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Introduction

Lacunar infarcts (LI) are defined as small (diameter  
<15 mm) subcortical lesions that usually occur in the deep 
cerebral white matter, basal ganglia region, and pons (1). 
They are focal lesions (2); however, they may have more 
widespread effects, resulting in damage to the connected 
white matter microstructure (3,4), which in turn promotes 

the degeneration of remote cortical regions via a retrograde 
degeneration process (5-9). Several previous studies using 
structural magnetic resonance imaging (MRI) methods have 
found atrophy in remote cortical regions connected with 
LI, supporting the theory of retrograde degeneration (8-10). 

However, the microstructural alterations underpinning 
the reduction of cortical thickness are not yet clear. The 
reduction of cortical volume or thickness might be caused 
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by accelerated neural death (11) or the loss of neuronal 
complexity, such as morphological changes to neuronal 
dendrites (12,13) or the reduction of synapses (14). The 
loss of neuronal cells is irreversible in most cases; however, 
compromised dendrites for neuronal connectivity and 
synaptic integration could be reversed by rehabilitative 
training and environmental enrichment (15). Therefore, 
understanding the specific microstructural changes might 
help to evaluate potential therapeutic strategies. Although 
several histological studies have found that retrograde 
degeneration could contribute to cortical neuronal 
morphological changes and the neuronal cells were 
relatively preserved (16,17), few studies have demonstrated 
LI-related cortical microstructural changes using in vivo 
neuroimaging methods. 

Neurite orientation dispersion and density imaging 
(NODDI) is a biophysical diffusion modeling approach 
(18-21) used to study gray matter microstructural changes. 
It separates the signals arising from water diffusion in 
three microstructure environments: intra-cellular, extra-
cellular, and cerebrospinal fluid compartments (22). The 
intracellular component models dendrites and axons 
as a set of sticks with restricted diffusion perpendicular 
to the neurite axes and unhindered diffusion. NODDI 
adopts the Watson distribution to model the distribution 

of these sticks (neurites), which permits modeling highly 
dispersed neuritic structures (such as dendritic trees) in 
the gray matter tissue. The distribution can be reflected 
by the orientation dispersion index (ODI) in the NODDI  
model (23). Several clinical studies on normal aging, 
schizophrenia, Parkinson’s disease (PD), and Alzheimer’s 
disease (AD) have demonstrated the sensitivity of the 
NODDI approach in detecting changes to the gray matter 
neurites (24-26). 

Therefore, we aimed to investigate the cortical 
microstructural changes in patients with chronic LI using 
the NODDI approach. We hypothesized that the gray 
matter microstructure would alter after LI, and the loss of 
neurites might contribute to cortical atrophy.

Methods

Subjects

We retrospectively reviewed our prospectively collected 
database for patients with sporadic cerebral small vessel 
disease (CSVD) defined by neuroimaging characteristics, 
including white matter hyperintensities and lacunes, 
between January 2014 and December 2018. The inclusion 
criteria were as follows: (I) patients with previous definite 
LI history, including imaging evidence (hyperintensity in 
diffusion-weighted imaging) and corresponding lacunar 
stroke symptoms; (II) no evidence of cerebral hemorrhage, 
cerebral trauma, and brain tumors; and (III) patients with 
magnetic resonance (MR) sequences, including three-
dimensional T1 weighted imaging (3D-T1WI), T2 
fluid-attenuated inversion recovery (T2-FLAIR), single-
shell (used for tractography and routine diffusion tensor 
reconstruction) and two-shell (used for NODDI processing) 
diffusion MRI (dMRI). Patients were excluded based 
on the following criteria: (I) those with multiple (≥2) LI 
lesions: and (II) poor image quality caused by head motion. 
Demographic data and vascular risk factors were recorded. 
All subjects signed informed consent before enrollment. 
The medical ethics committee approved this research of the 
Second Affiliated Hospital, Zhejiang University School of 
Medicine. A total of 37 patients with single chronic LI were 
included. The study cohort’s demographics, risk factors, and 
imaging characteristics (n=37) are provided in Table 1.

