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Spinal cord injury (SCI) leads to severe chronic disability, but also to secondary adaptive 
changes upstream to the injury in the brain which are most likely induced due to the lack 
of afferent information. These neuroplastic changes are a potential target for innovative 
therapies such as neuroprostheses, e.g., by stimulation in order to evoke sensation or in 
order to suppress phantom limb pain. Diverging results on gray matter atrophy have been 
reported in patients with SCI. Detectability of atrophy seems to depend on the selection 
of the regions of interest, while whole-brain approaches are not sensitive enough. In this 
study, we discussed previous research approaches and analyzed differential atrophic 
changes in incomplete SCI using manual segmentation of the somatosensory cortex. 
Patients with incomplete SCI (ASIA C-D), with cervical (N = 5) and thoracic (N = 6) injury 
were included. Time since injury was ≤12 months in 7 patients, and 144, 152, 216, 
and 312 months in the other patients. Age at the injury was ≤26 years in 4 patients 
and ≥50 years in 7 patients. A sample of 12 healthy controls was included in the study. 
In contrast to all previous studies that used voxel-based morphometry, we performed 
manual segmentation of the somatosensory cortex in the postcentral gyrus from struc-
tural magnetic resonance images and normalized the calculated volumes against the 
sum of volumes of an automated whole-head segmentation. Volumes were smaller in 
patients than in controls (p = 0.011), and as a tendency, female patients had smaller vol-
umes than male patients (p = 0.017, uncorrected). No effects of duration (subacute vs. 
chronic), level of lesion (cervical vs. thoracic), region (left vs. right S1), and age at onset 
(≤26 vs. ≥50 years) was found. Our results demonstrate volume loss of S1 in incomplete 
SCI and encourage further research with larger sample sizes on volumetric changes in 
the acute and chronic stage of SCI, in order to document the moderating effect of type 
and location of injury on neuroplastic changes. A better understanding of neuroplastic 
changes in the sensorimotor cortex after SCI and its interaction with sex is needed in 
order to develop efficient rehabilitative interventions and neuroprosthetic technologies.
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1. inTrODUcTiOn

Spinal cord injury (SCI) induces a loss of both motor and 
sensory function below the level of injury (1). This leads to a 
degenerative development along the descending and ascending 
pathways transferring information between the spinal cord and 
the brain (2–7).

Spinal cord atrophy is the result of a combination of patho-
physiological processes, including loss of neurons as well as axonal 
demyelination, degeneration, and dieback (8). Absent sensory  
inputs after spinal cord injuries lead to instantaneous and progres-
sive functional, structural, and molecular changes in the central 
nervous system (9). At the early stage of the injury, the majority 
of the neurons remain intact, but there is no regeneration of axons 
(10, 11). Several studies reported atrophy of the cortex and the 
spinal cord in patients with SCI, additionally to a loss of axonal 
integrity (1–3, 5, 6, 8, 10–18).

In rats following SCI, Wall and Egger discovered in 1971 that 
discontinuation of cortical loops in rats following SCI gives rise 
to reorganization and formation of new connections of cortical 
structures (19). The ability for reorganization of the brain follow-
ing impairment, such as SCI, is called neuroplasticity [reviewed in 
Ref. (20)]. However, cortical plasticity is not always helpful. First, 
the maladaptive neuroplasticity can lead to phantom sensations 
or pain (21, 22). Moreover, it can be expected that even if one 
day it would be possible to restore the lesioned pathways in the 
spinal cord, or to bypass them with neuroprosthetic devices, the 
neuroplastic changes in the sensorimotor cortex could prevent 
the patients from a fast recovery because the newly regenerated 
axons may project to brain areas that are remapped in order to 
serve other functions.

However, cortical reorganization alone may not prevent  
therapeutic strategies such as neuroprostheses to be implemented 
successfully. More so, loss of brain matter in the sense of pro-
gressive cortical atrophy could represent a serious problem, for 
example, when brain–computer interfaces or neuroprostheses are 
directly interfacing with the central nervous system (23, 24).

Loss of white and gray matter has been reported in patients 
with SCI in several studies (3, 5, 17, 18, 25–28). The studies 
reported cortical atrophy in diverging areas, including primary 
motor cortex, primary somatosensory cortex, and supplemen-
tary motor cortex. One study demonstrated that the volumetric 
change is detectable also in a longitudinal design in the acute 
and subacute stage of the first year (18). The earliest study in 
this field applied manual measurement of cortical thickness and 
voxel-based morphometry and found no differences between 
patients with SCI and healthy controls (29). The other studies 
all relied on voxel-based morphometry. All but the most recent 
one (30) of these studies reported reduced volume in sensori-
motor areas, but the results varied in the exact location of these 
differences.

