glaucoma, 
amblyopia, strabismus, and optic neuritis); unilateral HM; 
psychiatric disorders; cerebral infarction diseases; any 
systemic diseases that may influence the results, such 
as diabetes and hypertension; MRI ineligibility (e.g., 
cardiac pacemaker, replacement heart valves or implanted 
metal devices); and MR images with visible artifacts, 
cerebral infarction lesions, brain tumors, or obvious WM 
hyperintensities. Overall, five HM patients and two HCs were 
excluded according to the exclusion criteria.

Image Acquisition
All scans were acquired using a Discovery MR 750 3T 

scanner (GE Healthcare) with an eight-channel, phased-
array head coil. Regular T2-weighted fast-spin-echo images 
were obtained before acquiring diffusion kurtosis images. 
DKI was acquired with two b values (b = 1000 and 2000 s/
mm2) along 25 diffusion-encoding directions and a b value 
of 0 s/mm2 along five non-diffusion-weighted directions 
using a spin-echo, single-shot, echo-planar imaging 
sequence with the following parameters: repetition time/
echo time = 9000/96 ms; slice thickness = 3.0 mm without 
a gap; 44 axial slices; matrix = 256 x 256; field of view = 
256 x 256 mm; and acquisition time = 8 minutes and 42 
seconds. 

Data Preprocessing
Eddy current-induced distortion and motion artifacts in 

the DKI dataset were corrected using an affine alignment 
of each diffusion-weighted image to the b = 0 images 
using the FMRIB diffusion toolbox (FSL 4.0, http://www.
fmrib.ox.ac.uk/fsl). After skull stripping, the Diffusional 
Kurtosis Estimator (http://www.nitrc.org/projects/dke) 
was implemented to calculate the diffusion and kurtosis 
tensors using the constrained linear least squares-quadratic 
programming  algorithm as previously described [14]. All 
data (b = 0, 1000, 2000 s/mm2) were used for DKI fitting. 
Maps for the following DKI parameters were then generated: 
KFA, MK, AK, RK, FA, MD, AD, and RD. 
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TBSS Analysis
Statistical analysis of the DKI data was performed using 

tract-based spatial statistics (TBSS) from a part of the 
FMRIB Software Library (FSL). Extracted brain images were 
acquired using the Brain Extraction Tool in the FSL. All 
subjects’ DKI-derived FA images were aligned to a template 
of averaged FA images (FMRIB-58) in the MNI space using 
a nonlinear registration tool and affine aligned to 1 x 1 
x 1 mm3. After transformation into the MNI space, a mean 
FA image was created and thinned to generate a mean FA 
skeleton of the WM tracts. Each subject’s FA images was 
then projected onto the skeleton via filling the mean FA 
skeleton with FA values from the nearest relevant tract 
center by searching perpendicular to the local skeleton 
structure for maximum FA values [15]. The registration and 
projection information derived from the FA analysis were 
then applied to the other DKI parametric images of each 
subject to ensure the exact spatial correspondence of the 
different parameters (Fig. 1).

Voxel-wise statistical analysis of the skeleton space 
across subjects was carried out using a permutation-based 
inference tool for nonparametric statistics (randomize tool). 
p values < 0.05 were identified as significant and corrected 
for multiple comparisons with the threshold-free cluster 
enhancement (TFCE) method [16] to avoid the definition 
of an initial cluster-forming threshold and extensive data 
smoothing. Significant clusters (with their sizes and MNI 

coordinates of the maximum intensity voxel) were identified 
using the cluster command tool in the FSL, and fiber tracts 
corresponding to the clusters were identified using the 
ICBM-DTI-81 White matter labels atlas, JHU White Matter 
Tractography Atlas, and Talairach Daemon Labels Atlas. 
The percentage of abnormal voxels relative to voxels of 
the whole skeleton was calculated for each parameter to 
quantitatively compare the sensitivity of parameters derived 
from DKI in detecting brain tissue integrity impairments in 
patients with HM.

The Operating System and computer specifications 
for performing image processing and analysis were a 
CentOS 7.1 Linux system on a Huawei high-performance 
cluster computing platform with 12 computing nodes, 
240 processor cores, and 250-TB storage capacity in our 
university.

Statistical Analysis
All statistical analyses were performed using SPSS 24.0 

software (IBM Corp.). The two-sample t test and chi-square 
test were used to analyze age and sex differences between 
the two groups. In addition, partial correlation coefficients 
were calculated to evaluate correlations between DKI 
parameters in abnormal WM regions and the disease 
duration of HM, using age as a covariate. The statistical 
threshold was set at 0.05.

