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A B S T R A C T   

There is much controversy about the potential impact of spinal cord injury (SCI) on brain anatomy and function, 
which is mirrored in the substantial divergence of findings between animal models and human imaging studies. 
Given recent advances in quantitative magnetic resonance imaging (MRI) we sought to tackle the unresolved 
question about the link between the presumed injury associated volume differences and underlying brain tissue 
property changes in a cohort of chronic complete SCI patients. Using the established computational anatomy 
methods of voxel-based morphometry (VBM) and voxel-based quantification (VBQ), we performed statistical 
analyses on grey and white matter volumes as well as on parameter maps indicative for myelin, iron, and free 
tissue water content in the brain of complete SCI patients (n = 14) and healthy individuals (n = 14). Our 
regionally unbiased white matter analysis showed a significant volume reduction of the dorsal aspect at the 
junction between the most rostral part of the spinal cord and the medulla oblongata consistent with Wallerian 
degeneration of proprioceptive axons in the dorsal column tracts in SCI subjects. This observation strongly 
correlated with spinal cord atrophy assessed by quantification of the spinal cord cross-sectional area at the 
cervical level C2/3. These findings suggest that Wallerian degeneration of the dorsal column tracts represents a 
main contributor to the observed spinal cord atrophy, which is highly consistent with preclinical histological 
evidence of remote changes in the central nervous system secondary to SCI. Structural changes in other brain 
regions representing remote changes in the course of chronic SCI could neither be confirmed by conventional 
VBM nor by VBQ analysis. Whether and how MRI based brain morphometry and brain tissue property analysis 
will inform clinical decision making and clinical trial outcomes in spinal cord medicine remains to be 
determined.   

1. Introduction 

Spinal cord injury (SCI) is a major cause of chronic disability and 
profoundly affects patients’ autonomy and quality of life. Despite the 
abundance of empirical evidence on the local effects of SCI along the 
spinal cord, our understanding of the concomitant changes in brain 
structure and function is still limited. For the putative supraspinal 
structural changes, detection through in vivo methodology might help to 
explain different recovery courses of patients with initially similar 
clinical severity. Such measurable alterations could therefore have 

prognostic value. Moreover, amelioration of structural brain changes 
following a therapeutic intervention (e.g. administration of cell trans-
plants, biomaterials, soluble compounds) could serve as a biomarker, 
which would provide an objectively measurable treatment effect. 

Animal SCI models showed controversial results on remote supra-
spinal structural changes of the central nervous system, ranging from 
extensive neuronal cell death in cortical areas (Hains et al., 2003) and 
the rubrospinal tract (Viscomi and Molinari, 2014) to the absence of 
upper motoneuron degeneration or cell death of corticospinal neurons 
(Nielson et al., 2010, 2011). The lack of in-depth knowledge about the 
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impact of SCI on brain anatomy in humans highlights the need to pro-
vide in vivo analytic proof of concomitant structural changes that could 
inform clinical decision-making concerning treatment and prognosis. 

Computational anatomy methods using magnetic resonance imaging 
(MRI) and mathematical algorithms to extract relevant brain features 
allow for statistical analysis of volume, shape, and surface in three- 
dimensional brain space (Ashburner et al., 2003). MRI has the advan-
tage to screen in a much more unbiased fashion - compared to much 
more targeted microscopy based preclinical investigations - a complete 
brain in respect to structural changes. The exact pathophysiological 
underpinning remains to be determined. In SCI, one of the well- 
established methods, voxel-based morphometry (VBM), was applied 
by several investigators to identify local grey matter structural changes. 
Varying results were reported, ranging from the lack of SCI-related brain 
anatomy changes (Crawley et al., 2004) to evidence of profound struc-
tural sensorimotor cortex reorganization (Jurkiewicz et al., 2006; 
Wrigley et al., 2009; Freund et al., 2011, 2013; Henderson et al., 2011; 
Grabher et al., 2015; Chen et al., 2017). Concerning the involved brain 
regions, more recent reports demonstrate grey matter loss even in non- 
sensorimotor areas including anterior cingulate gyrus, insula, orbito-
frontal gyrus, prefrontal cortex, and thalamus (Wrigley et al., 2009; 
Grabher et al., 2015; Chen et al., 2017). One of the potential reasons for 
these heterogeneous findings might be the fact, that these studies pooled 
together patients with incomplete and complete SCI (Crawley et al., 
2004; Jurkiewicz et al., 2006; Freund et al., 2011, 2013; Grabher et al., 
2015; Chen et al., 2017) and not taking into account the potential impact 
of differences in the time since injury. The non-quantitative character of 
the used T1-weighted MRI protocols represents another source for dif-
ferences between studies. The computer-based estimation of regional 
volumes and cortical thickness from T1-weighted data is heavily 
dependent on the MR contrast, which is influenced by local histological 
tissue properties that give potentially rise to spurious morphological 
changes (Lorio et al., 2016b). 