A source of this inconsistency might be the exact use of voxel-
based morphometry. The technique may be applied to regions of 
interest or to the whole brain, with statistically significant clusters 
being submitted to further analysis of group differences. It seems 
that the approach used, either by globally searching for differences 
or by limiting the test to regions of interest, has a major effect on 

the detectability of differences. Most studies found significant 
differences within the sensorimotor areas by applying a region of 
interest analysis (5, 17, 18, 26–29). Most interestingly, two stud-
ies reported that with whole-brain analysis, no differences in the 
sensorimotor region were found, while analyzing only the regions 
of interest yielded the expected results (27, 28). Furthermore, the 
only study not implementing any region of interest analysis did 
not report any significant results in the sensorimotor areas (30).

The diverging results strongly suggest that the changes are 
small, and that atrophy in other brain regions may be more promi-
nent; as a consequence, the small changes in the sensorimotor area 
might not reach significance on the global cortical or brain level. 
Thus, the choice of the region of interest might largely moderate 
the findings. However, a manual analysis of cortical thickness 
found no results even when restricted to the primary motor  
cortex (29).

A further explanation may be that the studies involved quite 
different samples. It seems plausible that the level of injury (cervi-
cal vs. lower injury), time since injury, type of injury (traumatic 
vs. non-traumatic), and completeness of the injury could play a 
role. However, Jutzeler et  al. reported no difference in atrophy 
between patients with complete and incomplete SCI (28) using 
voxel-based morphometry. Nevertheless, gray matter volumes 
differ with respect to the presence of neuropathic pain (27, 28).

Despite several studies reported cortical atrophy in patients 
with SCI, the effect of level of injury, duration, age, and sex where 
only rarely addressed. It is unclear why manual measurement 
would not yield an effect, while automated analysis is able to docu-
ment significant results. In a recent project, we could demonstrate 
that the type of automated segmentation as well as the underlying 
pathology may moderate the accuracy of the delineation of the 
region of interest (31, 32). Accordingly, atrophic regions may be 
identified with greater difficulty. Therefore, in the present study, 
we aimed to assess manual segmentations of volumes of the post-
central gyrus in patients with incomplete cervical vs. thoracic SCI, 
at a subacute vs. chronic stage, and to test for effects of age and sex.

2. MaTerials anD MeThODs

2.1. ethics
This study was carried out in accordance with the recommenda-
tions of Good Clinical Practice.

From participants who were involved during a scientific 
study, we obtained written informed consent in accordance with 
the Declaration of Helsinki. The protocol was approved by the 
Ethics Commission Salzburg (Ethikkommission Land Salzburg; 
approval number 1541).

From the other participants who were not involved in the 
scientific studies we used clinical routine data retrospectively, 
extracted from the clinical database in anonymized form.

2.2. sample
We identified 21 patients with SCI having been between 2005 
and 2015 at the Department of Neurology, Christian Doppler 
Medical Centre, Paracelsus Medical University for clinical rou-
tine examinations or having participated in the scientific study 
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TaBle 1 | Clinical details and MRI-sequence of the patients with SCI included in the study.

nr. age sex Time Mri etiology ais grade level

1 50 m 2 MPR Cervical myopathy; laminectomy D C4
2 26 m 216 MPR Car accident C–Da C6
3 22 m 312 MPR Sports accident C–Da C6
4 69 m 12 MPR Spinal ischemia TH8 Db T9

Arteriovenous fistula TH4–8
Laminectomy L4/L5

5 22 f 144 FFE Sag Fracture Db T11
Motorcycle accident

6 20 m 152 3D TFE ISO Sag T-cell lymphoma Db T3
7 85 f 1 3D TFE ISO Sag Unstable odontoid Db C4

Fracture
8 53 m 6 3D TFE ISO Sag Spinal ischemia D T5
9 59 f 1 3D TFE ISO Sag Spinal ischemia D T6

