
TYPE Systematic Review

PUBLISHED 01 September 2022

DOI 10.3389/fneur.2022.999375

OPEN ACCESS

EDITED BY

Ying Ding,

Sun Yat-sen University, China

REVIEWED BY

Xin Cheng,

Jinan University, China

Zhou Liu,

Guangdong Medical University, China

*CORRESPONDENCE

Qiujian Zheng

zhengqiujian@gdph.org.cn

Yuanfeng Chen

chenyuanfeng@gdph.org.cn

†These authors have contributed

equally to this work and share first

authorship

SPECIALTY SECTION

This article was submitted to

Neurotrauma,

a section of the journal

Frontiers in Neurology

RECEIVED 21 July 2022

ACCEPTED 15 August 2022

PUBLISHED 01 September 2022

CITATION

Yu H, Chen D, Jiang H, Fu G, Yang Y,

Deng Z, Chen Y and Zheng Q (2022)

Brain morphology changes after spinal

cord injury: A voxel-based

meta-analysis.

Front. Neurol. 13:999375.

doi: 10.3389/fneur.2022.999375

COPYRIGHT

© 2022 Yu, Chen, Jiang, Fu, Yang,

Deng, Chen and Zheng. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Brain morphology changes after
spinal cord injury: A voxel-based
meta-analysis

Haiyang Yu1,2†, Duanyong Chen1†, Hai Jiang1, Guangtao Fu1,

Yuhui Yang1, Zhantao Deng1, Yuanfeng Chen1,3* and

Qiujian Zheng1,4*

1Department of Orthopedics, Guangdong Provincial People’s Hospital, Guangdong Academy of

Medical Sciences, Guangzhou, China, 2Guangdong Cardiovascular Institute, Guangdong Provincial

People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China, 3Research

Department of Medical Science, Guangdong Provincial People’s Hospital, Guangdong Academy of

Medical Sciences, Guangzhou, China, 4Department of Orthopedics, Southern Medical University,

Guangzhou, China

Objectives: Spinal cord injury (SCI) remodels the brain structure and alters

brain function. To identify specific changes in brain gray matter volume (GMV)

and white matter volume (WMV) following SCI, we conducted a voxel-based

meta-analysis of whole-brain voxel-based morphometry (VBM) studies.

Methods: We performed a comprehensive literature search on VBM studies

that compared SCI patients and healthy controls in PubMed, Web of Science

and the China National Knowledge Infrastructure from 1980 to April 2022.

Then,we conducted a voxel-basedmeta-analysis using seed-based dmapping

with permutation of subject images (SDM-PSI). Meta-regression analysis was

performed to identify the e�ects of clinical characteristics.

Results: Our study collected 20 studies with 22 GMV datasets and 15 WMV

datasets, including 410 patients and 406 healthy controls. Compared with

healthy controls, SCI patients showed significant GMV loss in the left insula and

bilateral thalamus and significant WMV loss in the bilateral corticospinal tract

(CST). Additionally, a higher motor score and pinprick score were positively

related to greater GMV in the right postcentral gyrus, whereas a positive

relationship was observed between the light touch score and the bilateral

postcentral gyrus.

Conclusion: Atrophy in the thalamus and bilateral CST suggest that

SCI may trigger neurodegeneration changes in the sensory and motor

pathways. Furthermore, atrophy of the left insula may indicate depression and

neuropathic pain in SCI patients. These indicators of structural abnormalities

could serve as neuroimaging biomarkers for evaluating the prognosis and

treatment e�ect, as well as for monitoring disease progression. The application

of neuroimaging biomarkers in the brain for SCI may also lead to personalized

treatment strategies.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42021279716, identifier: CRD42021279716.
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Introduction

Spinal cord injury (SCI) is a permanent neurological

dysfunction including complete or partial loss of motor, sensory

and visceral function below the site of injury (1, 2). After

spinal cord injury, a series of secondary degenerative changes

can spread across the entire neuroaxis from the spinal cord

to the brain and continue to progress over the following years

(3, 4). Researchers observed apoptotic cell death, decreased

dendritic spine density and reduced angiogenesis after SCI

that led to significant atrophy in the sensorimotor systems (5–

7). These structural changes may be triggered by retrograde

degeneration of central motor nerve fibers along the myelinated

axons, resulting to the soma shrinkage of corticospinal

projecting neurons (8). However, the specific pathophysiological

mechanisms have not yet been fully elucidated (9). Recent

studies have suggested that brain alterations following SCI are

associated with lesion severity and long-term outcomes (8, 10).

Thus, the investigation of brain alterations after SCI is of high

clinical importance for evaluating injury severity, predicting

outcomes and providing personalized treatment strategies (4,

11). However, there is currently a lack of large samples and large-

scale in-depth analysis combining brain structure changes and

functional prognosis.

Voxel-based morphology (VBM) is an automatic technique

that allows accurate comparison of volume differences between

groups at the whole-brain level (12). Currently, VBM has

become a well-established method for detecting volumetric

brain abnormalities in subjects with various psychological

disorders, including major depressive disorder, bipolar disorder

and schizophrenia (13–15). In recent years, a large number of

VBM studies have been performed to capture macrostructural

changes between SCI patients and healthy controls (16–18).

Some VBM studies reported diverse brain alterations in a

wide range of regions, including the corticospinal tract (CST),

primary motor cortex, anterior cingulate gyrus and thalamus;

however, the results are inconsistent across studies (5, 19,

20). Other VBM studies did not detect any brain alterations

in SCI patients relative to the brains of healthy controls

(21, 22). Previous VBM study also uncovered that various

clinical characteristics including injury level, severity, and

duration can affect the brain alterations after SCI (23). In fact,

most neuroimaging studies on SCI showed list of limitations

Abbreviations: ASIA, American Spinal Injury Association; CBMA,

coordinate-based meta-analyses; CST, corticospinal tract; FWE,

familywise error; GMV, gray matter volume; MNI, Montreal Neurological

Institute; PRISMA, preferred reporting items for systematic reviews

and meta-analyses; SCI, spinal cord injury; SDM-PSI, Seed-based d

mapping with permutation of subject images; TFCE, threshold-free

cluster enhancement; TSI, time since injury; WMV, white matter volume;

VBM, voxel-based morphology.

including small cohort sizes (<20 patients), differences in

patient characteristics (i.e., level and severity of injury), image

acquisition, and post processing techniques, which may lead

to inconsistent results and statistical inefficiency (4, 24). To

better understand the brain alterations and their potential

core pathophysiology process following SCI, the mentioned

limitations need to be fully considered and quantitative meta-

analysis are able to address a numbers of methodological

concerns that contribute to varied findings at the study level

and allow the identification of reliable and authentic findings in

the literature.

Coordinate-based meta-analyses (CBMA) are significant

and powerful tools to assess brain abnormalities in voxel-based

neuroimaging studies (25, 26). The techniques for CBMA have

been evolving and applied in recent years (27, 28). Seed-based

d mapping with permutation of subject images (SDM-PSI), the

latest generation of the CBMAmethod, allows a familywise error

(FWE) correction for multiple comparisons of the results, which

improves statistical efficiency (29). Here, the objective of our

study were (1) to identify consistent patterns of brain alterations

after SCI as detected by structural brain imaging; (2) to identify

the possible correlation between brain volume and clinical

characteristics at study level. Therefore, we conducted a meta-

analysis of a relatively large sample (more than 20 studies) VBM

studies in SCI patients with the latest version of anisotropic

effect size seed-based d mapping. We also conducted a meta-

regression analysis to evaluate the potentially confounding effect

of clinical characteristics in SCI patients.

Methods

Our study was conducted following the Preferred Reporting

Items for Systematic Reviews and Meta-analyses (PRISMA)

statement (30) (Supplementary Table 1) and the latest tutorial

for CBMA (31).