Recent advances allow using relaxometry maps indicative for myelin 
(magnetization transfer saturation – MT), iron (transverse relaxation 
rate - R2*), the combination between the two (longitudinal relaxation 
rate – R1) and tissue free water (proton density flat map – PD*) in the 
framework of voxel-based quantification (VBQ). VBQ delivers statistical 
parametric maps in brain space that allow for inferences about corre-
sponding brain tissue properties according to a bio-physical multi- 
compartment model (Helms et al., 2008; Draganski et al., 2011; Lutti 
et al., 2014). Longitudinal investigations over the first 12 months post- 
injury applying tensor based morphometry (TBM) restricted to a set of 
anatomical regions of interest (ROIs) such as the corticospinal tract 
showed progressive white matter volume loss in the internal capsule of 
SCI patients paralleled by reductions in MT and R1 in the same brain 
regions at 12 months post-injury (Freund et al., 2013). Using the same 
technique in the same cohort for different anatomical ROIs, the authors 
observed additional brain areas with reductions on myelin-sensitive 
parameter maps in the thalamus, cerebellum, and brainstem during 
the same period (Grabher et al., 2015). Of note, these parallelized 
structural (VBM) and microstructural (VBQ) changes in the early phase 
after SCI, contrast with the absence of volume differences when 
comparing sub-acute (duration <1 year) and chronic (duration >1 year) 
patients with complete motor SCI (Chen et al., 2017). 

Here we sought to address previous uncertainties in the field and to 
investigate the sensitivity of quantitative MRI to detect structural brain 
changes secondary to SCI in a more homogenous cohort of chronic 
complete SCI subjects. We used established VBM and VBQ methods to 
study potential structural and microstructural differences associated 
with SCI. In a first unbiased hypothesis-free analytical approach we 
analyzed the total grey and white matter volumes unrestricted for 
anatomical ROIs. For secondary sensitivity analyses, we either restricted 
the model fit or the statistical analysis (small volume correction) to 
putatively relevant ROIs (i.e. bilateral primary motor cortex, cortico-
spinal tract). 

2. Materials and methods 

2.1. Study participants 

All study-related procedures were performed after obtaining 
informed consent according to protocols approved by the independent 
local ethics committee. We screened all patients admitted to the Spinal 
Cord Injury Center at Heidelberg University Hospital, Germany, for 
eligibility to participate in the study. The main inclusion criterion was 
sensorimotor complete spinal cord injury (American Spinal Injury As-
sociation Scale (AIS) grade A) that dated back at least 3 months before 
study entry. Clinical scoring and grading were done according to the 
International Standards for Neurological Classification of Spinal Cord 
Injury (ISNCSCI) (Kirshblum et al., 2011). The selection of control in-
dividuals aimed for the minimization of between-group differences of 
factors that are known to be associated with brain volume (i.e., age and 
sex) (Barnes et al., 2010). 

2.2. MRI acquisition 

All MRI data were acquired on a 3 Tesla scanner (Siemens Verio, 
Siemens Healthineers, Germany). We used the same MRI scanner 
throughout the duration of the study. Due to the cross-sectional exper-
imental design with one scan per subject, geometry correction was not 
applicable. Patients and healthy controls were equally distributed along 
the timeline of the project, which should have minimized the probability 
of any time-related bias. The imaging protocol consisted of three whole- 
brain multi-echo 3D fast low angle shot (FLASH) acquisitions with 
magnetization transfer-weighted (MTw: TR/α = 24.5 ms/6◦), proton 
density-weighted (PDw: TR/α = 24.5 ms/6◦) and T1-weighted (T1w: 
24.5 ms/21◦) sequences (Helms et al., 2009; Helms et al., 2008; Weis-
kopf et al., 2013). For each sequence, we acquired multiple gradient 
echoes with a minimum of 2.46 ms and equidistant 2.46 ms echo 
spacing. Per echo 176 sagittal partitions with 1 mm isotropic voxel size 
(field of view and matrix size 256 × 240) and alternating readout po-
larity were acquired. The number of echoes was 7/8/8 for the MTw/ 
PDw/T1w sequences to keep the TR value identical for all sequences. We 
used parallel imaging along the phase-encoding direction (acceleration 
factor 2 with GRAPPA reconstruction) (Griswold et al., 2002) and partial 
Fourier imaging (factor 6/8) along the partition direction. 