10 53 m 2 3D TFE ISO Sag Fracture, luxation D C4
11 57 f 3 FFE Sag Arteriovenous fistula D T10

age, at onset; level, of injury; time, since injury/onset given in months; MRI, magnetic resonance imaging, T1-weighted image sequence; AIS Grade, according to ASIA—American 
Spinal Injury Association; level, neurological level (sensory symptoms below this level); MPR, multi-planar reconstructed; FFE, fast field echo; TFE, turbo field echo; Sag, saggital.
aNo AIS grade determined; patients used a wheelchair and were unable to walk but could use their arms; preserved sensory function in arms and legs.
bNo AIS grade was determined; rating was done post hoc based on detailed information from diagnostic documentation.
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as mentioned in Section 2.1. From the clinical routine examina-
tions, we identified all patients with T1-weighted MRI volumes 
recorded after the injury. From this sample, 4 patients had to 
be excluded because they suffered from other diseases affecting 
the central nervous system (1 MS, 1 hypoxic encephalopathy, 1 
unresponsive wakefulness syndrome, and 1 with kryptogenic 
epilepsy). Another 5 patients had to be excluded because the MRI 
was done within 1 week after injury, so that we did not expect any 
atrophic changes in these patients. Another patient was excluded 
because of insufficient quality of the MRI. The clinical details of 
this final sample are listed in Table 1.

In addition, we included MRIs of 12 healthy controls (age 
range 19–35 years, median 23 years; 7 female) who were recruited 
among the students of the Universities of Salzburg (Austria).

2.2.1. MRI
T1-weighted MRI volumes were acquired at Siemens (Erlangen, 
Germany) Magnetom TrioTim syngo MR B17 at 3 Tesla for all 
healthy controls and patients 1–4 using a 12-channel head coil 
and the following parameters: sagittal orientation, 192 slices 
per slab, 256  mm FoV read at 93.8% phase, repetition time 
(TR)  =  2,300  ms, echo time (TE)  =  2.91  ms, inversion time 
(TI) = 900 ms, flip angle (FA) = 9 deg, and a slice thickness of 
1 mm resulting in a voxel size of 1 × 1 × 1 mm3. One MRI—of 
patient 5—was acquired at a Philips (Hamburg, Germany) 
1.5 T NT Intera: fast field echo sagittal, slice thickness = 4 mm, 
TR = 198.83 ms, TE = 2.50, imaging frequency = 63.90, number 
of phase encoding steps = 154, FA = 90 deg; The other MRIs were 
acquired at a Philips (Hamburg, Germany) 3 T Achieva: Patient 
6,7: 3D turbo field echo ISO sagittal, slice thickness  =  1  mm, 
TR = 8.09 ms, TE = 3.70 ms, imaging frequency = 127.76, num-
ber of phase encoding steps = 240, FA = 8 deg; Patient 8: 3D turbo 
field echo ISO sagittal, slice thickness = 1 mm, TR = 8.13 ms, 
TE  =  3.73  ms, imaging frequency  =  127.79, number of phase 
encoding steps = 240, FA = 8 deg; Patient 9: 3D turbo field echo 
ISO sagittal, slice thickness = 1 mm, TR = 8.29 ms, TE = 3.8 ms, 

imaging frequency  =  127.78, number of phase encoding 
steps = 240, FA = 8 deg; Patient 10: 3D turbo field echo ISO sagittal, 
slice thickness = 1 mm, TR = 8.25 ms, TE = 3.8 ms, imaging fre-
quency = 127.75, number of phase encoding steps = 240, FA = 8 
deg; Patient 11: fast field echo sagittal, slice thickness = 5 mm, 
TR = 315 ms, TE = 4.60, imaging frequency = 127.77, number of 
phase encoding steps = 320, FA = 80 deg.

2.3. Manual segmentation
The manual segmentation of the MRI volumes was performed 
on a Wacom Cintiq 22 inch HD interactive pen display (resolu-
tion 1,920  ×  1,200) and using the 64-bit 3DSlicer software for 
Windows 7 (v. 4.2.2-1 r21513) in order to label the somatosensory 
cortex voxels for each slice independently.

We used anatomical landmarks such as the Omega sign, as 
shown in Figure 1. The central sulcus separates the pre- and post-
central gyri, where the latter contains the primary somatosensory 
cortex (S1). It has three genua, of which the middle genu is shaped 
like an inverted greek letter Omega, which is seen in axial sections 
of MRIs. This structure is more colloquially called “hand-nob.” 
Identification of the central sulcus is essential in the topographic 
localization of the postcentral gyrus (33). The method used was to 
mark the outline of the somatosensory cortex in each individual 
plane in sagittal, coronal, axial order with permanent control in 
all planes. The volume of the segmented region was calculated 
and shown as a 3D-model (see Figure 2).

2.4. normalization by automated 
segmentation
The automated segmentation was performed using a set of 30 
hand labeled atlases (83 regions each) made publicly available by 
Hammers et al. (34).1 After brain extraction using BET in FSL,2 all 

1 Available from: http://brain-development.org/brain-atlases/individual-adult- 
brain-atlases-30/.
2 Available from: http://fsl.fmrib.ox.ac.uk.
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FigUre 2 | Segmentation. Exemplary 3D-model of the somatosensory 
cortex (patient nr. 8).

