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This study investigated supra- and infratentorial structural gray and white matter (GM, WM) alterations in pa-
tients with degenerative cervical myelopathy (DCM) as an indicator of secondary harm due to chronic cervical
cord compression and micro trauma. With MRI-based anatomical assessment and subsequent voxel-based
morphometry analyses, pre- and postoperative volume alterations in the primary motor cortex (MI), the pri-
mary somatosensory cortex (SI), the supplementary motor area (SMA), and the cerebellum were analyzed in 43
DCM patients and 20 controls. We assessed disease-related symptom severity by the modified Japanese Ortho-
paedic Association scale (mJOA). The study also explored symptom severity-based brain volume alterations as
well as their association with clinical status. Patients had lower mJOA scores (p = .000) and lower GM volume
than controls in SI (p = .016) and cerebellar regions (p = .001). Symptom severity-based subgroup analyses
revealed volume reductions in almost all investigated GM ROIs (MIL: p = .001; CB: p = .040; SMA: p = .007) in
patients with severe clinical symptoms as well as atrophy already present in patients with moderate symptom
severity. Clinical symptoms in DCM were associated with cortical and cerebellar volume reduction. GM volume
alterations may serve as an indicator of both disease severity and ongoing disease progression in DCM, and
should be considered in further patient care and treatment monitoring.

1. Introduction

The most frequent chronic impairment of the spinal cord is caused by
degenerative cervical myelopathy (DCM) (Shamji et al., 2013). As the
global population ages, incidences of degenerative cervical spine disease
are expected to increase significantly (Fehlings et al., 2015). The con-
sequences of untreated DCM can be devastating for patients, possibly
resulting in severe spinal cord injury and tetra paresis (Fehlings et al.,
2013). Up to now, surgical decompression is the only known and
effective treatment option for patients with DCM. After surgery,
approximately 50% of the patients are able to improve their clinical-
neurological status (Tetreault et al., 2015). However, even after
anatomically successful surgery, some patients experience no improve-
ment or even a deterioration in their clinical status (Fehlings et al.,
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2012).

As a unique entity, DCM is caused by continuous compression and
repetitive micro-trauma of the spinal cord (Shamji et al., 2013). Apart
from such mechanical injuries to the spinal cord, pathomechanisms of
additional, secondary harm have attracted much scientific attention in
recent years. Endogenous immune-mediated reactions to inflammation
and angiogenesis in the spinal cord have been described (Karadimas
etal., 2013a, 2015b, 2013c; Blume et al., 2021), all well as disruption of
the blood spinal cord barrier (BSCB) (Karadimas et al., 2013; Blume
et al., 2020; Fehlings et al., 1989). As opposed to more complex radio-
logical markers for microstructural and metabolic changes, pathological
T2w signal increase of the spinal cord and the degree of stenosis are only
weak indicators of neuronal impairment, and do not correlate well with
disease severity or duration (Ellingson et al., 2015).
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Different studies have evaluated the impact of DCM in certain brain
areas. Application of further imaging techniques such as magnetic
resonance spectroscopy have elucidated severe derangement of cellular
functions, changes of important neuro-metabolites and loss of neuronal
integrity in cerebral and cerebellar areas during DCM pathogenesis
(Aleksanderek et al., 2017; Wen et al., 2014; Kowalczyk et al., 2012;
Craciunas et al., 2017). Thus, the effect of chronic compression and
repetitive traumas of the spinal cord is not limited to the anatomical area
where the main impairment occurs. Clinical symptoms in DCM seem to
be the result of both the impairment due to the spinal cord injury and
cortical/cerebellar abnormalities (Dong et al., 2008; Duggal et al., 2010;
Tan et al., 2015). Recent studies detected brain volumetric changes in
DCM patients. Significant atrophy of the sensorimotor cortices has been
implicated as secondary harm to cortical structures in association with
chronic compression of the spinal cord (Wang et al., 2018; Bernabéu-
Sanz et al., 2020). More specifically, the primary motor and primary
somatosensory cortex (MI and SI), the supplementary motor area (SMA)
as well as subcortical structures have been associated with volumetric
changes (atrophy) in case of spinal cord injury (Wang et al., 2018;
Freund et al., 2011; Hou et al., 2014). Similar effects have been observed
in gray and white matter (GM and WM) of cerebellar areas (Dong et al.,
2008; Duggal et al., 2010; Tan et al., 2015).