2.3. Map calculation 

The R2*, MT, PD*, and R1 quantitative maps were calculated as 
previously described (Draganski et al., 2011). For map calculation, we 
used in-house software running under SPM12 (Wellcome Trust Centre 
for Neuroimaging, London, UK; www.fil.ion.ucl.ac.uk/spm) and Matlab 
R2020a (Mathworks, Sherborn, MA, USA). R2* maps were estimated 
from the regression of the log-signal of the eight PD-weighted echoes. 
MT and R1 maps were created using the MTw, PDw and T1w images 
averaged across all echoes (Helms et al., 2008). All maps were corrected 
for local radiofrequency (RF) transmit field inhomogeneities using the 
inhomogeneity correction UNICORT algorithm in the framework of 
SPM12 (Weiskopf et al., 2011). 

2.4. Voxel-based morphometry (VBM) and voxel-based quantification 
(VBQ) 

For automated tissue classification in grey matter (GM), white matter 
(WM), and cerebrospinal fluid (CSF) we used the MT maps within the 
SPM12 “unified segmentation” approach (Ashburner and Friston, 2005) 
with default settings and enhanced tissue probability maps (Lorio et al., 
2016a) that provide optimal delineation of subcortical structures. 
Aiming at optimal anatomical precision, we estimated subject-specific 
spatial registration parameters using the diffeomorphic algorithm 
based on exponentiated lie algebra - DARTEL (Ashburner, 2007). For 
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VBM analysis, we scaled the probability maps with the corresponding 
Jacobian determinants to preserve the initial total amount of signal in-
tensity. For VBQ analysis, we followed the same strategy by applying a 
weighted averaging procedure that ensures the preservation of the 
initial signal intensity of the MT, PD* and R2* parameter maps (Dra-
ganski et al., 2011). The resulting maps were spatially smoothed using 
an isotropic Gaussian convolution kernel of 8 mm full-width-at-half- 
maximum. 

2.5. Spinal cord cross-sectional area (CSA) assessment 

CSA assessment was performed on averaged T1w sequences in the 
axial plane using the software package snap-ITK (Yushkevich et al., 
2006). Delineation of the spinal cord was performed by outlining the 
spinal cord circumference manually (AH) at the C2/3 level slice by slice 
in the axial plane yielding a total of 15 continuous slices. For an 
approximation of the mean CSA of the upper spinal cord, we averaged 
the CSA over these 15 slices. 

2.6. Statistical analysis 
We used parametric and nonparametric statistics from the software 

package JMP® - v15, for descriptive analysis of clinical data where 
deemed appropriate. 

Sample size considerations: In SCI, absolute effect sizes have hardly 
been published in previous quantitative MRI research. The study by 
Freund et al. (2013) showed a reduction in volume one year after SCI at 
the capsula interna level of approx. 2%. The standard error of mean (SE) 
was approx. 0.5%. The study included n = 12 patients. According to the 
formula SD = SE × sqrt(N) the standard deviation (SD) in the SCI group 
is 1.8. Under the Normality assumption, using t-test means with an 
allocation 1:1, an estimated α error probability of 0.05 and a power (1-β 
error probability) of 0.8 a total of about 28 subjects (n = 14 per group) 
would be required (Faul et al., 2007). 