FigUre 1 | Omega sign. The omega sign in the central sulcus and the 
outlined somatosensory cortex (patient nr. 8).
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subjects were diffeomorphically registered using ANTS3 to each 
atlas. The final segmentation is obtained by using majority voting 
to fuse the registration outcomes for each subject. The result is 
a labeled volume, containing labels for various different cortical 
and subcortical structures.

The volume of the manually segmented primary somatosen-
sory cortex was normalized by the sum of the volumes of the 
following regions of the brain on both sides, which were obtained 
from the automated segmentation: temporal, occipital, and 
parietal lobe; temporal, frontal, parietal, fusiform, pre- and post-
central, straight, orbital, lingual, ambient, parahippocampal, and 
cingulate gyrus; and hippocampus, amygdala, caudate nucleus, 
putamen, nucleus accumbens, globus pallidus, substantia nigra, 
cerebellum, brainstem, insula, thalamus, corpus callosum, ven-
tricles, cuneus, presubgenual and subgenual frontal cortex, and 

3 Available from: http://stnava.github.io/ANTs/.

the subcallosal area. Normalization means that we calculated the 
percent the primary somatosensory cortex took in relation to the 
sum of the automatically segmented regions.

The sum of all these regions was on average 1,119,604.18 mm3 
in healthy controls (SD = 122,183.51) and 1,041,145.67 mm3 in 
patients (SD = 111,013.47), which is a bit less than what would 
be expected for the total brain size in humans (35), seeming plau-
sible since not all brain regions are included in this automated 
segmentation.

2.5. statistical analysis
Since the sample was quite small in comparison with the number 
of factors, we chose a non-parametric MANOVA for repeated 
measures designs. The R-package MANOVAM (36) allows to 
calculate test statistics in semi-parametric multivariate data 
with repeated measures designs. We used it with the parametric 
bootstrap and 1,000 iterations, because in contrast to the per-
mutation or wild bootstrap, the parametric bootstrap is more 
robust in unbalanced designs and, therefore, generally recom-
mended (37).

We performed three separate analyses. One analysis compared 
patients with controls in terms of normalized volume of the left- 
and right somatosensory cortex, taking also sex into account.

The patient group was divided into a homogeneous group of 
young patients with an age range of 22–26 years, and an older 
group aged 50 years and above. We could not include age into 
the statistical model applied to the comparison of patients with 
healthy controls since all healthy subjects were younger than the 
older patient group boarder age. For the sake of completeness, we 
compared patients and healthy controls in terms of age (t-test) 
and sex (Fisher’s exact test).

Therefore, two further analyses were performed in order to 
examine clinical effects in the patients group, thus, by taking 
into account lesion (cervical/thoracic), time since injury, age, 
and region. We could not put all factors in one single analysis 
since the subgroups were too small. Thus, in a second analysis, 
the subsamples of the patients were compared statistically by age, 
level, and region, and in a third analysis by duration, level and 
region. Similar to the division of the patient group into a younger 
and older group, we grouped patients with a duration below and 
above 84 months, since this divided the sample into two homo-
geneous subgroups. In addition, the sample of the related study 
of Freund et al. (5) included only patients with a duration of at 
least 84 months.

The results of the three separate MANOVAs were interpreted 
according to Bonferroni at p  <  0.0167. For all test results, we 
report the Wald-Type-Statistic (WTS) alongside with degrees of 
freedom (df) and the p-value.

In order to report the distribution of the sample we plotted the 
means together with the confidence intervals as provided by the 
package MANOVAM.

3. resUlTs

Clinical details of the included 11 patients are given in Table 1.
The healthy sample differed significantly from the patients 

with respect to age (2-sample t-test: age at onset: t(21) = –3.51; 
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FigUre 3 | Volumes of patients vs. controls. Normalized volume means of the somatosensory cortex in controls and patients, separately for females and males. 
The whiskers represent the 95% confidence interval.
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p = 0.0021; age at MRI: t(21) = –6.37; p = 0.000002) but not sex 
(Fisher’s exact test OddsRatio = 0.4082; p = 0.41).

Patients showed smaller volumes than controls (WTS = 6.43; 
df = 1; p = 0.011), and female participants showed a tendency 
toward smaller volumes than males (WTS  =  5.75; df  =  1; 
p  =  0.017). There was no effect of hemisphere (left vs. right), 
interaction of group and sex, group and region, sex and region, 
and of all three factors together. Figure 3 shows the means and 
confidence intervals of normalized volumes in patients and con-
trols, separately for females and males. In addition to the Figure, 
Table 2 gives the exact numbers of the effects.