MRI acquisition

All subjects underwent a MRI using a 3.0-T MR scanner 
(Discovery MR 750; GE Healthcare, Milwaukee, WI) with 

Table 1 Characteristics of patients with chronic lacunar infarcts (LI)

Number of LI patients N=37

Demographics and characteristics

Age (years, mean ± SD) 65.9±10.7

Male, n (%) 27 (73.0)

Vascular risk factors, n (%)

Hypertension 24 (64.9)

Diabetes 7 (18.9)

Hyperlipidemia 5 (13.5)

Hyperhomocysteinemia 5 (13.5)

Cardiac disease 3 (8.1)

Smoking 14 (37.8)

Imaging characteristic

Fazekas score of WMH

Periventricular WMH (score, IQR) 2 [1–2]

Deep WMH (score, IQR) 2 [1–2]

Microbleed, n (%) 10 (37.0)
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an eight-channel phased array head coil. The parameters of 
the MR sequences were as follows: (I) T2-FLAIR: repetition 
time (TR) =8,400 ms; echo time (TE) =150 ms; inversion 
time (TI) =2,100 ms; flip angle =90°; matrix =256×256; field 
of view (FOV) =24 cm; voxel size =2 mm ×2 mm ×4 mm; 
(II) 3D-T1WI was acquired using a fast spoiled gradient 
echo sequence (FSPGR) with TR =7.28 ms; TE =3 ms; TI  
=450 ms; flip angle =8°; matrix =250×250; voxel size =1 mm 
×1 mm ×1 mm; FOV =25 cm; (III) single-shell dMRI was 
performed using an echo planar imaging (EPI) sequence 
with TR =8,000 ms; TE =80 ms; 30 directions with b  
=1,000 s/mm2, three non-diffusion-weighted (b=0) volumes; 
matrix =128×128; voxel size =2 mm ×2 mm ×2 mm; FOV 
=25 cm; (IV) two-shell dMRI data was acquired using an EPI 
sequence with TR =5,000 ms; TE =95 ms; 30 directions with 
b =1,000 s/mm2 and 30 directions with b=2,000 s/mm2, three 
non-diffusion-weighted (b=0) volumes ; matrix =128×128; 
voxel size =2 mm ×2 mm × 4 mm; FOV =24 cm. 

Image processing

Diffusion data preprocessing
Diffusion images (both single-shell and two-shell dMRI 
data) were preprocessed using Functional MRI of the Brain 
(FMRIB) software library (FSL) version 5.0.7 (FMRIB 
Center, Department of Clinical Neurology, University of 
Oxford, Oxford, England; http://www.fmrib.ox.ac.uk/fsl/). 
Brain tissue was extracted using the Brain Extraction Tool in 
FSL. Diffusion-weighted images for each of the 30 directions 
were corrected for eddy currents and head motion (27). 

Identifying the ipsilesional cortex connecting with the 
LI and the corresponding contralesional cortex
LI segmentation and deterministic tractography
Firstly, chronic LI was manually segmented on 3D-T1WI 
images by an experienced neuroradiologist (XY) using 
MRIcron (http://www.mricro.com; University of South 
Carolina, Columbia, SC, USA), as 3D-T1WI has been 
reported to be sensitive in detecting chronic LI (28). 
Since many fibers passing through the chronic LI might 
be disrupted, the segmented masks were enlarged by two 
voxels in each direction to enable fiber tracking. The LI 
masks were then registered to b0 images using Advanced 
Normalization Tools (ANTs) (http://stnava.github.io/ANTs) 
via the non-rigid transformation method and were used 
as the seeds for deterministic tractography. Deterministic 
tractography was performed in the native diffusion space 
based on the Euler Delta Crossings algorithm using the 