In a first regionally unbiased statistical attempt, a voxel-wise general 
linear model (GLM) was fitted to the total grey and white volumes, 
respectively. This was done separately for each parameter map (VBM, 
MT, PD*, R1, R2*). Regressors in the final model were the categorical 
group indicator variable (SCI versus control), age, sex, and total intra-
cranial volume (Barnes et al., 2010). Total intracranial volume was 
calculated as the sum of the segmented grey matter, white matter, and 
CSF volumes from MTw images. Model parameterization was done 
applying an independent two-sample t-test design as implemented in 
SPM12. After model estimation, the group effect was analyzed by an 
unbiased two-sided F-contrast statement for the total volumes (without 
small volume corrections for anatomical ROIs). Thereafter, one-sided T- 
contrast statements were used to analyze the direction of the identified 
differences (i.e. reductions or increases of volume (VBM) and intensities 
(VBQ), respectively). To control for multiple comparisons in this mass- 
univariate voxel-wise analysis, family-wise error (FWE) correction 
methods using Random Field Theory were applied. The peak level 
height threshold for statistical significance was set at FWE p < 0.05 with 
no cluster extent threshold. 

In additional sensitivity analyses in analogy to a previous study 
(Freund et al., 2013), we also fitted the model to restricted anatomical 
regions of interest (ROIs) consisting of the bilateral primary motor 
cortex (grey matter) and corticospinal tracts (white matter), respec-
tively. Further sensitivity analyses consisted of small volume corrections 
for these anatomical ROIs during statistical inference after fitting the 
model to the whole grey or white matter volumes. 

Because of the strong association between spinal cord CSA and group 
membership (SCI, control), additional voxel-wise statistical models were 
fitted to assess correlations between brain volume changes and spinal 
cord CSA. The final models consisted of the regressors: CSA, age, sex, 
and total intracranial volume. Model parameterization was done 
applying a multiple regression design as implemented in SPM12. 

To obtain the effect size of significant voxel-wise correlations 

between brain volume and spinal cord CSA or the group status, separate 
analyses were performed outside the SPM12 framework after extraction 
of the values in significant brain clusters. For illustration purposes 
MRIcronGL 1.2.20201102 obtained from www.nitrc.org was used. 

3. Results 

3.1. Population characteristics 

MRI scans were obtained during a sampling period of 3.5 years. The 
main clinical characteristics of the patient population are summarized in 
TABLE 1. We recruited 14 patients and 14 control subjects. The mean 
age in the control and patient group was 46 ± 16 and 55 ± 13 years (p =
0.1147), respectively. The female to male ratio was 3:11 in each group. 
The median time since SCI was 144 (4–568) months. Lesion severity in 
all patients was sensorimotor complete (AIS grade A). The TIV in the 
healthy control cohort was 1571 ± 171 ml (mean ± SD) and 1479 ± 210 
ml in SCI subjects (p = 0.2169). 

3.2. VBM and VBQ analysis 

In regionally unbiased VBM analysis, we observed WM volume re-
ductions in the dorsal aspect at the junction between the most rostral 
part of the spinal cord and the medulla oblongata (MNI coordinates: 
− 1.5–48 − 67.5) in SCI subjects compared to healthy controls (mean 
difference ± SEM: 11.7 ± 1.9 µl) (Fig. 1). We could not observe any other 
significant grey or white matter brain volume differences. Unbiased VBQ 
analysis did not reveal any significant between-group differences. 

Sensitivity analyses restricted to anatomical region of interest 
confirmed the volume reductions in the medulla oblongata of SCI pa-
tients. Moreover, these ROI analyses confirmed the absence of any other 
between-group differences. For a summary of these results at the un-
corrected p = 0.001 level see supplementary Table 1. 

The cross-sectional area (CSA) analysis at the cervical level revealed 
smaller CSA in SCI subjects compared to controls (60.2 ± 8.1 mm2 

versus 74.5 ± 10.4, p < 0.001). We found a strong positive correlation 

Table 1 
Characteristics of SCI and control subjects. AIS (American Spinal Injury Asso-
ciation Impairment Scale), NLI (Neurological Level of Injury).  

ID Age (years) AIS NLI Time since injury (months) 

P1 66 A C7 531 
P2 62 A T7 519 
P3 32 A T10 206 
P4 59 A T5 122 
P5 55 A T3 114 
P17 21 A C5 7 
P19 59 A T5 4 
P20 65 A T8 4 
P21 61 A T6 66 
P22 53 A C6 16 
P25 52 A C3 385 
P30 65 A C6 568 
P32 62 A T9 567 
P34 58 A T5 165 
C2 27    
C3 24    
C7 52    
C8 39    
C9 50    
C12 61    
C14 69    
C15 38    
C16 64    
C18 28    
C26 50    
C27 25    
C28 63    
C31 55     
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between the loss of cervical level CSA and WM volume at MNI − 1.5–48 
− 67.5 (r = 0.662; p < 0.001; Fig. 2). CSA was not associated with any 
other WM or GM brain volume change, respectively. 