Next, the analysis of patient subgroups by age and level, 
including also region (left vs. right hemisphere) revealed no 
main effects for age, level, or region, and no interactions despite 
a significant three-way interaction of all three factors age, level, 
and region (WTS = 14.48; df = 1; p < 0.001). Figure 4 shows the 
confidence intervals for this interaction. It must be considered 
that this three-way interaction is merely due to the small sample 
sizes since the confidence intervals largely overlap. Again, a table 
(Table 3) gives the exact numbers of the effects.

Finally, we examined the possible interaction between dura-
tion, level, and region, and again found no significant effects 
despite a three-way interaction of all factors duration, level, and 
region (WTS = 14.49; df = 1; p < 0.001). Figure 5 and Table 4 
show the confidence intervals for this interaction. Again, the 
confidence intervals overlap largely, so that it must be considered 
that the effect is rather due to a statistical artifact. For example, 
for the chronic cases with durations >84 months, we should not 
be tempted to draw conclusions, since there were only 4 cases, 
two of which with a thoracic lesion and the other two with an 
unknown level of lesion.

4. DiscUssiOn

We found a lower volume of S1 in patients with incomplete SCI 
compared to controls, and a lower volume of the somatosensory 
cortex in females than in males, and also an interaction between 
the factors age, level of injury, and region, as well as duration, level 
of injury, and region. Our data suggest that our results are in line 
with previous findings (3, 5, 17, 18, 25–28), who reported smaller 
gray matter volume in the sensory or motor cortex of patients 
with SCI compared to controls.

The results might be of importance for neuroprosthetic  
devices, such as brain–spine interfaces that where recently devel-
oped in order to translate the signals from the central nervous 
system to the spinal cord in monkeys (38). However, the findings 
about atrophy of the central nervous system are also quite diver-
gent with respect to the region and it is necessary to apply robust 
methods in order to clarify the true nature of the effects. Table 5 
summarizes the findings of related studies.

The consequence of deafferentation is apoptotic cell death 
in axotomized motorneurons in patients with SCI; accordingly, 
prevention of apoptosis could be established as a new target 
in therapeutic strategies (11). It is, therefore, of interest, which 
factors interact with neuronal loss and, thus, atrophy in the 
sensorimotor cortex.

4.1. Time since injury
The 10 patients in Freund et al.’s study (5) all had a duration since 
injury of at least 84 months, whereas in our sample all but four 
patients had a duration of up to 1 year. It is of interest that still, our 
data seem to replicate the lower volumes of patients compared 
to controls. However, our results with respect to an interaction 
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FigUre 4 | Left and right somatosensory cortex volumes of patient subgroups by age and level. Normalized volume means of the left and right somatosensory 
cortex for patients grouped by age group (y = ≤26 years; o = ≥50 years) and level (cervical; thoracic). The whiskers represent the 95% confidence interval.

TaBle 2 | Means and confidence intervals for the examined effects of the 
MANOVA for group (patients vs. controls), region (normalized volume of the  
left- and right somatosensory cortex), and sex.

group sex region n Mean lower 95% ci Upper 95% ci

Control m Left 5 1.192 0.512 1.872
Control m Right 5 1.212 0.762 1.662
Control f Left 7 1.063 0.794 1.331
Control f Right 7 1.193 0.850 1.536
SCI m Left 7 1.139 0.676 1.601
SCI m Right 7 1.093 0.726 1.460
SCI f Left 4 0.742 0.220 1.265
SCI f Right 4 0.798 0.057 1.538

n, size of subgroup; m, male; f, female; CI, confidence interval.
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with duration are rather unspecific and due to the small sam-
ple of patients with a longer duration this effect should not be 
overinterpreted.

In a latter, prospective study, Freund et al. reported volumetric 
loss in the left primary motor cortex (18). In this study, 13 patients 
were followed for 1 year, which is the time-span covered by our 
cross-sectional sample. It seems that volumetric changes take 
place early in time after SCI. Indeed, also in the study of Chen 
et al., no relation to duration could be established (30).

Increased cortical reactions seen in functional magnetic 
resonance imaging to electric stimulation of the front paws 
were detected as early as 7 days after partial cervical SCI in rats, 

indicating a functional connection between the cortical areas of 
forelimbs and hindlimbs (40). Most interestingly, in patients with 
a complete spinal cord injury at the C5 and C6 level, the spared 
contralateral biceps brachialis muscle projected at an enlarged 
cortical map within 6 days after injury (41).