open-source Diffusion Imaging in Python software (http://
dipy.org) (29). Fiber-tracking was restricted by combining 
the generalized fractional anisotropy (GFA) and maximum 
turning angle. The GFA was set at >0.2, the maximum 
turning angle was set at 45°, and the step size was 0.5 mm. 
Determining the ipsilesional and contralesional cortical 
region of interest (ROI)
Individual 3D-T1WI was automatically parcellated based 
on the Desikan-Killiany Atlas, which contains 68 cortical 
regions (34 per hemisphere) using FreeSurfer (version 
6.0 https://surfer.nmr.mgh.harvard.edu/). Individual 
segmentation results were then registered to the individual 
diffusion space using ANTs. The ipsilesional cortical ROI 
was determined by two neuroradiologists (HH, XY) and 
was defined as the cortical region with the most fiber 
connections with LI on the coronal view of 3D-T1WI. 
Discrepancies were resolved by discussion until a consensus 
was reached. The inter-observer agreement between 
the two neuroradiologists was 0.854 (kappa value). The 
contralesional cortical ROI was defined as the mirror 
cortical region in the contralesional hemisphere. Finally, 
ROIs from both hemispheres were used to analyze cortical 
thickness and microstructural changes. The detailed 
processing steps are shown in Figure 1.

Cortical thickness analysis
Estimations of cortical thickness were performed using 
FreeSurfer by calculating the mean distance between 
grey matter/white matter and grey matter/cerebrospinal 
fluid surfaces at each vertex across the cortical mantle. 
The procedures have been described in detail in previous  
studies (30). For each ROI, the percentage change of 
cortical thickness was calculated by: ΔCTh = (CThipsi − 
CThcon)/CThcon, where CTh is the cortical thickness.

Diffusion parameters analysis
FA and MD were calculated using DTIFit within FSL 
based on the single-shell dMRI data. NODDI parameters, 
including (neurite density index) NDI and ODI, were 
computed using the Accelerated Microstructure Imaging via 
Convex Optimization (AMICO) toolbox (31), based on the 
two-shell dMRI data.

All cortical ROIs were registered to b0 maps in the 
single-shell and two-shell diffusion imaging space, 
respectively, using ANTs via the non-rigid transformation 
method, and the results were then manually corrected by 
a neuroradiologist (RZ). The corrected results were re-
checked by another experienced radiologist (YJ). The mean 

http://stnava.github.io/ANTs
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Figure 1 Image processing pipeline. 3D-T1WI was used to segment the lesion (red color) and to parcellate the individual atlas. The 
segmented lesion was registered to the diffusion tensor imaging to track the fiber. The individual 3D-T1WI was then registered to the 
fiber-space to identify the ipsilesional cortex (red color), and the contralesional cortex (yellow color) was also identified at the corresponding 
contralesional hemisphere. Parameter maps were calculated by the AMICO and DTIFit methods, and the identified cortex was overlaid on 
the maps to extract the values of the ipsilesional cortex (red color) and the contralesional cortex (yellow color). 3D-T1WI, three dimensional 
T1 weighted imaging; NDI, neurite density index; ODI, orientation dispersion index; FA, fractional anisotropy; MD, mean diffusivity; 
AMICO, Accelerated Microstructure Imaging via Convex Optimization; DTIFit, fit a diffusion tensor model at each voxel.

NDI, ODI, FA, and MD values in the ipsilesional and 
contralesional cortices’ ROIs were measured (Figure 1). 
NDI’s percentage changes were calculated by: ΔNDI 
= (NDI_ipsilesional – NDI_contralesional)/(NDI_
contralesional), and ΔODI was calculated in the same way.

Statistical analysis 

Statistical analysis was performed using SPSS 23.0 (SPSS 
Inc., Chicago, USA). All normally distributed variables 
were reported as mean ± standard deviation, and non-
normally distributed variables were reported as median 
(25th–75th percentile). Categorical variables were presented 
as frequency (percentage). The Kolmogorov-Smirnov test 
was used for the analysis of normally distributed data. 

The cortical thickness and NODDI metrics (including 
NDI and ODI) were compared between the ipsilesional and 
contralesional cortices using a paired t-test. Cohen’s d effect 
size was calculated by the open-source G*power version 3.1.0. 
The Pearson correlation coefficient was used to analyze the 
association between cortical thickness and microstructural 
metrics and the association between the percentage change of 
cortical thickness and NODDI metrics. 