The aim of this study was to explore disease-related brain volumetric
changes and plasticity in DCM patients using advanced anatomical MRI
techniques. Mirrored by the clinical symptoms of DCM, specific GM and
WM cerebral regions in MI and SI, cerebellar and upper cervical spinal
cord areas were investigated for volumetric deviations and compared to
controls. Furthermore, we explored longitudinal volumetric changes
during disease progression, and examined the association of clinical
parameters with brain volumetric changes. We hypothesized that pa-
tients would show volume reductions in the brain regions examined, and
assumed that surgery would pause further disease-related changes. In
addition, we hypothesized that initial structural parameters and alter-
ations of the brain would correlate with the clinical status in DCM.

2. Materials and methods
2.1. Participants

43 treatment-naive patients with DCM (mean age: 61 + 11 years, 27
males) and 20 healthy controls (HC, mean age: 64 + 6 years, 11 males)
were enrolled in the study at a single university hospital center. All
patients underwent surgery, with 21 included for follow-up examination
after three months. Participants were excluded if they showed neuro-
logical disorders other than DCM (e.g. neurodegenerative diseases),
history of cerebral stroke, cerebral hemorrhage, central nervous in-
fections or spinal trauma. All participants gave written informed con-
sent. The study was approved by the local ethics committee (EK 164/13)
and conducted in accordance with the standards of Good Clinical
Practice and the Declaration of Helsinki.

2.2. Clinical assessment

All participants underwent a standardized clinical examination,
comprising the assessment of demographic information and neurolog-
ical status, as evaluated by the modified Japanese Orthopaedic Associ-
ation scale (mJOA) and the Neck Disability Index (NDI).

The mJOA is used to evaluate neurological function in patients with
DCM (Yonenobu et al., 2001). A score of 18 reflects no neurological
deficits, whereas a lower score indicates some degree of disability and
functional impairment. To analyze clinical subgroups based on the
severity of symptoms, scores were subdivided according to (Tetreault
et al., 2017) into none-mild (mJOA 18-15), moderate (mJOA 12-14)
and severe (mJOA 0-11) symptoms, resulting in clinical subgroups of n
= 27,n =12, and n = 24, respectively.

The NDI assesses the effect of neck pain on the ability to manage
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everyday life (Vernon and Mior, 1991). A low score indicates no (0-4),
mild (5-14), moderate (15-24), severe (25-34) problems, whereas a
score above 34 reflects the complete inability to manage the activities of
everyday life.

2.3. MRI data acquisition

All participants underwent an MRI examination on a 3 T Siemens
Prisma MRI scanner equipped with a standard 20-channel head coil.
Patients’ initial and follow-up acquisitions were performed directly
prior to surgery as well as three months after surgery. The scanning
protocol included a sagittal 3D T1 magnetization-prepared rapid
acquisition gradient echo sequence, repetition time (TR) = 2.300 ms,
echo time (TE) = 2.98 ms, 176 slices with a slice thickness of 1 mm, flip
angle (FA) = 9°, field of view (FOV) = 256 mm, voxel size = 1 mm
isotropic, and 256 x 256 matrix. To exclude HC with clinical inapparent
cervical stenosis, a sagittal T2W images of the cervical spine was per-
formed, TR = 4000 ms, TE = 111 ms, 17 slices with a slice thickness of 3
mm, FA = 160°, voxel size = 3 x 3 x 3.2 mm, and 512 x 384 matrix.

2.4. Preprocessing and structural analyses

Image preprocessing was carried out using the Computational
Anatomy Toolbox (CAT12, http://www.neuro.uni-jena.de/cat/), which
is SPM12-based (Friston et al., 2006) as implemented in Matlab 9.3.
Applying the voxel-based morphometry procedure implemented in
CAT12, individual structural images were first segmented into GM, WM
and cerebro-spinal fluid. GM and WM volume of regions of interest
(ROIs) were then extracted from the Jiilich cytoarchitectonic atlas
(Eickhoff et al., 2005), amended by the AAL atlas (Tzourio-Mazoyer
et al., 2002), and included the primary motor cortex (MI, areas 4a, 4p),
the primary somatosensory cortex (SI, areas 1, 2, 3a, 3b), the cerebellar
hemispheres (areas IV, V, VI, VIIb, VIIIa, VIIIb, IX, X), and the supple-
mentary motor area (SMA). Left- and right-hemispheric tissue volumes
of selected ROIs were averaged. All included ROIs are displayed in
Fig. 1.