Non-human primate studies revealed that fine motor skills 
after SCI are initially harmed, but have a high potential of 
improvement within a few weeks with practice, if the SCI is limited 
to the lateral corticospinal tract, that is the straight conjunction 
between cortical and motorneural structures, and if the SCI is at 
C4/C5 (42–44). This is of interest because the subregions of the 
sensorimotor cortex have distinctive involvement over the course 
of rehabilitation (43).

4.2. age at injury
Based on our results, we cannot assume that older patients are in 
general more susceptible to loss of volume of the somatosensory 
cortex after SCI. There was no difference in the volumes of the 
left or right somatosensory cortex in patients encountering injury 
at an age of 50 years and older vs. up to the age of 26. Thus, the 
documented volumetric and microstructural bilateral changes 
with age in the postcentral gyrus (45) might not interact with 
neuroplasticity after SCI. However, our results suggest that the 
interaction of several factors, namely the higher age and the more 
severe injury, i.e., at a cervical rather than at a thoracical injury, may 
lead to increased atrophy. Nevertheless, also in this interaction, we 
should be cautious since the size of the subgroups is rather small.

http://www.frontiersin.org/Neurology/
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FigUre 5 | Left and right somatosensory cortex volumes of patient subgroups by duration and level. Normalized volume means of the left and right somatosensory 
cortex for patients grouped by duration (subacute = less than 84 months; chronic = more than 84 months) and level (cervical; thoracic). The whiskers represent the 
95% confidence interval.

TaBle 3 | Means and confidence intervals for the examined effects of the 
MANOVA for age (≥50 vs. ≤26 years), level (cervical vs. thoracic), and region 
(normalized volume of the left- and right somatosensory cortex).

age 
(year)

level region n Mean lower 95% ci Upper 95% ci

≥50 Cervical Left 3 1.047 −0.535 2.628
≥50 Cervical Right 3 1.143 −0.213 2.500
≥50 Thoracic Left 4 1.002 0.284 1.721
≥50 Thoracic Right 4 0.888 0.259 1.516
≤26 Cervical Left 2 1.190 0.685 1.695
≤26 Cervical Right 2 1.015 −0.145 2.175
≤26 Thoracic Left 2 0.705 0.049 1.361
≤26 Thoracic Right 2 0.915 0.360 1.470

n, size of subgroup; CI, confidence interval.
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4.3. incomplete lesions
In contrast to previous studies, our sample involved exclusively 
incomplete SCI. It is remarkable that still, we could replicate pre-
vious findings of atrophy in S1. A recent study by Chen et al. (30) 
explored whole brain gray matter volumes and reported signifi-
cant atrophy of patients with SCI compared to healthy controls 
only for the left anterior insular cortex, left and right orbitofrontal 
cortex, and right anterior insular cortex. These areas showed no 
difference between patients with complete and incomplete SCI. 
It is of interest that when the statistics are applied to the whole 
brain, a change in the sensorimotor region is not detectable. It 
is possible that this region’s atrophy is not dominant enough to 
become significant because other regions exhibit larger effects. 
We could hypothesize that this effect occurs in analogy to the 

effect of age, where other regions exhibit stronger atrophy than 
the postcentral gyrus (45).

The main symptom of patients with incomplete injury is 
sensory impairments. In such a sample, neuropathic pain is a fre-
quent nuisance. Unfortunately, because of the retrospective nature  
of our study, we could not retrieve complete information on 
neuropathic pain in the examined sample. Jutzeler et  al. (28) 
reported increased volumes for patients with neuropathic pain 
vs. patients without neuropathic pain in the right primary motor 
cortex. Mole et al. (27) reported reduced gray matter volume in 
the deafferented leg area of the bilateral somatosensory cortex 
when contrasting patients with vs. without neuropathic pain and 
increased volume of the bilateral primary somatosensory cortex 
in patients without pain compared to controls.

4.4. sex
It is worth mentioning that specifically women with SCI showed  
a smaller volume of the somatosensory cortex than men with SCI. 
The effect was found in the overall sample and the interaction of 
group vs. sex was not significant. Nevertheless, the data suggest 
that the effect is mainly due to a difference between men and 
women in the patients group, while the difference is negligible in 
the healthy control group. It is possible that our sample was too 
small in order to identify this effect statistically.