Search strategy and study selection

We conduct a comprehensive search of VBM imaging

studies (from 1950 to April 2021) focus on gray matter and

white matter in electronic databases, including PubMed, Web of

Knowledge and China National Knowledge Infrastructure. We

use search phase “(Spinal cord injury OR spinal cord injuries)

AND (‘morphometry’ OR ‘voxel-based’ OR ‘voxelwise’ OR

‘VBM’ OR ‘structural MRI’)” to conduct executive research. In

addition, we also conducted manual search over the referenced

works in reviews. After screening the titles and abstracts, we

then carefully viewed full text to determine whether articles meet

inclusion/exclusion criteria. We only included all peer-reviewed

studies which compared the graymatter volume (GMV) or white

matter volume (WMV) between SCI and healthy controls.
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The inclusion criteria for quantitative meta-analysis were:

(1) reporting comparison between SCI patients and health

controls, (2) employing T1 MRI covering the whole brain, (3)

performing whole-brain voxel-based comparison of GMV or

WMV between SCI patients and health control, (4) reporting

coordinates (x, y, z) and height of the peaks (t-value, P –value, or

z-value) in Talairach or Montreal Neurological Institute (MNI)

space. The exclusion criteria were: (1) non-empirical studies,

including reviews, case-reports, conference abstracts, letters, (2)

sample size <10, (3) duplicated studies, (4) inclusion of minors.

Two authors independently check the eligibility of all identified

studies. In case of disagreement, the two researchers reached a

consensus through discussion.

Database construction

After reading the manuscript, we extracted data from the

literature that met the inclusion and exclusion criteria. We

recorded sample characteristics, including the sample size, age,

and sex of SCI patients and healthy controls separately. For

SCI patients, we also recorded clinical and behavior data,

encompassing the time since injury (TSI), American Spinal

Injury Association (ASIA) grade and score (81). For each study,

we also recorded statistical information, including the software

packages it used, the stereotactic spaces (Talairach or MNI

space), the significant statistical level, peak coordinates and

height of peaks (t-value, P-value, or z-value). To make the

data uniform, we converted the P-value or z-value into a t-

value with a statistics converter (https://www.sdmproject.com/

utilities/?show=Statistics). To minimize errors, we intended to

copy and paste the numbers of interest from the literature rather

than manually typing the data into our spreadsheet files. We

organized all mentioned data in the table systematically so that

SDM-PSI software could read the data. Two authors checked the

data independently.

Quality assessment

To assess the quality of the enrolled articles, a 12-

point checklist, including a comprehensive evaluation of

demographic characteristics, the sample size, the quality of the

reported results, and imaging-specific methodology, was applied

(Supplementary Table 2) (31, 32). The checklist provided some

objective indicators for each study, and the final quality scores

are shown in Table 1.

Meta-analysis method

We used SDM-PSI version 6.21 (https://www.sdmproject.

com/) to conduct quantitative meta-analysis (29). GMV and

WMV datasets were introduced into SDM-PSI software and

analyzed separately following the standard procedure. First, we

calculated the map of lower and upper bounds of effect size

of each study according to the peak information (correlation

template “gray matter” or “white matter” mask, anisotropy =

1, isotropic full width half maximum = 20mm and voxel size

= 2mm). Second, we estimated the map of the most likely

effect size maps and standard errors for each study based on

the MetaNSUE algorithms (31). Third, images of imputed effect

size maps were combined using a standard random-effects

meta-analysis, and the meta-analytic maps were combined

following Rubin’s rules. Fourth, subject images of each study

were imputed, and FWE correction was conducted for multiple

comparisons. Finally, statistical significance was assessed using

threshold-free cluster enhancement (TFCE) in the statistical

thresholding (cluster level, P < 0.05, FWE corrected for multiple

comparisons and voxel extent ≥ 10).

Reliability analysis and subgroup
meta-analysis

To assess the replicability of the results, we conducted

jackknife sensitivity analysis for both GMV and WMV datasets

by repeating the meta-analysis after leaving out one study

each time (33). Then, we conducted subgroup meta-analysis

to evaluate potential confounding effects. Variables including

TSI > 1 year was assessed. The TFCE-based FWE corrected

threshold (cluster level, P < 0.05, FWE corrected for multiple

comparisons and voxel extent ≥ 10) was used to determine

statistical significance.

Meta-regression model

We conducted a meta-regression model to investigate

the possible associations between brain volumes (GMV or

WMV) and clinical characteristics, including TSI, injury severity

(percentage of complete SCI) and ASIA motor score. However,

clinical data extracted from the literature are at the study level

and are unable to provide information about specific patients.

Thus, we conducted permutation at the study level for meta-

regression and used the Freedman-Lane procedure for optimal

statistical properties. Statistical significance was determined

using a threshold of P < 0.05 and cluster extent ≥ 10 voxels in

meta-regression analyses.

Heterogeneity and publication bias

To test heterogeneity and publication bias, we selected a

peak which show the largest cluster of voxels from the Meta-

analysis. Then we extracted the mean value to test heterogeneity
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TABLE 1 Demographic and clinical characteristics of included VBM studies.

Study Sample size (male) Age, mean (SD) Clinical characteristics Quality scores (12)

Patients Controls Patients Controls TSI (years) MS (SD) PPS (SD) LTS (SD)

Jurkiewicz et al. (71) 17 (13) 17 (9) 33.1 (8.9) 28.1 (NA) 4.3 28.3 (16.2) 16.2 (6.7) 15.2 (7.2) 11.5

Lundell et al. (72) 19 (18) 7 (7) 46.1 (12.3) 41.7 (18.1) 13.0 NA NA NA 10

Freund et al. (73) 10 (10) 16 (NA) 47.1 (10.7) 39.3 (15.4) 6.9 46.1 (21.2) 66.5 (NA) 96.3 (NA) 12

Freund et al. (8) 13 (10) 18 (12) 46.9 (20.2) 35.0 (9.3) 1.0 59.9 (27.0) NA NA 11

Yoon et al. (60) 10 (7) 10 (6) 39.8 (6.2) 39.5 (8.6) 1.5 NA NA NA 11

Hou et al. (59) 20 (11) 30 (17) 36.3 (5.6) 35.2 (8.9) 0.2 49.1 (26.5) 46.3 (30.5) 44.1 (29.3) 12

Mole et al. (22) 18 (NA) 18 (NA) 51.3 (NA) NA 11.1 60.3 (NA) 57.7 (NA) 56.2 (NA) 11.5

Mole et al. (22) 12 (NA) 18 (NA) 54.3 (NA) NA 17.7 47.8 (NA) 57.5 (NA) 61.9 (NA) 11.5

Villiger et al. (47) 9 (5) 14 (7) 55.1 (15.8) 47.1 (14.4) 1.0 NA NA NA 11

Chen et al. (74) 20 (12) 30 (19) 37.7 (13.4) 36.9 (5.2) NA NA NA NA 10.5

Jiao et al. (75) 13 (7) 15 (8) 26.3 (7.9) 25.7 (5.8) 0.2 36.5 (25.9) 43.3 (27.3) 42.5 (30.3) 12

Jutzeler et al. (76) 30 (27) 31 (23) 46.3 (11.9) 42.1 (9.9) 10.5 63.4 (24.5) NA NA 11

Chen et al. (16) 21 (15) 21 (15) 50.5 (12.1) 50.0 (12.4) 5.2 NA NA NA 11

Zhou et al. (77) 16 (14) 20 (17) 47.1 (11.7) 47.1 (10.1) NA NA NA NA 10.5

Seif et al. (78) 24 (19) 23 (13) 49.7 (19.8) 35.9 (10.9) 0.12 NA NA NA 11

Ziegler et al. (3) 15 (14) 18 (NA) 47.5 (19.4) NA 1.1 63.4 (28.0) 55.5 (25.7) 71.2 (29.7) 11.5