FA native All_FA Mean_FA Mean_FA_skeleton

Aligned to FMRIB-58 template
in MNI space using FNIRT

Permutation tests

Stats All_FA_skeletorised

Projecting FA to skeleton

Fig. 1. The processing flow of tract-based spatial statistics analysis. FA = fractional anisotropy, FNIRT = nonlinear registration tool, MNI = 
Montreal Neurological Institute
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RESULTS

Demographic and Clinical Characteristics of the Subjects
Thirty patients with HM (age range of 22–65 years, 11 

males) and 33 HCs (24–65 years, 14 males) were finally 
recruited in our study. The baseline data of 63 subjects are 
shown in Table 1. No significant differences in age or sex 
were identified between the HM and HC groups (p = 0.315, 
p = 0.641, respectively). 

TBSS Results

Kurtosis Parameters from DKI
Compared to the HCs, the patients with HM had 

significantly (p < 0.05, two-tailed, TFCE corrected) decreased 
DKI-derived kurtosis parameters in multiple WM regions, 
including both WM regions with coherent fiber arrangements, 
such as the corticospinal tract (CST) and anterior thalamic 
radiation (ATR), and also WM regions with complex fiber 
arrangements, such as the superior longitudinal fasciculus 
(SLF), corona radiata (CR), and juxtacortical WM. AK, RK, 
MK, and KFA could detect abnormal diffusion in 5.2%, 0.9%, 
0.5%, and 0.045% of voxels of the whole WM skeleton, 
respectively (Fig. 2, Table 2). 

Diffusion Parameters Derived from DKI
Compared to the HCs, the HM patients demonstrated 

significantly (p < 0.05, two-tailed, TFCE corrected) reduced 
DKI-derived FA and increased DKI-derived AD in WM regions 
with coherent fiber arrangements, such as the corpus 
callosum (CC), forceps minor, and CST. No regions showed 
significantly altered RD or MD. DKI-derived AD and FA could 
detect abnormal diffusion in 5.2% and 0.9% of voxels of 

the whole WM skeleton, respectively (Fig. 3, Table 2). 

Diffusion Changes in Relation to Clinical Measures
Regarding DKI-derived kurtosis parameters, the mean AK 

values in the left CST (r = -0.379, p = 0.043) and forceps 
major (r = -0.448, p = 0.015), the mean RK values in the 
right superior CR (r = -0.421, p = 0.023) and right inferior 
longitudinal fasciculus (ILF) (r = -0.379, p = 0.042), and 
the mean MK values in the superior CR (r = -0.376, p = 0.044) 
and the body of CC (r = -0.430, p = 0.020) all showed 
significantly negative correlations with disease duration 
(Fig. 4). Regarding DKI-derived diffusion parameters, the 
mean AD values in the right ILF (r = 0.372, p = 0.047) and 
right inferior fronto-occipital fasciculus (IFOF) (r = 0.409, 
p = 0.028) showed significantly positive correlations with 
disease duration (Fig. 5).

DISCUSSION

In this study, we used TBSS analysis of DKI data to 
investigate possible microstructural alterations of brain 
WM in HM subjects. We observed that compared to HCs, 
HM patients showed regions with significant reductions in 
AK, RK, MK, and FA and increases in AD predominately in 
the bilateral CST, right ILF, SLF, IFOF, and left thalamus. 
Moreover, correlations were detected between DKI 
parameters (AK, RK, MK, and AD) in significant brain 
clusters and disease duration in HM patients.

Major Altered Parameters and Their Clinical Significance
Among the DKI-derived parameters in our study, the most 

dramatic alterations were observed in AK and AD, which 
suggested axonal loss. AK, a measure of microstructural 
complexity along the axial direction of WM fibers, represents 
the integrity of axons [17]. AD, a metric of diffusion along 
the long axis, is a biomarker of axonal damage [18]. In our 
findings, we observed a decrease in AK and an increase 
in AD primarily in the bilateral CST, left thalamus, right 
ILF, and right IFOF in the HM group, demonstrating axonal 
deficits in these fibers. In addition, changes in RK also 
captured our attention, with affected areas overlapping 
with some of the regions of altered AK/AD. RK reflects the 
complexity of the fiber orientation as well as the vertical 
orientation, and reduced RK has been considered to be 
specific for demyelination [19]. Therefore, the decrease 
in RK in HM patients, predominantly in the bilateral CST, 
left thalamus/ILF, and right ATR/superior CR indicates that 

Table 1. Demographic and Clinical Characteristics of HM 
Patients and HCs

Characteristic 
HM Patients 

(n = 30)
HCs 

(n = 33)
P

Age, years 35.1 ± 13.7 38.6 ± 18.0 0.315*
Sex, female/male 19/11 19/14 0.641†

Duration of illness, years 23.8 ± 11.8 NA
Refractive diopter_R (D) -8.4 ± 4 NA
Refractive diopter_L (D) -8.5 ± 4 NA
Axial length_R 28.0 ± 1.7 NA
Axial length_L 27.9 ± 2.2 NA

Data are presented as mean ± standard deviation except for sex, 
for which number of patients is presented. *Two-sample t test, 
†Chi-squared test. D = diopter, HC = healthy control, HM = high 
myopia, L = left, NA = not applicable, R = right
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demyelination is also a pathological alteration caused by 
HM. 