4. Discussion 

In this study, we identified WM volume loss (approximately 11 µl) in 

the dorsal aspect at the junction between the most rostral part of the 
spinal cord and the medulla oblongata in chronic sensorimotor complete 
SCI subjects. This volume loss correlated with spinal cord atrophy at the 
cervical level. In contrast to published results, despite a reasonable 
sample size with higher homogeneity from a clinical and pathophysio-
logical point of view, we were not able to find any other structural 
differences in SCI patients that reached the accepted levels of statistical 
significance. 

The highest impact in respect to changes remote from the injury site 
can be expected from a long duration since injury together with com-
plete axon transection in long descending/ascending tracts (reflected by 
a sensorimotor complete SCI), which have the highest potential to (1) 
induce retrograde axon degeneration, demyelination and neuronal cell 
death (in case these pathophysiological events really occur) and/or (2) 
cause maximum Wallerian degeneration of long ascending sensory 
projections, demyelination and transsynaptic degeneration. Based on 
these criteria, the characteristics of our study cohort with a median time 
since SCI of 144 months and an average injury completeness of 95.4% 
(total motor score loss in relation to the achievabletotal motor score 
under consideration of the lesion level) are well suited to induce sub-
stantial supraspinal changes. 

The reduced volume in the dorsal aspect at the junction between the 
most rostral part of the spinal cord and the medulla oblongata in SCI 
subjects most likely reflects Wallerian degeneration of large proprio-
ceptive sensory axons, which has been established histologically 
(Becerra et al., 1995; Weber et al., 2006). It is unlikely that the identified 
volume reduction in this area was generated by a software algorithm 
induced imaging artifact due to false classification/registration (Book-
stein, 2001). Quality inspection of the normalized images after appli-
cation of the DARTEL algorithm did not indicate false classification or 
registration. Methodologically, volume changes in similar regions could 
be shown earlier for other neurological diseases such as Parkinson’s 

Fig. 1. Left panel: color-coded voxels depict reduced WM volume in the dorsal aspect at the junction between the most rostral part of the spinal cord and the medulla 
oblongata (statistical FWE-peak voxel at MNI coordinates: − 1.5–48 − 67.5) in SCI subjects compared to healthy control individuals. The color scale represents T- 
values (model fit and statistics apply to the total white matter volume; peak T = 5.82, p = 0.014 FWE). For illustration purposes, representative axial slices with 
significant voxels in VBM analysis at the alpha <0.001 uncorrected statistical threshold level were used. The structural image was calculated as the mean R1 image of 
the study sample after running the DARTEL algorithm. Right panel: To illustrate the effect size in the significant cluster at MNI − 1.5–48 − 67.5 absolute volumes of 
that cluster were calculated for each study subject (open rectangles for controls, closed triangles for SCI). Symbols with errorbars represent the group mean ± 2xSEM. 
The mean difference ± SEM between groups was 11.7 ± 1.9 µl. 

Fig. 2. Strong positive correlation between the medulla oblongata cluster with 
reduced volume at MNI − 1.5–48 − 67.5 and the cross-sectional area at the 
spinal level C2/3 (r = 0.662; p < 0.001). Symbols indicate the groups: SCI- 
patients (filled triangles), healthy controls (open rectangles). 
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Table 2 
Comprehensive overview of the individual studies.  

First Author Crawley Jurkiewicz Wrigley Freund Henderson Freund Grabher Chen Hug 

sample 
similarity 

1 1 2 3 2 4 4 5 6 

Pub year 2004 2006 2009 2011 2011 2013 2015 2017 2021 
PMID 15,518,637 16,534,122 18,483,004 21,586,596 21,325,531 23,827,394 26,290,444 28,503,142  
Raw data 

sequence 
T1w T1w T1w 

DTI 
T1w(MDEFT) T1w 

DTI 
T1w 
MPM 

T1w 
MPM 

T1w MPM 

Scanner Signa 
GE 

Signa 
GE 

Achieva 
Philips 

Sonata 
Siemens 

Intera 
Philips 

Verio 
Siemens 

Verio 
Siemens 

Trio Tim 
Siemens 

Verio 
Siemens 

Field strength 1.5 T 1.5 T 3.0 T 1.5 T 3.0 T 3.0 T 3.0 T 3.0 T 3.0 T 
Segmentation 

method 
manual 
VBM 
(SPM2) 