Li et al. (17) 19 (12) 19 (NA) 53.4 (12.4) NA 1.0 78.5 (18.4) NA NA 11

Guo et al. (23) 59 (49) 37 (24) 38.2 (11.3) 39.8 (9.0) 2.1 50.3 (17.1) 66.0 (23.6) 64.2 (24.1) 12

Wang et al. (79) 24 (22) 26 (24) 38.5 (11.2) 38.4 (10.6) 0.5 50.9 (4.7) NA NA 11.5

Huynh et al. (68) 19 (16) 24 (20) 57.1 (10.2) 51.9 (12.9) 16.3 NA NA NA 10.5

Huynh et al. (68) 10 (8) 24 (20) 57.0 (10.7) 51.9 (12.9) 17.4 NA NA NA 10.5

Muryama et al. (80) 12 (9) 12 (9) 43.4 (15.0) 38 (12.0) 0.6 NA NA NA 10.5

TSI, time since injury; MS, motor score; SS, sensory score; LTSS, light touch score; VBM, voxel-based morphology.
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I2 statistic where I2 <50% suggests low heterogeneity and

created a funnel plot and Egger tests to check publication

bias (33). An asymmetric plot and P < 0.05 were considered

statistically significant.

Results

Selected studies and sample character

After screening the abstract and viewing the full text,

we included 20 structural MRI studies in our meta-analysis

that comprised 410 SCI patients and 406 healthy controls

(see Figure 1). All studies reported balanced age and sex

distributions between patients and healthy controls, while

four datasets did not report the mean age and sex of

healthy controls.

The clinical characteristics of the participants and the quality

of each study are shown in Table 1. The quality of the included

studies was acceptable.

Meta-analysis of GMV and WMV

We investigated 20 GMV datasets (410 SCI patients and

406 health controls). Compared with controls, SCI patients

displayed significant gray matter atrophy in two clusters, which

peaked in left insula (FWE-corrected for multiple comparisons

P < 0.001, z = −3.65) and right thalamus (FWE-corrected

for multiple comparisons P < 0.001, z = −3.51). The cluster

of right thalamus also extended to left thalamus (Table 2,

Figure 2).

We also investigated 14 WMV datasets (246 SCI patients

and 283 health controls). Compared with controls, SCI patients

displayed significant WMV loss, which peaked in right CST

(FWE-corrected for multiple comparisons P < 0.001, z =

−5.00). The cluster extended to left CST (Table 2, Figure 3).

Reliability and subgroup analyses

The jackknife sensitivity analysis revealed that gray matter

atrophy was highly replicable in all 22 combinations of studies

(Table 2), and white matter atrophy in the CST was replicable in

all 14 included studies (Table 2).

The subgroup analysis of long-term SCI participants (TSI

> 1 year) included 14 datasets comprising 262 chronic SCI

patients and 231 healthy controls. This analysis revealed that

gray matter atrophy in the left insula remained in SCI patients

(FWE-corrected for multiple comparisons P< 0.001, z=−4.33,

Table 3, Figure 4).

Meta-regression analysis

Age and TSI data were available in all datasets, ASIA motor

scores were available in 14 datasets, and ASIA pinprick scores

and light touch scores were available in 8 datasets. Meta-

regression analysis showed that the ASIA motor score was

positively related to the GMV in the right postcentral gyrus

(P = 0.002, R² = 0.64, Figure 5A). The ASIA pinprick score

was positively related to the GMV in the right postcentral

gyrus (P = 0.026, R² = 0.59, Figure 5B). A higher ASIA light

touch score of SCI patients was positively related to greater

GMV in the right postcentral gyrus (P = 0.009, R² = 0.70,

Figure 5C) and left postcentral gyrus (P = 0.018, R² = 0.64,

Figure 5D). The age of SCI patients was positively related to

the GMV in the right precentral gyrus (P < 0.001, R² = 0.50,

Supplementary Figure 1), right supplementary motor area (P =

0.002, R² = 0.25, Supplementary Figure 1) and left precentral

gyrus (P = 0.008, R² = 0.30, Supplementary Figure 1).

Heterogeneity

In this study, we calculated I² to test the heterogeneity

of our results. The I²-values of the GMV and WMV datasets

of SCI patients were 13.3 and 7.3%, respectively, which

suggests that the heterogeneity of our study is acceptable

(Supplementary Table 3).

Discussion

To our knowledge, this is the first voxel-based meta-analysis

using SDM-PSI to assess brain morphology changes in patients

after SCI compared to healthy controls. Our study revealed

secondary neural degeneration processed in the motor and

sensory pathway and limbic system in SCI patients. The pooled

meta-analysis identified reduced GMV in the bilateral thalamus

and reduced WMV in bilateral corticospinal projections. In

the limbic system, both pooled and subgroup analyses revealed

reduced GMV in the insula. Meta-regression analysis revealed

that the motor score was positively correlated with the GMV in

the right postcentral gyrus, whereas the light touch score was

positively related to the GMV in the bilateral postcentral gyrus.

Our study demonstrated gray matter atrophy in the bilateral

thalamus, which was in accordance with previous VBM studies

and meta-analyses (23, 34–36). Although neurons in the brain

are not disrupted directly following SCI, the afferent motor

pathway and efferent sensory pathway undergo degenerative

processes (37, 38). The thalamus is an important relay station in

which the ventral posterior nucleus receives sensory information

from the lemniscus medial and spinothalamic tracts and projects

to the primary sensory cortex (39–41). A previous study revealed

that SCI patients showed a decreased thalamic volume, which
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FIGURE 1

Flow diagram of inclusion and exclusion process of selected VBM studies. SCI, spinal cord injury; VBM, voxel-based morphology.

was accompanied by iron accumulation and myelin decrease, in

comparison with healthy controls 1 year after injury (3). Some

researchers have proposed that oxidative stress and chronic

inflammation may trigger the breakdown of myelin, leading

to iron release (42, 43). However, a recent study discovered

that the surface area contracts in the inferior part (representing

the lower limb) of the bilateral motor thalamus nucleus,

while that of the superior part of the sensorimotor thalamus

nucleus (representing the upper limb) expands (44). The

decreased local volume of areas representing the lower limbmay

result from neurodegenerative changes, including transsynaptic

degeneration, neural death, demyelination and changes in glial

cells (5, 6, 45). The increased local volume of areas representing

the upper limb could be attributed to activity-dependent

plasticity and axon sprouting after functional training and

rehabilitation (46, 47). Therefore, the alteration of the thalamus

is a complex process involving both neurodegenerative processes

and activity-dependent plasticity.
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TABLE 2 Regional di�erences in gray matter and white matter volume between SCI patients and healthy controls.

Region MNI, x, y, z SDM-Z P-value Voxels Cluster

breakdown

(No. of voxels)

Jackknife sensitivity

GM (Patients < Controls)

Left insula, BA 48 −34,−8, 12 −3.65 <0.001 134 Left insula, BA 48 22/22

Left rolandic operculum,

BA 48

Right thalamus 6,−8, 2 −3.51 <0.001 34 Right thalamus 22/22

WM (Patients < Controls)

Right cortico-spinal projections 4,−42,−60 −5.00 <0.001 292 Right cortico-spinal

projections

14/4

Left cortico-spinal

projections

GM, gray matter; WM, white matter; MNI, Montreal Neurological Institute; SDM, signed differential mapping; FWE-corrected P < 0.05, and voxel extent≥ 10.