Considering that neuronal organizations are different 
across brain cortical regions (32), which may influence the 
microstructural analysis, and given that a large portion of 
our subjects had precentral gyrus involvement, we further 
divided patients into two subgroups: (I) those connecting 
with the precentral cortex and (II) those connecting with 
the non-precentral cortices. 
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Results

Identification of corresponding cortex

The identified ipsilesional cortex is listed in Table S1. The 
precentral cortex was involved in 23 patients (62.2%), 
and nine patients (24.3%) had superior-frontal cortex 
involvement. Other cortical regions, including postcentral, 
posterior cingulate, caudal middle frontal, and pars 
triangularis cortex, were involved in the remaining five 
patients. Therefore, 23 patients had LI connecting with the 
precentral cortex (precentral group), and 14 patients had LI 
connecting with the non-precentral cortex (non-precentral 
group).

Comparisons of cortical thickness and microstructure 
between the ipsilesional and contralesional cortices

Analysis of all patients
Reduced cortical thickness was observed at the ipsilesional 
cortex compared to the contralesional cortex (2.465 vs. 
2.497, P=0.008). The ODI in the ipsilesional cortex was 

significantly lower than the ODI in the contralesional 
cortex (2.451 vs. 2.456, P=0.035). The effect size of cortical 
thickness and ODI were 0.463 and 0.361, respectively. No 
significant differences were observed in NDI, FA, and MD 
between the ipsilesional and contralesional cortices (0.379 
vs. 0.379, P=0.925; 0.274 vs. 0.270, P=0.284; 9.38×10−3 vs. 
9.19×10−3, P=0.128, respectively). The details are shown in 
Figure 2.

Analysis of the subgroups
The precentral group had reduced cortical thickness at the 
ipsilesional cortex compared to the contralesional cortex 
(2.466 vs. 2.502, P=0.015). The ODI in the ipsilesional 
cortex was significantly lower than the ODI in the 
contralesional cortex (0.450 vs. 0.458, P=0.004). Marginal 
significance was found in MD (9.43×10−3 vs. 9.13×10−3, 
P=0.050), while no significant differences were seen in NDI 
and FA. (0.383 vs. 0.384, P=0.646; 0.291 vs. 0.288, P=0.397; 
respectively). The details are shown in Figure 3. LI’s effect 
size to the precentral cortical thickness and ODI were 0.520 
and 0.792, respectively, and no significant differences were 
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Figure 2 Comparison of cortical thickness, ODI, NDI, FA, and MD between the ipsilesional and contralesional cortices in all patients. The 
P value was obtained from the paired t-test. ODI, orientation dispersion index; NDI, neurite density index; FA, fractional anisotropy; MD, 
mean diffusivity.
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found in the non-precentral group. The details are shown 
in Figure S1.

Correlation between CTh and microstructure parameters 

Analysis of all patients
In the overall analysis, we did not identify correlations 
between the cortical thickness and NODDI metrics. The 
details are shown in Figure S2.

The percentage change of cortical thickness and NODDI 
metrics were: −1.20%±2.87% for Δ CTh, −1.07%±3.02% for 
Δ ODI, and 0.09%±2.30% for Δ NDI. We did not observe 
any correlations between Δ ODI and Δ CTh (r=0.060, 
P=0.724), and Δ NDI and Δ CTh (r=−0.048, P=0.778).

Analysis of the subgroups 
In the precentral group, we found that cortical thickness was 
correlated with ODI (r=0.437, P=0.037) and NDI (r=0.473, 

P=0.023) in the ipsilesional cortex. In the contralesional 
cortex, cortical thickness was correlated with ODI (r=0.440, 
P=0.036), and the correlation between cortical thickness and 
NDI was also significant (r=0.622, P=0.002). The details are 
shown in Figure 4.

In the precentral group, the percentage changes 
of  cort ica l  th ickness  and NODDI metr ics  were : 
−1.43%±2.72% for Δ CTh, −1.88%±2.84% for Δ ODI, and 
0.24%±2.56% for Δ NDI. We did not identify correlations 
between precentral Δ ODI and Δ CTh (r=0.223, P=0.307), 
Δ NDI, or Δ CTh (r=−0.118, P=0.592).