Left- and right-hemispheric regions of interest (ROIs) are displayed,
overlaid on a T1 standard brain template. They were extracted from the
Jiilich cytoarchitectonic atlas (Eickhoff et al., 2005) and amended by the
AAL atlas (Tzourio-Mazoyer et al., 2002) and included the primary
motor cortex (MI, areas 4a, 4p), the primary somatosensory cortex (SI,
areas 1, 2, 3a, 3b), the cerebellar hemispheres (areas IV, V, VI, VIIb,
VIlla, VIIIb, IX, X), and the supplementary motor area (SMA),
respectively.

Furthermore, the intracranial volume (ICV) was estimated as the sum
of GM, WM and CSF and used to correct for inter-individual differences
in brain size. Apart from ascertaining that no group differences existed
in ICV (p = .100), we included additional cerebral “control” regions
unlikely to be involved in disease-related changes in the analysis. Spe-
cifically, parts of the fusiform gyrus (areas FG1, FG2, FG3, and FG4) and
the hippocampus (areas CA, DG, EC, HATA, Subc) were chosen from the
Jiilich cytoarchitectonic atlas and compared between patients and HC.
To account for a possible upward progression of atrophy, volume of the
mean upper cervical cord area was extracted (MUCCA, (Liu et al., 2016))
by applying a semi-automatically segmentation procedure using ITKs-
nap (Yushkevich et al., 2006). An overview of all methods applied can be
found in Fig. 2.

The initial (i.e. prior to surgery) MRI examination was acquired from
43 patients (PAT) and 20 healthy controls (HC). 21 patients could be
included in the post-operative follow-up examination three months
later. Image (pre)processing included the normalization of subjects’ 3D
T1 images to a standard brain in MNI space, the segmentation into gray
matter (GM), white matter (WM) and cerebrospinal fluid (CSF), and the
volume extraction of atlas-based chosen regions of interest (ROI).
Extracted ROI volumes were then analyzed applying multivariate ana-
lyses of covariance, comparing between groups as well as pre- (t;) and
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Fig. 2. Flowchart of applied methods.
post-operative (tz) changes in patients.
2.5. Statistics
All statistical analyses were performed with SPSS 24. Statistical

comparisons were tested two-sided with a significance level of p < .05,
and Bonferroni corrected. In addition, standardized effect sizes (ES) with

the respective confidence intervals (CI, Hedges Bias corrected) were
computed.

2.6. Demographic and clinical parameters

Initial differences in age, gender and handedness between patients
and controls were explored performing independent sample t-test and
chi-square tests, respectively. Clinical group differences in mJOA and
NDI were analyzed using independent sample t-tests.

2.7. Volumetric differences

Initial volumetric group differences were analyzed applying multi-
variate ANCOVAs, including group (patients, HC) as between-subject
factor, ROI volume (GM and WM of MI, SI, and cerebellum, respec-
tively) as dependent variable and ICV as covariate. Volumetric differ-
ences in the GM of the SMA were explored using a univariate ANCOVA,
including group (patients, HC) as between-subject factor, ROI volume as
dependent variable and ICV as covariate.

Differences in cerebral “control” areas were analyzed applying
multivariate ANCOVAs, including group (patients, HC) as between-
subject factor, control areal volume (GM and WM of the fusiform
gyrus and the hippocampus, respectively) as dependent variable and ICV
as covariate.

Similarly, to account for an upward progression of atrophy in pa-
tients, differences in MUCCA were tested using a univariate ANCOVA,
including group (patients, HC) as between-subject factor, MUCCA vol-
ume as dependent variable and ICV as covariate. The relationship be-
tween MUCCA volume GM, WM, and all ROIs (MI, SI, SMA, CB) was
analyzed for patients and HC separately by applying partial correlation
analyses, controlling for ICV, and Bonferroni correction for multiple
testing (p = .05/17 variables, adjusted p = .003).