VBM 
(SPM2) 

VBM (SPM5) 
unified 
segmentation 

VBM (SPM8) 
unified 
segmentation 

VBM (SPM5) 
unified 
segmentation 

TBM (SPM12) 
VBM (SPM12) 
VBQ (SPM12) 
unified 
segmentation 

TBM (SPM12) 
VBQ (SPM12) 
unified 
segmentation 

VBM (SPM8) 
unified 
segmentation 

VBM(SPM12) 
VBQ (SPM12) 
unified 
segmentation 

Modulation yes yes yes yes yes yes yes yes yes 
Normalisation Standard Standard Standard DARTEL Standard DARTEL DARTEL DARTEL DARTEL 
Model ANCOVA ANCOVA ANCOVA ANCOVA ? ? ? T-test T-test 
Model 

covariates 
(nuisance) 

global GM global GM age age 
TIV 

age 
sex 

age 
TIV 

age 
TIV 

age 
sex 

age 
sex 
TIV 

Multiple 
comparison 
correction 

? ? FDR 
0.05 

FWE 
0.05 

? FWE 
0.05 

FWE 
0.05 

FWE 
0.05 

FWE 
0.05 

ROI M1 
global WM 

S1 
M1 
global WM 

? Whole-Brain 
M1 
S1hand 
S1leg 
CST 

S1 M1 
S1 
CST 

ACC 
Thalamus 
S1 
S2 
insula 
cerebellum 
brainstem 

global GM 
sig clusters (for 
subgroups) 

global GM 
global WM 
M1 
CST 

SVC ? ? ? 10 mm sphere ? ? ? ? without and 
anatomical 
ROI (CST, M1) 

VBM sign. 
regions 

none S1_r 
S1_l 

M1_l 
mPFC_r 
mPFC_l 
ACC_r 
ACC_l 
TEMP_r 
TEMP_l 
Hypo 
Insula 

Pyramids_rl 
CerebellarPed_l 
M1_r 
S1_r 

S1_r 
S1_l 

M1_l 
CST_l 

VBM: not 
done 
TBM: 
Thalamus_r 
Thalamus_l 
ACC_r 
ACC_l 
Insula_l 
S2_l 
Pons 

ACC_r 
OFC_r 
OFC_l 
Insula_r 
Insula_l 
TEMP_r 

Medulla 
spinal cord 

Effect size 
SCI-con 

n.a. − 25 ± 4% 
-18 ± 4% 

? ? 0.33 ±
0.02–0.45 ±
0.05 
0.26 ±
0.03–0.39 ±
0.07 

TBM: approx. 
-2% 
VBM: not 
done 

TBM: up to 
approx. 
-3% 

0.5 ± 0.05–0.6 
± 0.05 

− 11.7 ± 1.9 µl 

VBQ sign. 
regions 

not done not done not done not done not done R1: M1_rl 
S1_rl 
CST_rl 
MT: M1_rl 
S1_rl 
CST_r 

R1: 
Thalamus_rl 
Cerebellum_r 
M1: Medulla 

not done none 

Effect size 
SCI-con 

n.a. n.a. n.a. n.a. n.a. not done − 19% 
-17% 
-14% 

n.a. n.a. 

n (SCI) 17 17 15 10 20 13 14 21 14 
n (controls) 16 16 27 16 23 18 18 21 14 
NLI C3-S1 C3-S1 T1-T10 C5-C8 T1-T10 C4-T12 C4-T12 C3-Sn C3-T10 
T:P 16:1 16:1 0:15 10:0 0:20 8:5 8:6 8:13 5:9 
AIS A-11 

B-3 
D-2 
E-1 

A-11 
B-3 
D-2 
E-1 

A-15 A-2 
B-1 
C-3 
D-4 

A-20 A-4 
B-5 
D-4 

A-5 
B-5 
D-4 

A-10 
B-1 
C-2 
D-8 

A-14 

Duration 1–160 1–160 24–390 84–360 24–444 12 12 1–396 4–568 
Age 21–54 21–54 26–57 29–61 22–57 19–75 19–75 28–71 21–66 
m:f (SCI) 13:4 13:4 15:0 10:0 18:2 12:1 13:1 15:6 11:3 
m:f (con) 8:8 8:8 27:0 ? 20:3 12:6 12:6 15:6 11:3 