Furthermore, we did not observe any correlations between 
cortical thickness and NODDI metrics in the non-precentral 
group. The percentage change of cortical thickness and 
NODDI metrics in the non-precentral group were: 
−0.83%±3.16% for Δ CTh, 0.25%±2.91% for Δ ODI, and 
0.62%±1.76% for Δ NDI. We did not find any correlations 
between Δ ODI and Δ CTh (r=−0.253, P=0.382), or between 
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Figure 3 Comparison of cortical thickness, ODI, NDI, FA, and MD between the ipsilesional and contralesional cortices in the precentral 
group. The P value was obtained from the paired t-test. ODI, orientation dispersion index; NDI, neurite density index; FA, fractional 
anisotropy; MD, mean diffusivity.
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Δ NDI and Δ CTh (r=0.032, P=0.915).

Discussion

There were two main findings in this study. Firstly, we 
observed decreased cortical thickness and reduced ODI in 
the remote cortex connected with the chronic LI. Secondly, 
in the precentral group, we found that both ODI in the 
ipsilesional and contralesional cortices were significantly 
correlated with cortical thickness.

In this study, individual chronic LI was selected as the 
seed for tractography to identify the remote cortex connected 
with the LI. Consistent with previous reports (8,33), 
reduced cortical thickness was observed in the ipsilesional 
cortex compared to the contralesional cortex. Retrograde 
degeneration along white matter tracts connecting with 

the LI has been proposed as the main secondary damage 
mechanism in the remote cortex (8). Also, the lack of 
nutrition supplements, such as newly synthesized protein and 
lipids, and the termination of communication between the 
axon and soma contribute to cortical thinning (34,35). 

We applied the NODDI model to explore cortical 
microstructure abnormalities and observed a reduction 
of ODI in the ipsilesional cortex after LI. The NODDI  
model (32) proposes that ODI estimating neurite dispersion 
reflects the degree of complexity of dendritic trees in the 
context of grey matter tissue, which has been histologically 
validated in animal models (36) and human multiple sclerosis 
(MS) disease (37). Therefore, combined with our results, the 
decreases in ODI could be interpreted as reduced dendritic 
arborization. Retrograde axonal signals control the growth 
and patterning of dendrites (38). Previous studies investigating 
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Figure 4 Correlations between NODDI metrics (NDI and ODI) and cortical thickness in the precentral group. The P value was obtained 
from Pearson’s correlation test. NDI, neurite density index; ODI, orientation dispersion index.
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dendritic arborization found that axonal input deprivation 
would affect the growth of dendritic branches and neurite 
distribution (39,40). Our findings showed evidence of the 
retrograde degeneration after LI from the microstructural 
level with neuroimaging. Nevertheless, further histological 
analyses will be needed to demonstrate these changes. 

Furthermore, in the subgroup analysis, we found that 
ODI reduction and cortical thinning were more significant 
in the precentral group. This finding is consistent with 
previous total brain analysis of cortical degeneration 
after LI. Both voxel-based morphological (VBM) analysis 
and surfaced-based thickness studies consistently found 
degeneration of the precentral cortex in the affected 
hemisphere (5-7). Two previous studies investigating the 
retrograde degeneration mechanism after LI also limited 
the cortical analysis in motor-related regions (8,9). One 
possible reason might be that the precentral cortex is 
more sensitive to the loss of retrograde axonal input. The 
precentral cortex is comprised of substantial pyramidal 
neurons that intensively communicate with axonal input 
signals. Furthermore, a recent study demonstrated that 
cortical thinning, which occurred extensively in the cortical 
layer, consisted of pyramidal neurons (41).

Although we did not find any correlations between 
cortical thickness and NODDI metrics in our analyses of 
all patients, we found that cortical thickness was correlated 
with ODI in the ipsilesional cortex in the precentral group. 
The microstructural changes behind the cortical thinning 
were complicated. The most widely accepted microstructural 
change underlying cortical degeneration is the loss of 
neuronal cells. Nevertheless, recent studies have found that 
the loss of cortical volume or thickness could be caused by 
the destruction of neurite complexity, while neuron cell 
bodies were relatively preserved. For example, in a study of 
a preterm cerebral ischemic animal model, disturbances of 
cerebral neuronal arborization were the main reason for the 
loss of cortical volume (13). One AD study found a substantial 
reduction in cortical thickness in the trans-entorhinal cortex. 
However, no changes were observed in the volume occupied 
by neuronal cell bodies (14). Therefore, our findings suggest 
that retrograde degeneration initiated by LI might initially 
damage the neurite arborization represented by ODI, and 
then, the reduction of ODI contributes to the cortical 
thinning. It has been reported that compromised dendrites 
for neuronal connectivity and synaptic integration could 
be reversed by rehabilitative training and environmental 
enrichment (15). Therefore, the ODI value could be a 
potential early biomarker for cortical degeneration after 

LI, guiding clinical therapies for preserving and recovering 
cortical functions.