Song et al. [20] examined the optic nerve in a mouse 
model of retinal ischemia using DTI. They documented that 
injury to the optic nerve started with axonal degeneration, 

which was followed by demyelination. In multiple sclerosis 
(MS) patients, axonal loss has also been considered a 
principal reason for irreversible neurological disability in 
multiple studies [21-23]. In line with these viewpoints, we 
found that certain areas with abnormal RK and AK/AD were 

Fig. 2. Comparison of DKI-derived kurtosis parameters between HM patients and HCs. Tract-based spatial statistics shows white matter 
regions with significant (p < 0.05, threshold-free cluster enhancemen corrected) differences in AK, RK, MK, and KFA values between HM 
patients and HCs. Green represents mean FA skeleton of all participants; red denotes reduction and blue represents increase in HM patients. The 
percentage in the left column represents the percentage of the abnormal voxels relative to the whole skeleton voxels for each parameter. AK = 
axial kurtosis, DKI = diffusion kurtosis imaging, FA = fractional anisotropy, HC = healthy control, HM = high myopia, KFA = kurtosis FA, MK = 
mean kurtosis, RK = radial kurtosis
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Fig. 3. Comparison of DKI-derived diffusion metrics between HM patients and healthy controls. Tract-based spatial statistics shows 
white matter regions with significant (p < 0.05, threshold-free cluster enhancemen corrected) differences in the DKI-derived FA and AD between 
HM patients and healthy subjects. Green represents mean FA skeleton of all participants; red denotes reduction and blue represents increase in 
HM patients. The percentage in the left column represents the percentage of the abnormal voxels relative to the whole skeleton voxels for each 
parameter. AD = axial diffusivity, DKI = diffusion kurtosis imaging, FA = fractional anisotropy, HM = high myopia

Table 2. Brain Areas with Significantly Different DKI Parameters between the Two Groups (TFCE Corrected)

Skeleton Clusters (> 100 Voxels) Cluster (Size) P
Peak Voxel MNI Coordinates (mm)
x y z

HM < HC
AK

Right CST 3977 0.006 17 -18 -10
Right ILF 1474 0.021 41 -23 -5
Left thalamus 767 0.013 -17 -24 -2
Left medial globus pallidus/CST 136 0.026 -17 -6 -8

RK
Left CST/thalamus/ILF 665 0.016 -21 -23 -2
Right CST 243 0.035 12 -22 -17
Right ATR/superior corona radiata 201 0.033 26 5 21

MK
Right SLF/CST/superior corona radiata 503 0.040 28 -13 26

FA
Left medial geniculum body/CST 791 0.029 -18 -24 -3
Right CST 404 0.049 29 -9 28

HM > HC
AD

Forceps major/Right IFOF 1087 0.037 25 -75 19
Right ILF/IFOF/cingulum (hippocampus) 738 0.039 34 -59 -5
Left CST 591 0.038 -19 -17 -6
Right CST 148 0.047 14 -21 -14

AD = axial diffusivity, AK = axial kurtosis, ATR = anterior thalamic radiation, CST = corticospinal tract, DKI = diffusion kurtosis imaging, 
FA = fractional anisotropy, HC = healthy control, HM = high myopia, ILF = inferior longitudinal fasciculus, IFOF = inferior fronto-occipital 
fasciculus, MK = mean kurtosis, MNI = Montreal Neurological Institute, RK = radial kurtosis, SLF = superior longitudinal fasciculus, TFCE = 
threshold-free cluster enhancemen
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overlapped in the bilateral CST and left thalamus; however, 
the cluster sizes of altered AK or AD values were larger than 
those of altered RK values. In addition, some regions such 
as the right IFOF and ILF showed AK and AD alterations but 
without RK alteration. AK and AD were demonstrated to be 
more sensitive parameters for detecting WM abnormalities 

in HM. Consequently, we considered that axonal injury may 
mainly account for the pathogenesis of microstructural 
damage in HM, similar to the neurodegenerative changes in 
MS patients [22,23]. 