2.8. mJOA subgroup differences

In addition, subgroup differences in ROI volume were analyzed
applying multivariate ANCOVAs, including group (mJOAnone-mild,
mJOAmoderate, mJOAsevere) as between-subject factor, ROI volume
(GM and WM of M, SI, and cerebellum) as dependent variables and ICV
as covariate. Volumetric differences in the GM of the SMA were explored
using a univariate ANCOVA, including group (mJOAnone-mild,
mJOAmoderate, mJOAsevere) as between-subject factor, ROI volume as
dependent variable and ICV as covariate. To exclude a moderating effect
of symptom duration, we ensured that the duration of symptoms in
subgroups did not differ, as explored by a univariate ANCOVA (F(2, 34)
=0.174, p = .841.
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2.9. Differences during disease progression

To investigate clinical changes during disease progression, patients’
mJOA and NDI scores were analyzed using paired samples t-tests. Pa-
tients’ volumetric alterations in ROI scores from initial to follow-up
examination were explored by means of repeated measures ANCOVAs,
including ROI volumes as dependent variables and ICV as covariate.
Analyses of volumetric changes in subgroups based on symptom severity
were not performed because the number of cases in individual sub-
groups at the post-operative assessment was too small.

2.10. The correlation between volumetric and clinical parameters

The correlation between volumetric and clinical parameters was
analyzed in patients using Pearson’s partial correlation analyses, con-
trolling for effects of ICV.

3. Results
3.1. Demographic and clinical parameters

Patients and HC did not differ significantly in age, gender or hand-
edness (age: (58.50) = 1.09, p = .280; gender: y = 0.35, p = .556;
handedness: y = 0.44, p = .506). With regard to clinical measures, pa-
tients revealed lower mJOA and higher NDI scores than HC (mJOA: t
(42) = 14.77, p = .000; NDI: #(51.31) = —9.26, p = .000), see Table 1.

3.2. Volumetric differences

Patients and HC differed significantly in GM SI (F(4, 57) = 3.33,p =
.016), revealing a lower GM volume in area 1, area 2, and area 3b for
patients compared to HC (area 1: F(1, 60) = 9.19, p = .004; area 2: F(1,
60) = 7.03, p = .010; area 3b: F(1, 60) = 5.00, p = .029).

Significant group differences were found in GM cerebellar regions (F
(8,53) =3.97,p =.001), with lower GM volume in areas IV, V, VIIIa and
VIIIb for patients than for HC (area IV: F(1, 60) = 4.16, p = .046; area V:
F(1, 60) = 6.56, p = .013; area VIIIa: F(1, 60) = 18.11, p = .000; area
VIIIb: F(1, 60) = 13.08, p = .001).

With regard to “control” areas, multivariate analyses did not reveal
significant GM group differences between patients and HC of the of the
fusiform gyrus (F(4, 57) = 1.03, p = .397) or the hippocampus (F(5, 56)
= 1.60, p = .176). Similarly, WM group differences did not reach sig-
nificance (fusiform gyrus: F(4, 57) = 0.86, p = .497; hippocampus: F(5,
56) = 2.16, p = .072).

Significant volume differences in MUCCA were found between pa-
tients, indicating lower volumes in patients as compared to HC (F(1, 60)
= 21.07, p = .000). Partial correlation analyses revealed a significant
correlation between MUCCA volume and patients’ overall WM (r = 0.36,
p = .018), MI (area 4p: r = 0.35, p = .024), and the CB (area V: r = 0.31,
p = .048). However, none of these significant correlations once sub-
jected to Bonferroni-correction for multiple testing (adjusted p = .003).
In HC, no significant correlations were found between MUCCA, GM, WM
or any ROL
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WM group differences did not reach significance. For detailed results
on volumetric differences, see Table 2.

3.3. mJOA subgroup differences

Symptom severity subgroup analyses showed significant differences
in GM MI (F(4, 118) = 5.33,p =.001), both in areas 4a and 4p (area 4a: F
(2, 59) = 8.34, p = .001; area 4p: F(2, 59) = 6.70, p = .002). Post-hoc
tests revealed significantly higher GM volume in area 4a comparing
participants with none-mild symptoms to patients with moderate (p =
.014) or severe symptoms (p = .001). In area 4p, the none-mild symptom
group had a higher GM volume than the severe symptom group (p =
.002).

With regard to GM cerebellar volume, significant subgroup differ-
ences were found (F(16, 106) = 1.80, p = .040), specifically regarding
areas IV, V, VIIIa, VIIIb and X (area IV: F(2, 59) = 4.21, p = .020; area V:
F(2, 59) = 4.60, p = .014; area VIIIa: F(2, 59) = 4.92, p = .011; area
VIIIb: F(2, 59) = 3.38, p = .041; area X: F(2, 59) = 3.17, p = .049). Post-
hoc tests showed a higher GM volume in areas IV and V for participants
with none-mild as compared to patients with severe symptoms (p =.016
and p = .011, respectively). Similar results were found for cerebellar
areas VIIIa and VIIIb (p = .014 and p = .045, respectively).