ACC: anterior cingulate cortex; AIS: American Spinal Injury Association Impairment Scale Grade; ANCOVA: analysis of covariance; CerebellarPed: cerebellar peduncle; 
con: control; CST: corticospinal tract; DTI: diffusion tensor imaging; f: female; FDR: false discovery rate; FWE: family-wise error; GM: grey matter; M1: primary motor 
cortex; m: male; MDEFT: Modified Driven Equilibrium Fourier Transform; MPM: multiparameter mapping allowing VBM and VBQ analyses; n.a.: not applicable; NLI: 
neurological level of injury; OFC: orbitofrontal cortex; P: paraplegic; PMID: PubMed identifier; Pub year: year of publication; ROI: region of interest; S1: primary 
somatosensory cortex; S2: secondary somatosensory cortex; Sample similarity: studies with largely similar cohorts have identical numbers; SCI: spinal cord injury; 

A. Hug et al.                                                                                                                                                                                                                                     



NeuroImage: Clinical 31 (2021) 102716

6

disease (Jubault et al., 2009). The strong positive correlation between 
the spinal cord cross-sectional area at the C2/3 level and the identified 
WM volume cluster at the spinal cord-medulla oblongata junction also 
supports our hypothesis of a true biological effect. Atrophy at the cer-
vical cord and medulla oblongata level is a consistent finding after SCI, 
which is associated with more severe disability (Freund et al., 2010, 
2011, 2013). 

WM volume reductions in the brain stem, topographically related to 
the corticospinal tracts and in the left cerebellar peduncle, have been 
previously reported in a clinically more heterogeneous (more incom-
plete SCI subjects) and a less chronic cohort of SCI subjects (Freund 
et al., 2011, 2013). However, volume changes in respective neuroana-
tomical regions could not be reproduced in our chronic sensorimotor 
complete SCI cohort. The volume reductions in our cohort were located 
more dorsal and caudal between the spinal cord and medulla oblongata 
consistent with the neuroanatomical region of the dorsal funiculus. 
Whether degenerative changes such as retrograde axon dieback or 
neuronal atrophy/cell death occur in corticospinal projections as sug-
gested by VBM/VBQ studies (Freund et al., 2011, 2013) is still debated. 
Recent preclinical studies indicate that neuronal cell death as a conse-
quence of corticospinal tract transection – at least in rodents – cannot be 
observed (Nielson et al., 2010, 2011). However, a mild reduction in cell 
size 4 weeks after a thoracic dorsal column transection in rats was 
detected. This finding could represent the pathophysiological basis of 
gray matter volume changes detected with VBM within the first year 
after injury in human subjects (Freund et al., 2013). However, it is un-
known whether these cell size changes as observed in rodents are only 
transient and do not reflect an irreversible state (“progressive atrophy”) 
as suggested (Freund et al., 2019). It is conceivable that changes within 
the brain detected by VBM (Freund et al., 2013) reflect transient volume 
changes as previously shown (Draganski et al., 2004), which disappear/ 
normalize over longer periods of time. This would explain the absence of 
structural changes in our chronic SCI cohort. Recent evidence directly 
comparing VBM with advanced microscopy techniques (Asan et al., 
2021) in mice suggests that “gray matter volume changes are not 
strongly related to changes in physical volume”. Rather “local cell count, 
spatial arrangement of cells as well as cell type composition are factors 
that make important contributions.” Accordingly, it appears less likely 
that cell size changes (Nielson et al., 2011) identified microscopically 
represent the correlate of VBM based volume changes. Remote changes 
in the brain related to neurogenesis or gliogenesis, which also could 
have produced volumetric changes in VBM studies (Killgore et al., 
2013), could not be observed in animal models of SCI (Franz et al., 
2014). Post-mortem histological data from human SCI subjects are not 
available to either confirm or reject such changes. 