To our surprise, FA and MK, the most commonly used 
metrics of WM integrity, were not sensitive indicators of WM 
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damage in our study. FA measures the degree of anisotropy 
of water molecules and can indicate decreased WM integrity 
caused by demyelination and axonal degradation [24,25]. 
FA is suitable for assessing WM with coherent fiber 
arrangements, such as the CST, but has a limited ability to 
evaluate WM integrity in regions with crossing fibers, such 
as the SLF and ILF. In our study, multiple complex fiber 
arrangement alterations were noted, which may explain 
why FA was not very sensitive in detecting WM injury in 
HM patients. MK represents the average kurtosis along all 
diffusion gradient-encoding directions; however, kurtosis 
alterations predominantly occurred in the axial direction, 
and the MK in all orientations was not notably significant, 
which may be why the change in MK in our study was not 
remarkable. 

Changes in Neural Bundles
In the current study, microstructural impairments in the 

HM patients mainly occurred in the bilateral CST, right ILF, 
SLF, IFOF, and left thalamus. The CST is an important motor 
conduction bundle and is critically important for motion 
control [26]. The CST abnormalities detected by DKI in HM 
patients indicate motor conduction dysfunction. Previous 
studies have reported that the deafferentation of relevant 
sensory input neurons may affect the integrity of WM in 
the brain [27]. Microstructural injury of the CST was found 
in patients with congenital and late-onset blindness [27], 
patients with optic neuropathy [28], and hyperopic children 
with reduced near visual function [29], demonstrating 
that abnormal visual information input may cause motor 
conduction dysfunction. In line with these studies, the 
patients with HM in our study also exhibited microstructural 
impairments in CST. 

The ILF, SLF, and IFOF are pathways for higher visual 
processes [30-32]. The ILF bundle has vital roles in 
the rapid transfer of visual information [33,34], object 
recognition [35], and visual memory [36]. The SLF is the 
primary direct pathway relating to visuospatial attention 
[30,37], and the IFOF provides neurological signals for 
visual processing [38] and facial emotion recognition [39]. 
The literature reflects a consensus that the integrity of the 
ILF, SLF, and IFOF has remarkable associations with visual 
functions, especially higher visual processing [26,37,40]. 
Abnormal fiber bundles related to visual processes have also 
been found in previous research. Kang et al. [41] analyzed 
neural changes in a later phase of visual perceptual learning 
and detected altered FA in the ILF. A study of long-term 

video game players, who need superior visual skills, showed 
higher WM integrity in the higher-tier visual pathways [26]. 

In addition, the thalamus is widely known to play 
a crucial role in providing wide-ranging connectivity 
to manage visual, auditory, and somatosensory input 
information [42,43]. Moreover, significant atrophy in 
the left geniculate nucleus, which is located in the 
thalamus, has been found in glaucoma patients [44]. The 
microstructural alterations observed in our study were 
mainly detected in the CST, ILF, SLF, IFOF, and thalamus, 
reminding us that HM seems to have intimate associations 
with deficits in motor conduction and higher visual 
processing.

Correlations between Imaging Parameters and Clinical 
Variables

The relationships between diffusion eigenvalues in 
abnormal WM fiber tracts and clinical measures were 
analyzed. Among kurtosis parameters, the mean AK values 
in the left CST and forceps major, the mean RK values in 
the right superior CR and ILF, and the mean MK values in 
the superior CR and the body of CC showed significantly 
negative correlations with disease duration. The mean 
AD values in the right ILF and IFOF showed significantly 
positive correlations with disease duration, among diffusion 
parameters. Thus, HM progression can be assumed to 
correspond to lower kurtosis parameters, higher diffusion 
metrics, and more serious WM damage. Therefore, our 
results regarding the correlations between changes in DKI-
derived parameters and disease duration suggest that DKI is 
a sensitive tool for detecting microstructural injury in WM 
tracts and can provide meaningful information for detecting 
microstructural injury and monitoring disease progression.

Limitations
The limitations of this article should also be noted: 

1) We focused only on the capacity of DKI to detect WM 
abnormality using the TBSS method and advanced data 
processing, which require thinner slice thickness and 
more independent diffusion gradient directions to yield 
more information on brain alterations, such as neurite 
orientation dispersion and density imaging; 2) Information 
on educational levels and family history of the disease 
was not collected, which may affect our results; 3) Some 
elderly subjects, who may have had WM degeneration, 
were included in our study. However, we ensured that the 
subjects in the two groups were age-matched; therefore, 
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we are confident that age had little effect on the present 
results; 4) The pathophysiology of HM and associated WM 
alterations may be different in patients of different ages, 
and grouping subjects by age may lead to more robust 
results. Therefore, we will expand the sample size in 
further research and stratify subjects according to age. 

In summary, our TBSS analysis of DKI data revealed 
microstructural abnormalities in HM subjects predominantly 
in the bilateral CST, right ILF, SLF, IFOF, and left thalamus. 
DKI is a promising tool for detecting microstructural damage 
in HM, which may be helpful for exploring and monitoring 
the pathogenesis of the disease.
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