Subgroups differed significantly in GM SMA (F(2, 59) = 5.33, p =
.007). Post-hoc tests showed significantly higher GM volume for par-
ticipants with none-mild symptoms as compared to patients with mod-
erate or severe symptoms (p = .029 and p = .022, respectively).

No WM differences between severity subgroups were evident. For
detailed results on subgroup differences, see Fig. 3.

3.4. Differences during disease progression

Patients’ clinical status improved significantly after decompression
(mJOA: t(17) = —4.24, p = .001; NDI: t(17) = 2.63, p = .018). Patients’
GM and WM volume did not change significantly (GM: MI (F(2, 18) =
0.18, p < .839), SI (F(4, 16) = 0.36, p = .832), CB (F(8,12) =1.87,p =
.159), SMA (F(1, 19) = 0.02, p = .900); WM: MI (F(2, 18) = 0.68,p =
.521), SI (F(4, 16) = 0.63, p=.648), CB (F(8, 12) = 0.99, p = .486)).

3.5. The correlation between volumetric and clinical parameters

Partial correlation analyses revealed a trend towards significant as-
sociations between patients’ mJOA score and MI, indicating higher
mJOA scores to go along with higher GM volume in areas 4a and 4p
(mJOA-areada: rpartial = 0.33, p = .054; mJOA-area4p: rpartial = 0.33, p
=.058).

4. Discussion

This study investigated pre- and postoperative structural alterations
of the brain as a potential indicator for secondary harm due to chronic
cervical cord compression and micro trauma in patients with DCM.
Furthermore, disease-related and symptom severity-based volume al-
terations in GM and WM ROIs were analyzed, as well as their association

Table 1
Clinical differences (mJOA and NDI) between patients and controls.
PAT HC PAT pre-op PAT post-op
(n = 43) (n = 20) (n=21) (n=21)
DV M SE M SE p ES CI M SE M SE P ES CI
Age 61 1.70 64 1.40 0.280 —0.03 [-0.84 - 0.23] 59 2.29 - - - - -
mJOA 11 0.46 18 0.00 0.000 —2.78 [-3.50 — —2.06] 11 0.74 13 0.86 0.001 —0.55 [-1.22 - 0.11]
NDI 40 3.58 4 1.45 0.000 —1.85 [1.22 - 2.47] 49 4.96 35 5.61 0.018 0.61 [-0.06 — 1.28]

Note. DV = dependent variables, PAT = patient group, HC = healthy controls, n = number of subjects included, M = mean, p = significance value, SE = standard error,
ES = effect size, CI = confidence interval, mJOA = modified Japanese Orthopaedic Association scale, NDI = neck disability index. Group comparisons revealing a