Significant differences were exhibited in the NODDI 
parameters but not in the diffusion tensor imaging (DTI) 
parameters in our study, suggesting that the NODDI metrics 
were more sensitive than FA or MD in detecting cortical 
microstructural changes, which was also demonstrated in 
previous studies (42-44). Accordingly, the NODDI approach 
is an appropriate method for the analysis of cortical 
microstructural changes.

There are some limitations in this study that should 
be noted. Firstly, the 4 mm-thick slices used in the two-
shell diffusion-weighted imaging may have caused 
inaccurate registration between the NODDI maps and 
the 3D-T1WI. To control the quality of registration, the 
registered NODDI maps were carefully corrected by a 
senior neuroradiologist. Secondly, the connected cortex 
was obtained from an anatomical atlas, which may have 
overestimated the regions connected with the subcortical 
LI. However, it is difficult to identify the specific cortex 
connecting with the LI without a reference atlas.

Furthermore, the heterogeneity of the cortical area 
identified from an individual subject may be a source of 
potential bias in our analysis. Lastly, neurological functions, 
such as motor functions and cognition were not analyzed in 
our study. These should be investigated in future studies.

Conclusions 

NODDI metrics could reflect cortical microstructural 
changes following LI, and the decreased ODI suggests that 
loss of dendrites might contribute to cortical thinning.
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Supplementary

Table S1 Location of lacunar infarcts and corresponding cortex

Patients Location of lacunar infarction Identified cortex based on atlas Handedness

001 Left subcortical white matter Left postcentral Right 

002 Left subcortical white matter Left posterior cingulate Right

003 Right subcortical white matter Right precentral Right

004 Right brainstem Right precentral Right 

005 Left basal ganglia region Left precentral Right 

006 Right subcortical white matter Right precentral Right

007 Left basal ganglia region Left caudal middle frontal Right

008 Left basal ganglia region Left precentral Right

009 Right subcortical white matter Right precentral Right

010 Left brainstem Left precentral Right

011 Right subcortical white matter Right pars triangularis Right

012 Left subcortical white matter Left precentral Right

013 Right brainstem Right superior frontal Right

014 Left subcortical white matter Left superior frontal Right

015 Right brainstem Right superior frontal Right

016 Left basal ganglia region Left superior frontal Right

017 Left subcortical white matter Left precentral Right

018 Right basal ganglia region Right superior frontal Right

019 Left subcortical white matter Left precentral Right

020 Right subcortical white matter Right precentral Right

021 Right basal ganglia region Right precentral Right

022 Right subcortical white matter Right precentral Right

023 Right basal ganglia region Right precentral Right

024 Right brainstem Right precentral Right

025 Right subcortical white matter Right precentral Right

026 Left basal ganglia region Left caudal middle frontal Right

027 Left basal ganglia region Left precentral Right

028 Right basal ganglia region Right precentral Right

029 Left basal ganglia region Left precentral Right

030 Left subcortical white matter Left superior frontal Right

031 Left subcortical white matter Left superior frontal Right

032 Left brainstem Left superior frontal Right

033 Left subcortical white matter Left precentral Right

034 Left basal ganglia region Left precentral Right

035 Left subcortical white matter Left precentral Right

036 Left subcortical white matter Left superior frontal Right

037 Left subcortical white matter Left precentral Right
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Figure S1 Comparison of cortical thickness, NDI, ODI, FA, and MD between ipsilesional cortex and contralesional cortex in non-
precentral patients. The P value was resulted from paired t-test. NDI, neurite density index; ODI, orientation dispersion index; FA, 
fractional anisotropy; MD, mean diffusivity.

Figure S2 Correlations between NODDI metrics (NDI and ODI) and cortical thickness in all patients. The P value was resulted from 
Pearson’s correlation test. NDI, neurite density index; ODI, orientation dispersion index.
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