Differences in supraspinal VBQ parameter maps, which are supposed 
to reflect microstructural alterations associated with myelin (MT and 
R1), could not be observed in our study. This contrasts previous findings 
of reductions of MT and R1 in brains of SCI subjects within the first year 
after injury (Freund et al., 2013). We are not aware of any animal or 
human study, which has shown demyelination in the brain as a conse-
quence of spinal cord injury. 

Regarding the involved brain regions in SCI subjects, previous 
morphometric MRI studies reported diverse findings (Crawley et al., 
2004; Jurkiewicz et al., 2006; Wrigley et al., 2009; Freund et al., 2011, 
2013; Chen et al., 2017). In our current study on chronic sensorimotor 
complete SCI, we were not able to unambiguously identify any other 
brain or brainstem region associated with VBM or VBQ changes. Of note, 
our sensitivity analyses on putatively involved anatomical ROIs (i.e. 
bilateral primary motor cortex and corticospinal tracts) also did not 
unmask any other VBM or VBQ changes in SCI subjects. 

Concerning the sample homogeneity of clinically relevant parame-
ters among the investigated SCI group, only one other group (Wrigley 

et al., 2009; Henderson et al., 2011) analyzed a comparably standard-
ized population. However, our results do not support their finding of 
extensively reduced GM volumes in motor and non-motor regions of the 
brain associated with SCI. 

Lack of statistical power is unlikely to explain the deviating findings. 
A clinically highly homogenous sample of 14 SCI subjects was investi-
gated in the present study, whereas 10 (Freund et al., 2011), 13 (Freund 
et al., 2013), 15 (Wrigley et al., 2009), and 17 (Jurkiewicz et al., 2006) 
SCI subjects with a variable degree of clinical heterogeneity (i.e. com-
plete/incomplete lesions, acute/chronic stages) were enrolled in previ-
ous MRI studies. Freund et al. (Freund et al., 2013) found a linear 
decrease in brain volume over a one-year period after SCI. In an attempt 
to maximize the signal to noise ratio by our experimental design, we 
therefore opted for the preferential inclusion of chronically paralyzed 
patients with long-lasting SCI. Nevertheless, we also included sub-acute 
patients within 6 months after injury according to the definition of the 
EMSCI-Project (emsci.org). However, we could not find a correlation in 
our data set between the duration of SCI and brain changes, which is 
consistent with previous research (Wrigley et al., 2009). It should be 
noted that the variable duration of SCI is not normally distributed. In 
this respect, modeling in statistical models is not straightforward. 

Since image acquisition and post processing methods were identical 
in our study and the study by Freund et al. (Freund et al., 2013) dif-
ferential appreciation of known confounding factors related to the study 
cohorts could explain contradictory findings. After normalization, men 
have been demonstrated to have smaller brain volumes than women 
(Barnes et al., 2010). However, the study by Freund et al. (Freund et al., 
2013) failed to consider sex as a known confounder of brain volume, 
illustrated by an unbalanced design in respect to the male to female ratio 
(12:1 in SCI subjects versus 12:6 in controls subjects). In our study the 
respective ratio was 11:3, both, in the SCI group and the control group. 
The established substantial interactions of sex and brain morphometry 
constitutes in our opinion a significant bias in the Freund et al. study 
(Freund et al., 2013), since all variables (age, TIV, and sex) need to be 
considered in VBM studies (Barnes et al., 2010). Moreover, due to the 
potential non-linear interactions between sex and brain morphometry, 
such a bias cannot easily be adjusted for in linear statistical models 
implemented in SPM12. 

For a more comprehensive overview of the individual studies, please 
refer to Table 2. 

In summary, our VBM and VBQ analyses in a homogenous sample of 
chronic sensorimotor complete SCI subjects failed to detect structural or 
microstructural brain changes cranially to the medulla oblongata level 
attributable to SCI. These findings are supported by the absence of 
secondary neurodegenerative remote changes in the brain reported in 
preclinical animal studies. Furthermore, our SCI-specific finding of 
reduced cross-sectional areas in the upper cervical spinal cord, which is 
strongly associated with white matter volume loss at the junction be-
tween the cervical cord and medulla oblongata, is concordant with 
previous preclinical histological evidence of well-established remote 
changes after SCI. Consequently, applying the MRI methodology used in 
the current study, it is not unequivocally possible to detect suitable and 
clinically meaningful SCI-specific markers in the brain, which could help 
to facilitate clinical decision making or enrich innovative clinical trial 
designs. 
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