FIGURE 2

Statistical parametric maps showing decreased gray matter volumes in patients with spinal cord injury (SCI) compared with those of healthy

controls in the pooled meta-analysis. (A) The overlay of statistical parametric maps showing the decreased gray matter volume in left insula and

right thalamus in SCI patients compared with healthy controls. (B) The illustration of the sagittal, coronal and axial planes of the decreased gray

matter volume in left insula in SCI patients compared with healthy controls. (C) The illustration of the sagittal, coronal and axial planes of the

decreased gray matter volume in right thalamus in SCI patients compared with healthy controls. Color bar represents t-value; Co, Sa, and Ax

represent coronal, sagittal and axial planes, respectively. R, right; L left, spinal cord injury, SCI.

White matter atrophy was observed in bilateral CSTs at

the level of the brainstem, which was consistent with previous

meta-analyses and VBM studies (22, 35, 48–50). The CST

originates from the sensorimotor cortex and terminates in

the motor neurons in the spinal cord, and it is involved

in the voluntary movement of limbs and trunks (51, 52).

The volume of the CST decreased evidently within the first

40 days after injury (8), which corresponded to Wallerian

degeneration in the spinal cord, including axonal degeneration

and demyelination in animal models and postmortem human

studies (53–55). Specifically, 6 months after injury, the volume

of the CST at the brainstem level was associated with long-

term recovery following SCI, and the magnitude of CST

degeneration, including atrophy and demyelination, in chronic
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FIGURE 3

Statistical parametric maps showing the decreased white matter volumes in patients with spinal cord injury (SCI) compared with those of healthy

controls in the pooled meta-analysis. (A) The overlay of statistical parametric maps showing the decreased white matter volume in right

corticospinal tract in SCI patients compared with healthy controls. (B) The illustration of the sagittal, coronal, and axial planes of the decreased

white matter volume in right corticospinal tract in SCI patients compared with healthy controls. Color bar represents t-value; Co, Sa, and Ax

represent coronal, sagittal, and axial planes, respectively. Ant, anterior; Pos, posterior; SCI, spinal cord injury.

TABLE 3 Regional di�erences in gray matter volume between chronic SCI patients and healthy controls.

Region MNI, x, y, z SDM-Z P-value Voxels Cluster breakdown (No. of voxels)

Left insula, BA 48 −40,−14, 4 −4.33 <0.001 1,433 Left insula, BA 48

MNI, Montreal Neurological Institute; SDM, signed differential mapping; FWE-corrected P < 0.05, and voxel extent≥ 10.

SCI patients was associated with clinical impairment (3, 56).

Although degeneration of the CST was confirmed by in vivo

and animal studies, the CST at the brainstem level may

be altered due to activity-dependent plasticity (46, 57, 58).

Chronic incomplete SCI patients showed better performance

after lower limb training as well as increased brainstem

volume (47). In summary, white matter atrophy at the

brainstem level can be an alternative target for monitoring

treatment effects.

In the present study, no volumetric atrophy was reported

in the sensorimotor cortex, while other reviews and VBM

studies have reported gray matter atrophy in the primary motor

cortex, primary sensory cortex and supplementary motor area

following SCI (19, 35). In longitudinal studies, Freund et al.

reported gray matter atrophy accompanied by demyelination

and iron deposition in the motor cortex and sensory cortex

12 months following injury (8). Hou et al. observed that

SCI subjects showed GMV atrophy in the primary motor

cortex, primary sensory cortex and supplementary motor area

in the early stage of SCI (34, 59). However, the present

study did not report volumetric changes in the sensorimotor

cortex, which was in accord with several studies (16, 21,

60). The presence of numerous collateral connections in

the motor cortex and the connections between the motor

cortex and higher-order motor areas may maintain cellular

activity, which may reduce or prevent corticospinal neuronal

atrophy after SCI (61, 62). Moreover, most SCI patients

receive rehabilitation training, and the activity-dependent

reorganization after functional training may compensate for

the volume decrease in the sensorimotor cortex following

SCI (62, 63, 82). To date, the possible mechanisms for

cortical alterations have still not been thoroughly investigated

in humans. Future imaging studies should provide more

information regarding the pathological processes after SCI.

Although our study did not report a volume decrease in the

sensorimotor cortex, our meta-regression analysis indicated

that the volume of the right primary somatosensory cortex

was positively related to the motor score and pinprick

score, while the bilateral somatosensory cortex was positively

associated with the light touch score. Similarly, Guo et al.

observed that GMV in the bilateral primary somatosensory

cortex was associated with the total motor score and sensory

score, which suggested that better clinical performance was

associated with greater GMV in the primary somatosensory
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FIGURE 4

Statistical parametric maps showing the decreased gray matter volumes in patients with spinal cord injury (SCI; time since injury > 1 year)

compared with those of healthy controls in the subgroup meta-analysis. (A) The overlay of statistical parametric maps showing the decreased

gray matter volume in left insula in SCI patients (time since injury > 1 year) compared with healthy controls. (B) The illustration of the sagittal,

coronal, and axial planes of the decreased gray matter volume in left insula in SCI patients (time since injury > 1 year) compared with healthy

controls. Color bar represents t-value; Co, Sa, and Ax represent coronal, sagittal, and axial planes, respectively. R, right; L left; SCI, spinal cord

injury.

FIGURE 5

Meta-regression analysis showing the correlation between clinical score and gray matter volume in patients with spinal cord injury (SCI). (A) The

American Spinal Injury Association (ASIA) motor scores of SCI patients are positively correlated with gray matter volumes in the right postcentral

gyrus (P = 0.002, R² = 0.64). (B) The ASIA pinprick scores of SCI patients are positively related to gray matter volumes in the right postcentral

gyrus (P = 0.026, R² = 0.59). (C) The ASIA light touch scores of SCI patients are positively related to gray matter volumes in the right postcentral

gyrus (P = 0.009, R² = 0.70) and (D) left postcentral gyrus (P = 0.018, R² = 0.64). The e�ect sizes in the graph were extracted from the peak of

maximum slope significance. Each study is represented as a dot.

cortex (23). Therefore, the GMV of the primary somatosensory

cortex can assess the extent of neural damage, and a better

understanding of primary somatosensory cortex alterations

can act as an endpoint to track the treatment effects and

identify potential therapeutic agents for developing novel

rehabilitation therapies.
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Our study revealed significant gray matter atrophy in the

left insula after SCI. The GMV reduction in the insula may

result from complications following SCI, including mental

disorders and neuropathic pain. The insula acts as an important

hub that connects the executive system and limbic systems

and is involved in limbic integration, psychiatric disorders,

motor control, and pain and temperature sensation (64). As

an important part of the limbic system, the posterior portion

of the insula receives pain input from the spinothalamocitonic

circuit, which plays a crucial role in pain processing and

modulation (65). Compared with healthy controls, patients

with neuropathic pain showed consistently decreased GMV in

the bilateral insula (66, 67). In SCI patients with a greater

extent of neuropathic pain, stronger functional connectivity

of the insula and thalamic subregions has been identified to

be associated with a greater intensity of neuropathic pain

(67). However, Huynh et al. reported that patients without

neuropathic pain showed decreased GMV in the left insula

compared to that of patients with neuropathic pain (68).

Therefore, the alterations in the insula in SCI patients may not

only be driven by pain. Previous morphometric studies have

revealed that alterations of the insula are linked to anxiety and

depression disorder, and the thickness of the left insula has

suggested to be associated with the risk of major depression

disorder in middle-aged adults (69). In functional MRI studies,

insular activity was significantly decreased in patients withmajor

depressive disorder (70). Thus, the reduced volume of the insula

may partly explain the high occurrence of depression disorder

after SCI (35). In the subgroup analysis, chronic SCI patients

(TSI > 1 year) also showed GMV reduction in the insula,

which indicates that the mental or pain-related morphology

changes can be long lasting. In brief, GMV atrophy in the left

insula might provide potential biomarkers for mental disorder

diagnosis after SCI. In the future, more attention should be

given to the structural and functional relations of changes

in the insula with mental disorders and neuropathic pain

following SCI.