Women have in general a higher volume in the cortical regions 
of the brain than men, but men have a higher volume in the sub-
cortical regions of the brain (46). Relating this difference between 
women and men to our results could make us speculate that 
specific cortical regions are not only larger in women than in men 
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TaBle 5 | Summary of studies reporting gray matter volume changes in sensorimotor areas after SCI.

study f:m age Time c:t:ls c:i Method cortex effects

Crawley et al.a (29) 4:13 33.1 ± 8.9 1–160 17:0:0 10:7 VBM ROI and manual M1 No differences
Jurkiewicz et al.a (25) 4:13 33.1 ± 8.9 1–160 17:0:0 10:7 VBM ROI Bilateral S1 ↓ vs. controls
Wrigley et al. (3) 0:15 41 ± 3 24–390 0:15:0 15:0 VBM global M1 ↓ vs. controls
Freund et al. (5) 0:10 47.1 ± 10.7 7–30 10:0:0 2:8 VBM global/ROI M1 ↓ vs. controls

S1 ↓ vs. controls
Henderson et al. (17) 2:18 38 ± 3 24–444 20:0:0 20:0 VBM ROI Bilateral S1 ↓ vs. controls
Freund et al. (18) 1:12 46.9 ± 20.2 1–12 8:5:0 4:9 VBM ROI Left M1 ↓ vs. controls
Hou et al. (26) 9:11 36.3 ± 5.6 2.5 ± 0.5 b 7:13 VBM ROI M1 ↓ vs. controls

S1 ↓ vs. controls
M2 ↓ vs. controls

Mole et al. (27) b 52.5 ± 12.6 12–480 18:12:0 b VBM global/ROI Bilateral S1 ↓ Patients with vs. without pain
Bilateral S1 ↑ patients without pain vs. controls

Villiger et al. (39) 4:5 55.1 ± 15.8 >12 5:4:0 0:9 VBCT ROI Left M1 ↓ vs. controls
VBM/VBCT Whole brain No differences

Jutzeler et al. (28) 3:27 46.3 ± 11.9 24–324 15:13:2 11:19 VBM global/ROI Left S2 ↓ vs. controls
Right M1 ↑ Patients with vs. without pain
Right S1 ↓ Patients with vs. without pain

Chen et al. (30) 6:15 50.5 ± 12.1 1–396 8:1:12 10:11 VBM global Only non-motor ↓ vs. controls

All studies included also a sample of healthy controls; f:m, female to male ratio; time, time since injury in months.
aCrawley et al. (29) and Jurkiewicz et al. (25) analyzed the same sample.
bIndicate missing information.
c:t:ls, cervical:thoracic:lumbal or sacral; c:i, complete:incomplete; M1, primary motor; S1, primary somatosensory; M2, supplementary motor; S2, secondary somatosensory; VBM, 
voxel-based morphometry; global, global brain level; ROI, region of interest analysis.

TaBle 4 | Means and confidence intervals for the examined effects of the 
MANOVA for duration (>12 vs. ≤12 months), level (cervical vs. thoracic), and 
region (normalized volume of the left- and right somatosensory cortex).

Duration 
(month)

level region n Mean lower 95%  
ci

Upper 95%  
ci

>12 Cervical Left 2 1.190 0.685 1.695
>12 Cervical Right 2 1.015 −0.145 2.175
>12 Thoracic Left 2 0.705 0.049 1.361
>12 Thoracic Right 2 0.915 0.360 1.470
≤12 Cervical Left 3 1.047 −0.535 2.628
≤12 Cervical Right 3 1.143 −0.213 2.500
≤12 Thoracic Left 4 1.002 0.284 1.721
≤12 Thoracic Right 4 0.888 0.259 1.516

n, size of subgroup; CI, confidence interval.
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region of interest (31, 32). However, manual segmentation of the 
whole brain is unfeasible, so that we relied on automated segmen-
tation for normalization purposes. Another possible alternative 
could be to compare the somatosensory cortical volume to the 
total intracranial volume. It is possible that the normalization by 
total intracranial volume is more strongly interacting with age, 
since there is some global atrophy with age, which needs to be 
considered in normalization (47). However, a strong interaction 
with age would be undesirable within the present research con-
text; it would overestimate the difference between controls and 
patients, since our control group was very young.

Voxel-based morphometry seems to be the de facto standard 
when looking at Table  5. However, the selection of the ROI 
is crucial when it comes to statistical significance. It was sug-
gested that statistical weaknesses are the source of the so-called 
reproducibility crisis (48). In recent publications on cortical 
atrophy in SCI, corrections for multiple comparisons were, if at 
all, not applied to all tests, e.g., only to within-cluster tests, which 
needs to be considered when comparing the diverging results. 
For example, Chen et al. (30) performed a strict global analysis 
of voxel-based morphometry and found changes only in non-
motor regions. The choice of the region of interest alongside with 
the statistical methods used is, thus, determining whether the 
small effect in the central motor cortex appears to be significant.