significance of p < .05 are printed in bold.
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Table 2
Volumetric differences between patients and controls.
PAT HC PAT pre-op(n = PAT post-op
(n =43) (n = 20) 21) (n=21)
DV M SE M SE P ES CI M SE M SE P ES CI
ICVin cm® 1413.72 20.16 1479.12 37.78 0.100 —0.44 [—0.98 - 0.09] 1400.87 35.06 1397.43 35.26 0.490 0.02 [-0.58 —
0.63]
GMin cm® 494.28 5.92 506.10 8.75 0.272 —0.54 [-1.08 - 0.00] 485.00 9.27 484.48 8.46 0.629 0.02 [-0.59 —
0.62]
WMin cm?® 572.31 6.00 607.75 8.87 0.002 —0.96 [-1.51 - 576.86 6.56 569.43 7.56 0.845 0.14 [-0.46 —
—0.40] 0.75]
MI (4a) in mL 2.39 0.04 2.56 0.06 0.018 -0.77 [-1.32 - 2.46 0.04 2.43 0.05 0.858 8.11 [6.28 — 9.95]
—0.22]
MI (4p)in mL 0.66 0.02 0.71 0.02 0.110 —0.48 [-1.02 - 0.06] 0.68 0.02 0.67 0.02 0.571 0.12 [-0.49 —
0.72]
SI (1)in mL 0.81 0.01 0.89 0.02 0.004 —-0.92 [-1.47 - 0.83 0.02 0.82 0.03 0.840 0.10 [-0.51 —
—0.37] 0.70]
SI (2)in mL 1.53 0.04 1.70 0.05 0.010 -0.75 [-1.30 - 1.57 0.05 1.55 0.05 0.075 0.09 [-0.52 -
—0.20] 0.69]
SI (3a)in mL 0.47 0.01 0.51 0.02 0.087 —-0.57 [-1.11 - 0.47 0.02 0.46 0.01 0.338 0.15 [-0.46 —
—0.03] 0.76]
SI (3b)in mL 1.59 0.03 1.72 0.05 0.029 -0.72 [-1.26 - 1.64 0.04 1.62 0.05 0.087 0.09 [-0.52 —
—0.17] 0.69]
SMAin mL 5.67 0.09 5.95 0.14 0.092 —-0.63 [-1.17 - 5.84 0.14 5.80 1.5 0.900 0.05 [-0.55 -
—0.09] 0.66]
CB (IV)in mL 1.74 0.03 1.86 0.05 0.046 —-0.74 [-1.29 - 1.76 0.03 1.73 0.04 0.039 0.13 [-0.74 —
—0.19] 0.47]
CB (V)in mL 1.71 0.04 1.88 0.06 0.013 —0.84 [-1.39 - 1.71 0.04 1.69 0.04 0.764 0.09 [-0.51 -
—0.29] 0.70]
CB (VDin mL 1.61 0.03 1.68 0.05 0.235 —0.49 [-1.03 - 0.04] 1.67 0.04 1.65 0.05 0.182 0.07 [-0.53 —
0.68]
CB (VIIb)in mL 2.72 0.05 2.78 0.08 0.488 —0.38 [-0.92 - —15] 2.83 0.07 2.79 0.08 0.163 0.09 [-0.51 —
0.70]
CB (VIIIa)in 0.45 0.01 0.53 0.02 0.000 —-1.21 [-1.78 - 0.46 0.02 0.46 0.02 0.641 0.00 [-0.60 —
mL —0.64] 0.60]
CB (VIIIb)in 1.02 0.02 1.16 0.03 0.001 —-1.05 [-1.61 - 1.04 0.04 1.02 0.04 0.017 0.11 [-0.49 —
mL —0.49] 0.72]
CB (IX)in mL 1.72 0.03 1.80 0.05 0.211 -0.51 [-1.04 - 0.03] 1.76 0.04 1.74 0.05 0.002 0.08 [-0.52 -
0.69]
CB (X)in mL 3.57 0.07 3.68 0.10 0.361 —0.45 [-0.99 - 0.08] 3.67 0.08 3.62 0.08 0.069 0.11 [-0.50 —
0.71]

Note. DV = dependent variables, PAT = patient group, HC = healthy controls, n = number of subjects included, M = mean, p = significance value, SE = standard error,
ES = effect size, CI = confidence interval, ICV = intracranial volume, MI = primary motor cortex, SI = primary somatosensory cortex, SMA = supplementary motor
cortex, CB = cerebellum. Group comparisons revealing a significance of p < .05 are printed in bold.

with clinical status. Results demonstrate initial volume reductions in
cerebral and cerebellar regions for patients as compared to controls,
supporting the hypothesis of secondary harm to cortical structures in
association with chronic compression of the spinal cord. Volumetric
alterations appeared to vary depending on symptom severity, revealing
GM atrophy not only in patients with severe symptoms but already in
those with moderate symptom manifestation. The analysis of GM vol-
ume deviations in relevant brain regions related to clinical symptoms of
DCM might serve as a potential indicator of ongoing disease progression
and should be considered in further patient care and treatment.

The present results revealed significant atrophy in supratentorial GM
ROIs of MI and SI for patients, and correspond to previous studies of
acute spinal cord injury (Freund et al., 2011; Hou et al., 2014; Wrigley
et al., 2009; Jurkiewicz et al., 2007). There are a number of potential
reasons for this pathomechanism of indirect brain atrophy arising from
spinal cord injury. For example, a retrograde neuronal degeneration
from the location of spinal cord injury has been presumed to cause
cortical GM loss (Beaud et al., 2008; Hains et al., 2003). In addition,
investigating decreased cortical connectivity and reduced angiogenetic
activity may help to explain these secondary impairments in the brain
(Kim et al., 2006; Fields, 2008). Other research suggested that reduced
activity in neural cells, particular in the somatosensory cortex and due to
decreased signal transmission, may lead to atrophy in these areas (Jones,
2000). A similar study detected significant GM loss in the sensorimotor
cortices and the thalami in their DCM patient’s cohort (Bernabéu-Sanz
et al., 2020). Even in neurodegenerative diseases like Alzheimer disease,

cerebral volume changes are associated with spinal anatomical disorders
(Lorenzi et al., 2020). Results are consistent with our findings and up-
hold the hypothesis of secondary brain impairment due to chronic
compression of the cervical spinal cord.