Our study had some limitations. First, our study

only assessed the macrostructural characteristics of brain

atrophy following SCI and did not detect and quantify the

microstructural features of trauma-induced pathological

changes that reflect widespread demyelination and iron

deposition. According to our literature search, the number

of quantitative MRI studies using diffusion imaging tensor

and relaxation mapping techniques were both <10, which

did not meet the CBMA inclusion criteria. Second, the

sample size in the subgroup analysis and meta-regressions

was not exceptionally large. We performed a comprehensive

literature search, and the sample size of the present study

was larger than that of a previous meta-analysis. Third,

our study only included published VBM studies with peak

and coordinates of data, which may lead to selection bias.

To assess publication bias, we tested the I², which was

acceptable. Fourth, voxel-based meta-analysis was conducted

according to summarized coordinates and peaks from

published literature rather than based on raw image data,

which may limit the accuracy of the results. We failed to

quantitatively calculate the volume of brain in SCI participants

and healthy controls. Finally, our meta-regression analysis only

included few clinical characteristics at study level. The studies

regarding recovery intervention or neurological disorders was

inadequate for conducting meta-regression analysis (sample

size <10).

In conclusion, our study demonstrated that SCI

comprised the structure of the brain, leading to anatomical

atrophy in thalamic-spinal pathways and in the left insula.

Neurodegeneration changes in the sensory and motor pathway

may result in atrophy in the bilateral thalamus and CST.

Furthermore, the high occurrence of mental disorders and

neuropathic pain in SCI patients may explain the atrophy in the

left insula. In addition, the ASIA clinical score in SCI patients

was positively correlated with the volume of the sensorimotor

cortex at study level. Our findings suggest that alterations

in the brain could contribute to a further understanding of

pathological mechanisms and provide essential neuroimaging

biomarkers for monitoring mental status and predicting long-

term outcomes following SCI. The application of neuroimaging

biomarkers in clinical practice could facilitate the development

of personalized treatment and nursing.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary material, further inquiries

can be directed to the corresponding authors.

Author contributions

HY and DC proposed the idea and drafted the manuscript.

HY, DC, and YY assisted literature retrieval and filtration and

helped manuscript revision. HY, HJ, GF, and ZD drew the

illustrations and assisted manuscript polish. YC and QZ were

responsible for supervising. All authors contributed to the article

and approved the submitted version.

Funding

The work was partially supported by National Natural

Science Foundation of China (32000958).

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2022.999375
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yu et al. 10.3389/fneur.2022.999375

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fneur.2022.999375/full#supplementary-material

References

1. Ahuja CS,Wilson JR, Nori S, KotterMRN,Druschel C, Curt A, et al. Traumatic
spinal cord injury. Nat Rev Dis Primers. (2017) 3:17018. doi: 10.1038/nrdp.2017.18

2. Injury GBDTB, Spinal Cord Injury C. Global, regional, and national burden
of traumatic brain injury and spinal cord injury, 1990–2016: a systematic analysis
for the Global Burden of Disease Study 2016. Lancet Neurol. (2019) 18:56–
87. doi: 10.1016/S1474-4422(18)30415-0

3. Ziegler G, Grabher P, Thompson A, Altmann D, Hupp M,
Ashburner J, et al. Progressive neurodegeneration following spinal cord
injury: implications for clinical trials. Neurology. (2018) 90:e1257–
66. doi: 10.1212/WNL.0000000000005258

4. Freund P, Seif M, Weiskopf N, Friston K, Fehlings MG,
Thompson AJ, et al. MRI in traumatic spinal cord injury: from clinical
assessment to neuroimaging biomarkers. Lancet Neurology. (2019)
18:1123–35. doi: 10.1016/S1474-4422(19)30138-3

5. Hains BC, Black JA, Waxman SG. Primary cortical motor neurons undergo
apoptosis after axotomizing spinal cord injury. J Comp Neurol. (2003) 462:328–
41. doi: 10.1002/cne.10733

6. Kim BG, Dai HN, Mcatee M, Vicini S, Bregman BS. Remodeling of synaptic
structures in the motor cortex following spinal cord injury. Exp Neurol. (2006)
198:401–15. doi: 10.1016/j.expneurol.2005.12.010

7. Fields RD. White matter in learning, cognition and psychiatric disorders.
Trends Neurosci. (2008) 31:361–70. doi: 10.1016/j.tins.2008.04.001

8. Freund P, Weiskopf N, Ashburner J, Wolf K, Sutter R, Altmann DR, et al.
MRI investigation of the sensorimotor cortex and the corticospinal tract after
acute spinal cord injury: a prospective longitudinal study. Lancet Neurol. (2013)
12:873–81. doi: 10.1016/S1474-4422(13)70146-7

9. David G, Mohammadi S, Martin AR, Cohen-Adad J, Weiskopf N, Thompson
A, et al. Traumatic and nontraumatic spinal cord injury: pathological insights from
neuroimaging. Nat Rev Neurol. (2019) 15:718–31. doi: 10.1038/s41582-019-0270-5

10. Grabher P, Callaghan MF, Ashburner J, Weiskopf N, Thompson AJ, Curt
A, et al. Tracking sensory system atrophy and outcome prediction in spinal cord
injury. Ann Neurol. (2015) 78:751–61. doi: 10.1002/ana.24508

11. Pfyffer D, Vallotton K, Curt A, Freund P. Predictive value of midsagittal tissue
bridges on functional recovery after spinal cord injury.Neurorehabil Neural Repair.
(2021) 35:33–43. doi: 10.1177/1545968320971787

12. Ashburner J, Friston KJ. Voxel-based morphometry–the methods.
Neuroimage. (2000) 11:805–21. doi: 10.1006/nimg.2000.0582

13. Ellison-Wright I, Bullmore E. Anatomy of bipolar disorder
and schizophrenia: a meta-analysis. Schizophr Res. (2010) 117:1–
12. doi: 10.1016/j.schres.2009.12.022

14. Niida R, Yamagata B, Matsuda H, Niida A, Uechi A, Kito S, et al. Regional
brain volume reductions in major depressive disorder and bipolar disorder: an
analysis by voxel-based morphometry. Int J Geriatr Psychiatry. (2019) 34:186–
92. doi: 10.1002/gps.5009

15. Zheng R, Zhang Y, Yang Z, Han S, Cheng J. Reduced brain gray matter
volume in patients with first-episode major depressive disorder: a quantitative
meta-analysis. Front Psychiatry. (2021) 12:671348. doi: 10.3389/fpsyt.2021.671348

16. Chen Q, Zheng W, Chen X, Wan L, Qin W, Qi Z, et al. Brain gray matter
atrophy after spinal cord injury: a voxel-based morphometry study. Front Hum
Neurosci. (2017) 11:211. doi: 10.3389/fnhum.2017.00211

17. Li X, Chen Q, Zheng W, Chen X, Wang L, Qin W, et al. Inconsistency
between cortical reorganization and functional connectivity alteration in the
sensorimotor cortex following incomplete cervical spinal cord injury. Brain
Imaging Behav. (2020) 14:2367–77. doi: 10.1007/s11682-019-00190-9

18. Hug A, Bernini A,Wang H, Lutti A, Jende JME, Bottinger M, et al. In chronic
complete spinal cord injury supraspinal changes detected by quantitative MRI are
confined to volume reduction in the caudal brainstem. Neuroimage Clin. (2021)
31:102716. doi: 10.1016/j.nicl.2021.102716