4.6. limitations
There are several limitations of our study, which are due to the 
retrospective design. The MRIs were taken at highly variable time 
since injury (1–312 months). Thus, we could not compare each 
patients MRIs in determined timed intervals as in previous work 
(18). Moreover, part of the patient’s MRIs were performed with 
a different MR-sequence, at a different scanner. This is due to the 
situation at our institution, where we have two scanners: one for 

but also more susceptible to loss of volume after SCI. However, 
since our normalization technique involved both cortical and 
subcortical regions, the difference is unlikely to be attributed to 
general sex differences.

4.5. Delineation of the region of interest
Our study applied a manual segmentation approach, which is 
surely more time-consuming than voxel-based morphometry 
that was used in all other studies; only one study implemented 
additional manual measurement of cortical thickness (29). The 
manual segmentation and normalization by sum of other brain 
regions, however, takes into account the size of the brain that 
varies with other factors such as age and sex and, thus, may serve 
to delineate the relative atrophy of the region of interest compared 
to other regions.

We reported recently that, with increasing atrophy, automated 
segmentation may fail to accurately delineate the shape of the 
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clinical purposes and one for research. The patients were partly 
extracted from the clinical database and, thus, were scanned at 
the clinical (Philips) facilities, while the controls and patients 
who participated in our study were scanned at the research MRI 
(Siemens). Due to the fact that the clinics and all other MRI 
institutes in our region work to capacity, it would not be feasible 
to examine controls at the clinical MRI facilities.

A further consequence of the retrospective nature of the study 
is missing data on additional factors that might better explain 
our findings. For example, the distinction between traumatic 
and non-traumatic injury might be of relevance, as well as the 
occurrence of neuropathic pain (27, 28), surgical interventions, 
or medication.

Another major problem is the young age of the controls, which 
was due to the fact that they were recruited among the students 
of our University. The normalization technique employed should 
be able to account for this; however, we cannot rule out that there 
was a bias of age.

A major weakness of all studies in this field, including ours, 
is the small sample size and, thus, power. In Table 5, 8 out of 11 
studies are based on samples with N ≤ 20. Our sample is of 11 
patients and Table 5 lists 2 out of 11 studies have sample sizes 
smaller than 12. However, in the study of Freund et al. (5), the 
sample consisted of a sample that was homogeneous such that 
all 10 patients had a cervical lesion, and in the sample of Villiger 
et al. (39), all 9 patients suffered from an incomplete lesion (AIS  
Grade D). Also our sample included only patients with an incom-
plete lesion (AIS Grade C–D), but still, there was an inhomogene-
ity in terms of age, sex, time since injury, and level of the lesion.

The small sample and especially the small size of the sub-
samples needs to be considered when interpreting the group 
interactions. Specifically, the three-way interactions may be 
rather a statistical artifact rather than a true effect. It would be 
very much expected that level of lesion may cause differential 
atrophic changes, so that we included this factor in our analysis. 
However, the results from the three-way interactions alongside 
with Figures 4 and 5 do only suggest that the variance is greater 
in the subgroup with a cervical lesion than in the subgroup with 
a thoracic lesion. The small sample sizes might also explain why 
other studies did not report on differences between subgroups, 
because multiple testing would have destroyed the power of 
the test. While we must be cautious with the interpretation 
of non-significant effects, it is highly advisable to set out for 
multicentric studies, international consortia, and meta-analyses 
in this field of research.

4.7. conclusion and Future Directions
It was repeatedly claimed that SCI leads to atrophy of the senso-
rimotor cortex. Since we assume that axons, originating in the 
somatosensory cortex, play an important role in the functional 

recovery of patients with spinal cord injury, a better understand-
ing of the neuroplastic changes, depending on the type and height 
of lesion, is stringently required for rehabilitative programs (16) 
and for the futuristic neuroprostheses that are directly interfac-
ing with the central nervous system (23, 24, 38). However, since 
atrophy seems to occur after shortest periods of time, future 
rehabilitation programs must be implemented immediately. The 
establishment of therapies such as neuroprostheses should also 
consider that there might be additional factors that moderate 
neuroplastic changes, such as sex. These factors could interact 
with the functioning of futuristic neuroprosthetic devices, espe-
cially when such a device leads to a reversal of the atrophy caused 
by spinal cord injury.

As a result of reviewing the literature we suggest that mul-
ticenter studies or data pooling across research groups could 
shed further light on the factors contributing to central nervous 
atrophy after SCI, since the combination of samples would help 
to achieve the necessary statistical power.
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