19. Nardone R, Holler Y, Sebastianelli L, Versace V, Saltuari L, Brigo F, et al.
Cortical morphometric changes after spinal cord injury. Brain Res Bull. (2018)
137:107–19. doi: 10.1016/j.brainresbull.2017.11.013

20. Chen Q, Zheng W, Chen X, Li X, Wang L, Qin W, et al. Reorganization
of the somatosensory pathway after subacute incomplete cervical cord injury.
Neuroimage Clin. (2019) 21:101674. doi: 10.1016/j.nicl.2019.101674

21. Crawley AP, Jurkiewicz MT, Yim A, Heyn S, Verrier MC,
Fehlings MG, et al. Absence of localized grey matter volume changes
in the motor cortex following spinal cord injury. Brain Res. (2004)
1028:19–25. doi: 10.1016/j.brainres.2004.08.060

22. Mole TB, Maciver K, Sluming V, Ridgway GR, Nurmikko TJ. Specific brain
morphometric changes in spinal cord injury with and without neuropathic pain.
Neuroimage Clin. (2014) 5:28–35. doi: 10.1016/j.nicl.2014.05.014

23. Guo Y, Gao F, Guo H, Yu W, Chen Z, Yang M, et al. Cortical
morphometric changes associated with completeness, level, and duration of
spinal cord injury in humans: a case-control study. Brain Behav. (2021)
11:e02037. doi: 10.1002/brb3.2037

24. Albajes-Eizagirre A, Solanes A, Radua J. Meta-analysis of non-
statistically significant unreported effects. Stat Methods Med Res. (2019)
28:3741–54. doi: 10.1177/0962280218811349

25. Radua J, Mataix-Cols D. Meta-analytic methods for neuroimaging data
explained. Biol Mood Anxiety Disord. (2012) 2:6. doi: 10.1186/2045-5380-2-6

26. Müller VI, Cieslik EC, Laird AR, Fox PT, Radua J, Mataix-Cols D, et al.
Ten simple rules for neuroimaging meta-analysis. Neurosci Biobehav Rev. (2018)
84:151–61. doi: 10.1016/j.neubiorev.2017.11.012

27. Saarinen AIL, Huhtaniska S, Pudas J, Bjornholm L, Jukuri T, Tohka J, et al.
Structural and functional alterations in the brain gray matter among first-degree
relatives of schizophrenia patients: a multimodal meta-analysis of fMRI and VBM
studies. Schizophr Res. (2020) 216:14–23. doi: 10.1016/j.schres.2019.12.023

28. Sheng L, Zhao P, Ma H, Qi L, Yi Z, Shi Y, et al. Gray matter alterations
in restless legs syndrome: a coordinate-based meta-analysis. Medicine. (2020)
99:e21374. doi: 10.1097/MD.0000000000021374

29. Albajes-Eizagirre A, Solanes A, Vieta E, Radua J. Voxel-based meta-analysis
via permutation of subject images (PSI): theory and implementation for SDM.
Neuroimage. (2019) 186:174–84. doi: 10.1016/j.neuroimage.2018.10.077

30. Stovold E, Beecher D, Foxlee R, Noel-Storr A. Study flow diagrams in
Cochrane systematic review updates: an adapted PRISMA flow diagram. Syst Rev.
(2014) 3:54. doi: 10.1186/2046-4053-3-54

31. Albajes-Eizagirre A, Solanes A, Fullana MA, Ioannidis JPA, Fusar-Poli P,
Torrent C, et al. Meta-analysis of voxel-based neuroimaging studies using seed-
based d mapping with permutation of subject images (SDM-PSI). J Vis Exp. (2019)
2019:59841. doi: 10.3791/59841

Frontiers inNeurology 11 frontiersin.org

https://doi.org/10.3389/fneur.2022.999375
https://www.frontiersin.org/articles/10.3389/fneur.2022.999375/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.18
https://doi.org/10.1016/S1474-4422(18)30415-0
https://doi.org/10.1212/WNL.0000000000005258
https://doi.org/10.1016/S1474-4422(19)30138-3
https://doi.org/10.1002/cne.10733
https://doi.org/10.1016/j.expneurol.2005.12.010
https://doi.org/10.1016/j.tins.2008.04.001
https://doi.org/10.1016/S1474-4422(13)70146-7
https://doi.org/10.1038/s41582-019-0270-5
https://doi.org/10.1002/ana.24508
https://doi.org/10.1177/1545968320971787
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1016/j.schres.2009.12.022
https://doi.org/10.1002/gps.5009
https://doi.org/10.3389/fpsyt.2021.671348
https://doi.org/10.3389/fnhum.2017.00211
https://doi.org/10.1007/s11682-019-00190-9
https://doi.org/10.1016/j.nicl.2021.102716
https://doi.org/10.1016/j.brainresbull.2017.11.013
https://doi.org/10.1016/j.nicl.2019.101674
https://doi.org/10.1016/j.brainres.2004.08.060
https://doi.org/10.1016/j.nicl.2014.05.014
https://doi.org/10.1002/brb3.2037
https://doi.org/10.1177/0962280218811349
https://doi.org/10.1186/2045-5380-2-6
https://doi.org/10.1016/j.neubiorev.2017.11.012
https://doi.org/10.1016/j.schres.2019.12.023
https://doi.org/10.1097/MD.0000000000021374
https://doi.org/10.1016/j.neuroimage.2018.10.077
https://doi.org/10.1186/2046-4053-3-54
https://doi.org/10.3791/59841
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yu et al. 10.3389/fneur.2022.999375

32. Zhang H, Li L, Wu M, Chen Z, Hu X, Chen Y, et al. Brain gray matter
alterations in first episodes of depression: a meta-analysis of whole-brain studies.
Neurosci Biobehav Rev. (2016) 60:43–50. doi: 10.1016/j.neubiorev.2015.10.011

33. Lin J, Xu X, Hou Y, Yang J, Shang H. Voxel-based meta-analysis of gray
matter abnormalities in multiple system atrophy. Front Aging Neurosci. (2020)
12:591666. doi: 10.3389/fnagi.2020.591666

34. Hou JM, Yan RB, Xiang ZM, Zhang H, Liu J, Wu YT, et al. Brain
sensorimotor system atrophy during the early stage of spinal cord injury in
humans.Neuroscience. (2014) 266:208–15. doi: 10.1016/j.neuroscience.2014.02.013

35. Wang W, Tang S, Li C, Chen J, Li H, Su Y, et al. Specific brain morphometric
changes in spinal cord injury: a voxel-based meta-analysis of white and gray matter
volume. J Neurotrauma. (2019) 36:2348–57. doi: 10.1089/neu.2018.6205

36. Kyathanahally SP, Azzarito M, Rosner J, Calhoun VD, Blaiotta C, Ashburner
J, et al. Microstructural plasticity in nociceptive pathways after spinal cord injury. J
Neurol Neurosurg Psychiatry. (2021) 92:863–71. doi: 10.1136/jnnp-2020-325580

37. Becerra JL, PuckettWR, Hiester ED, Quencer RM,Marcillo AE, PostMJ, et al.
MR-pathologic comparisons of wallerian degeneration in spinal cord injury. Am J
Neuroradiol. (1995) 16:125–33.

38. Ilvesmaki T, Koskinen E, Brander A, Luoto T, Ohman J, Eskola H. Spinal cord
injury induces widespread chronic changes in cerebral white matter. Hum Brain
Mapp. (2017) 38:3637–47. doi: 10.1002/hbm.23619

39. Vitek JL, Ashe J, Delong MR, Alexander GE. Physiologic properties and
somatotopic organization of the primate motor thalamus. J Neurophysiol. (1994)
71:1498–513. doi: 10.1152/jn.1994.71.4.1498

40. Jones EG. Cortical and subcortical contributions to activity-dependent
plasticity in primate somatosensory cortex. Annu Rev Neurosci. (2000) 23:1–
37. doi: 10.1146/annurev.neuro.23.1.1

41. Nambu A. Somatotopic organization of the primate Basal Ganglia. Front
Neuroanat. (2011) 5:26. doi: 10.3389/fnana.2011.00026

42. Zecca L, Youdim MB, Riederer P, Connor JR, Crichton RR. Iron,
brain ageing and neurodegenerative disorders. Nat Rev Neurosci. (2004) 5:863–
73. doi: 10.1038/nrn1537

43. Todorich B, Pasquini JM, Garcia CI, Paez PM, Connor JR. Oligodendrocytes
and myelination: the role of iron. Glia. (2009) 57:467–78. doi: 10.1002/glia.20784

44. Huber E, Patel R, Hupp M, Weiskopf N, Chakravarty MM, Freund P.
Extrapyramidal plasticity predicts recovery after spinal cord injury. Sci Rep. (2020)
10. doi: 10.1038/s41598-020-70805-5

45. Kalil K, Schneider GE. Retrograde cortical aand axonal
changes following lesions of the pyramidal tract. Brain Res. (1975)
89:15–27. doi: 10.1016/0006-8993(75)90130-4

46. Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A.
Neuroplasticity: changes in grey matter induced by training. Nature. (2004)
427:311–2. doi: 10.1038/427311a

47. Villiger M, Grabher P, Hepp-Reymond MC, Kiper D, Curt A, Bolliger M,
et al. Relationship between structural brainstem and brain plasticity and lower-
limb training in spinal cord injury: a longitudinal pilot study. Front Hum Neurosci.
(2015) 9:254. doi: 10.3389/fnhum.2015.00254

48. Seif M, Ziegler G, Freund P. Progressive ventricles enlargement and
cerebrospinal fluid volume increases as a marker of neurodegeneration in patients
with spinal cord injury: a longitudinal magnetic resonance imaging study. J
Neurotrauma. (2018) 35:2941–6. doi: 10.1089/neu.2017.5522

49. Solstrand Dahlberg L, Becerra L, Borsook D, Linnman C. Brain changes after
spinal cord injury, a quantitative meta-analysis and review. Neurosci Biobehav Rev.
(2018) 90:272–93. doi: 10.1016/j.neubiorev.2018.04.018

50. Wang W, Xie W, Zhang Q, Liu L, Liu J, Zhou S, et al. Reorganization
of the brain in spinal cord injury: a meta-analysis of functional MRI studies.
Neuroradiology. (2019) 61:1309–18. doi: 10.1007/s00234-019-02272-3

51. Sangari S, Perez MA. Imbalanced corticospinal and reticulospinal
contributions to spasticity in humans with spinal cord injury. J Neurosci. (2019)
39:7872–81. doi: 10.1523/JNEUROSCI.1106-19.2019

52. Smith AC, O’dell DR, Albin SR, Berliner JC, Dungan D, Robinson E, et al.
Lateral corticospinal tract and dorsal column damage: predictive relationships with
motor and sensory scores at discharge from acute rehabilitation after spinal cord
injury. Arch Phys Med Rehabil. (2021) 7:792. doi: 10.1016/j.apmr.2021.07.792

53. Buss A, Brook GA, Kakulas B, Martin D, Franzen R, Schoenen J, et al. Gradual
loss of myelin and formation of an astrocytic scar during Wallerian degeneration
in the human spinal cord. Brain. (2004) 127:34–44. doi: 10.1093/brain/
awh001

54. Buss A, Pech K, Merkler D, Kakulas BA, Martin D, Schoenen J, et al.
Sequential loss of myelin proteins during Wallerian degeneration in the human
spinal cord. Brain. (2005) 128:356–64. doi: 10.1093/brain/awh355

55. Wu TL, Byun NE,Wang F, Mishra A, Janve VA, Chen LM, et al. Longitudinal
assessment of recovery after spinal cord injury with behavioral measures and
diffusion, quantitative magnetization transfer and functional magnetic resonance
imaging. NMR Biomed. (2020) 33:e4216. doi: 10.1002/nbm.4216

56. Grabher P, Blaiotta C, Ashburner J, Freund P. Relationship between
brainstem neurodegeneration and clinical impairment in traumatic spinal cord
injury. Neuroimage Clin. (2017) 15:494–501. doi: 10.1016/j.nicl.2017.05.026

57. Van Den Brand R, Heutschi J, Barraud Q, Digiovanna J, Bartholdi K,
Huerlimann M, et al. Restoring voluntary control of locomotion after paralyzing
spinal cord injury. Science. (2012) 336:1182–5. doi: 10.1126/science.1217416

58. Ramer LM, Ramer MS, Bradbury EJ. Restoring function after spinal cord
injury: towards clinical translation of experimental strategies. Lancet Neurol. (2014)
13:1241–56. doi: 10.1016/S1474-4422(14)70144-9

59. Hou J, Xiang Z, Yan R, Zhao M, Wu Y, Zhong J, et al. Motor recovery at
6 months after admission is related to structural and functional reorganization of
the spine and brain in patients with spinal cord injury. Hum Brain Mapp. (2016)
37:2195–209. doi: 10.1002/hbm.23163

60. Yoon EJ, Kim YK, Shin HI, Lee Y, Kim SE. Cortical and white matter
alterations in patients with neuropathic pain after spinal cord injury. Brain Res.
(2013) 1540:64–73. doi: 10.1016/j.brainres.2013.10.007

61. Aoki M, Fujito Y, Satomi H, Kurosawa Y, Kasaba T. The
possible role of collateral sprouting in the functional restitution of
corticospinal connections after spinal hemisection. Neurosci Res. (1986)
3:617–27. doi: 10.1016/0168-0102(86)90058-1

62. Knikou M. Plasticity of corticospinal neural control after
locomotor training in human spinal cord injury. Neural Plast. (2012)
2012:254948. doi: 10.1155/2012/254948

63. Filipp ME, Travis BJ, Henry SS, Idzikowski EC, Magnuson SA, Loh MY, et al.
Differences in neuroplasticity after spinal cord injury in varying animal models and
humans. Neural Regen Res. (2019) 14:7–19. doi: 10.4103/1673-5374.243694

64. Namkung H, Kim SH, Sawa A. The insula: an underestimated brain area in
clinical neuroscience, psychiatry, and neurology. Trends Neurosci. (2017) 40:200–
7. doi: 10.1016/j.tins.2017.02.002

65. Cruccu G, Truini A. Neuropathic pain and its assessment. Surg Oncol. (2010)
19:149–54. doi: 10.1016/j.suronc.2009.11.012

66. Galhardoni R, Aparecida Da Silva V, Garcia-Larrea L, Dale C, Baptista AF,
Barbosa LM, et al. Insular and anterior cingulate cortex deep stimulation for
central neuropathic pain: disassembling the percept of pain. Neurology. (2019)
92:e2165–75. doi: 10.1212/WNL.0000000000007396

67. Li X,Wang L, ChenQ, Hu Y, Du J, Chen X, et al. The reorganization of insular
subregions in individuals with below-level neuropathic pain following incomplete
spinal cord injury. Neural Plast. (2020) 2020:2796571. doi: 10.1155/2020/2796571

68. Huynh V, Lütolf R, Rosner J, Luechinger R, Curt A, Kollias S, et al.
Supraspinal nociceptive networks in neuropathic pain after spinal cord injury.
Hum Brain Mapp. (2021) 42:3733–49. doi: 10.1002/hbm.25401

69. Jones EC, Liebel SW, Hallowell ES, Sweet LH. Insula thickness
asymmetry relates to risk of major depressive disorder in middle-
aged to older adults. Psychiatry Res Neuroimaging. (2019) 283:113–
7. doi: 10.1016/j.pscychresns.2018.12.011

70. Liu Z, Xu C, Xu Y, Wang Y, Zhao B, Lv Y, et al. Decreased regional
homogeneity in insula and cerebellum: a resting-state fMRI study in patients with
major depression and subjects at high risk for major depression. Psychiatry Res.
(2010) 182:211–5. doi: 10.1016/j.pscychresns.2010.03.004

71. Jurkiewicz MT, Crawley AP, Verrier MC, Fehlings MG,
Mikulis DJ. Somatosensory cortical atrophy after spinal cord injury:
a voxel-based morphometry study. Neurology. (2006) 66:762–
4. doi: 10.1212/01.wnl.0000201276.28141.40

72. Lundell H, Christensen MS, Barthelemy D, Willerslev-Olsen M, Biering-
Sorensen F, Nielsen JB. Cerebral activation is correlated to regional atrophy
of the spinal cord and functional motor disability in spinal cord injured
individuals. Neuroimage. (2011) 54:1254–61. doi: 10.1016/j.neuroimage.2010.0
9.009

73. Freund P, Weiskopf N, Ward NS, Hutton C, Gall A, Ciccarelli O, et al.
Disability, atrophy and cortical reorganization following spinal cord injury. Brain.
(2011) 134:1610–22. doi: 10.1093/brain/awr093

74. Chen X, Qin W, Wan L, Zheng W-M, Chen N, Kun-Cheng L.
Reorganization of brain structure after chronic spinal cord injury: a magnetic
resonace imaging study. ChinJ MedImaging Technol. (2015) 31:673–7.
doi: 10.13929/j.1003-3289.2015.05.008

75. Jiao J, Sun T, Hou J, Xiang Z, Zhang Y, Bao X, et al. Brain cortex structural
changes in complete spinal cord injury detected by MRI. Chinese J Spine Spinal
Cord. (2015) 25:213–7. doi: 10.3969/j.issn.1004-406X.2015.03.05

Frontiers inNeurology 12 frontiersin.org

https://doi.org/10.3389/fneur.2022.999375
https://doi.org/10.1016/j.neubiorev.2015.10.011
https://doi.org/10.3389/fnagi.2020.591666
https://doi.org/10.1016/j.neuroscience.2014.02.013
https://doi.org/10.1089/neu.2018.6205
https://doi.org/10.1136/jnnp-2020-325580
https://doi.org/10.1002/hbm.23619
https://doi.org/10.1152/jn.1994.71.4.1498
https://doi.org/10.1146/annurev.neuro.23.1.1
https://doi.org/10.3389/fnana.2011.00026
https://doi.org/10.1038/nrn1537
https://doi.org/10.1002/glia.20784
https://doi.org/10.1038/s41598-020-70805-5
https://doi.org/10.1016/0006-8993(75)90130-4
https://doi.org/10.1038/427311a
https://doi.org/10.3389/fnhum.2015.00254
https://doi.org/10.1089/neu.2017.5522
https://doi.org/10.1016/j.neubiorev.2018.04.018
https://doi.org/10.1007/s00234-019-02272-3
https://doi.org/10.1523/JNEUROSCI.1106-19.2019
https://doi.org/10.1016/j.apmr.2021.07.792
https://doi.org/10.1093/brain/awh001
https://doi.org/10.1093/brain/awh355
https://doi.org/10.1002/nbm.4216
https://doi.org/10.1016/j.nicl.2017.05.026
https://doi.org/10.1126/science.1217416
https://doi.org/10.1016/S1474-4422(14)70144-9
https://doi.org/10.1002/hbm.23163
https://doi.org/10.1016/j.brainres.2013.10.007
https://doi.org/10.1016/0168-0102(86)90058-1
https://doi.org/10.1155/2012/254948
https://doi.org/10.4103/1673-5374.243694
https://doi.org/10.1016/j.tins.2017.02.002
https://doi.org/10.1016/j.suronc.2009.11.012
https://doi.org/10.1212/WNL.0000000000007396
https://doi.org/10.1155/2020/2796571
https://doi.org/10.1002/hbm.25401
https://doi.org/10.1016/j.pscychresns.2018.12.011
https://doi.org/10.1016/j.pscychresns.2010.03.004
https://doi.org/10.1212/01.wnl.0000201276.28141.40
https://doi.org/10.1016/j.neuroimage.2010.09.009
https://doi.org/10.1093/brain/awr093
https://doi.org/10.13929/j.1003-3289.2015.05.008
https://doi.org/10.3969/j.issn.1004-406X.2015.03.05
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yu et al. 10.3389/fneur.2022.999375

76. Jutzeler CR, Huber E, Callaghan MF, Luechinger R, Curt A, Kramer JL, et al.
Association of pain and CNS structural changes after spinal cord injury. Sci Rep.
(2016) 6:18534. doi: 10.1038/srep18534

77. Zhou H, Xu X, Liu X, Yang J, Huang D, Gong P. Evaluations of gray and
white matter volume of brain changes in patients with acute spinal cord injury
using voxel-based morphometry. Chin J MedImaging Technol. (2018) 34:1337–41.
doi: 10.13929/j.1003-3289.201801012

78. Seif M, Curt A, Thompson AJ, Grabher P, Weiskopf N, Freund P.
Quantitative MRI of rostral spinal cord and brain regions is predictive of
functional recovery in acute spinal cord injury. Neuroimage Clin. (2018) 20:556–
63. doi: 10.1016/j.nicl.2018.08.026

79. Wang WL, Li YL, Zheng MX, Hua XY, Wu JJ, Yang FF, et al.
Altered topological properties of grey matter structural covariance networks
in complete thoracic spinal cord injury patients: a graph theoretical

network analysis. Neural Plast. (2021) 2021:8815144. doi: 10.1155/2021/88
15144

80. Murayama T, Takahama K, Jinbo K, Kobari T. Anatomical
increased/decreased changes in the brain area following individuals with
chronic traumatic complete thoracic spinal cord injury. Phys Ther Res. (2021)
24:163–9. doi: 10.1298/ptr.E10076

81. Kirshblum S, Snider B, Rupp R, Read MS, International Standards
Committee Of A, Iscos. Updates of the international standards for
neurologic classification of spinal cord injury: 2015 and 2019. Phys
Med Rehabil Clin N Am. (2020) 31:319–30. doi: 10.1016/j.pmr.2020.
03.005

82. Serradj N, Agger SF, Hollis ER. Corticospinal circuit plasticity in
motor rehabilitation from spinal cord injury. Neurosci Lett. (2017) 652:94–
104. doi: 10.1016/j.neulet.2016.12.003

Frontiers inNeurology 13 frontiersin.org

https://doi.org/10.3389/fneur.2022.999375
https://doi.org/10.1038/srep18534
https://doi.org/10.13929/j.1003-3289.201801012
https://doi.org/10.1016/j.nicl.2018.08.026
https://doi.org/10.1155/2021/8815144
https://doi.org/10.1298/ptr.E10076
https://doi.org/10.1016/j.pmr.2020.03.005
https://doi.org/10.1016/j.neulet.2016.12.003
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Brain morphology changes after spinal cord injury: A voxel-based meta-analysis
	Introduction
	Methods
	Search strategy and study selection
	Database construction
	Quality assessment
	Meta-analysis method
	Reliability analysis and subgroup meta-analysis
	Meta-regression model
	Heterogeneity and publication bias

	Results
	Selected studies and sample character
	Meta-analysis of GMV and WMV
	Reliability and subgroup analyses
	Meta-regression analysis
	Heterogeneity

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