With regard to cerebellar volume alterations, patients revealed GM
atrophy in multiple ROIs (areas IV, V, VIIIa, VIIIb). The regions affected
are mainly part of the motor cerebellum and connected with sensori-
motor areas in the cerebrum (Jones et al., 2013). An impairment of these
cerebellar structures can be accompanied by severe clinical dysfunction
such as undynamic movement sequences, gait ataxia and reduced fine
motoric skills (Zilles and Rehkamper, 1998). In particular, hand repre-
sentation is located in lobules IV and V, while lobules VIII represent
both, hand and leg (Jones et al., 2013). Given the severity of clinical
symptoms present in our cohort, atrophy in cerebellar areas as docu-
mented here appears plausible. However, results are only partly in line
with previous research, demonstrating WM loss throughout the brain,
especially in the corticospinal tract (Bernabéu-Sanz et al., 2020) and in
cerebellar areas (Freund et al., 2011; Hou et al., 2014). Some studies
observed significant WM volume reductions in the cerebellar peduncles
in patients with spinal cord injury (Freund et al., 2011; Hou et al., 2014)
or found significantly reduced fractional anisotropy in cerebellar pe-
duncles related to DCM as a sign of structural secondary impairment
caused by chronic compression of the spinal cord (Bernabéu-Sanz et al.,
2020). In contrast, the present results did not reveal WM differences
between patients and HC. The discrepancy in results might be due to the
selection of ROIs in this study, which focused on brain regions with
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Fig. 3. Significant volumetric differences between mJOA subgroups. Significant volumetric differences in gray matter regions of interest between subgroups are
visualized for participants with mild-none (dark grey, n = 27), moderate (lined, n = 12), and severe (white, n = 24) symptoms, including the mean (M). Significances
for each analysis were computed two-sided with a significance level of p < .05 and corrected for multiple comparisons, including standardized effect sizes (ES) and

confidence intervals (CI).

predominant GM clusters rather than on fiber tracts connecting GM
ROIs. Nevertheless, the present findings and those of previous studies
emphasize secondary cerebellar deterioration arising from spinal cord
injury. This is supported by the finding of reduced MUCCA volumes in
patients as compared to HC in the present study. This significant loss of
volume could be interpreted as a possible upward progression of atrophy
in MUCCA, indicating further harm to adjacent spinal cord areas distant
to the main areas of stenosis. The association between MUCCA atrophy,
clinical disability and disease progression has already been described in
the context of multiple sclerosis (Liu et al., 2016). Even in the context of
DCM, the degree of (WM) abnormalities in the spinal cord correlates
with the clinical status of patients. (Wen et al., 2014; Jones et al., 2013;
Rindler et al., 2017; Gao et al., 2013)

Volumetric subgroup differences were present in MI, the SMA, as
well as in most cerebellar regions. GM atrophy was prominent especially
in patients with severe symptoms as compared to participants with
none-mild symptom severity. Moreover, in MI and the SMA, patients
with moderate symptoms revealed lower GM volume than the none-mild
symptom severity group. Previous studies that investigated patient
groups with varying symptom severity primarily focused on the inter-
play and improvement of different clinical parameters (Kalsi-Ryan et al.,
2019), their relevance for post-operative outcome (Chibbaro et al.,
2009; Fehlings et al., 2013), or investigated differences in the efficacy of
surgery between severity groups (Kopjar et al., 2018). To our knowl-
edge, the present study is the first to show initially present GM volu-
metric differences related to patients’ symptom severity.

In the present study, patients with severe symptoms revealed volume
reductions in almost all investigated GM ROISs, further supporting our
hypothesis of secondary harm to cortical structures in association with
chronic compression of the spinal cord (Wang et al., 2018; Bernabéu-
Sanz et al., 2020). In general, surgical intervention has shown to bring
significant functional improvements at short- and long-term follow-up
(Fehlings et al., 2017). Nevertheless, for patients with mild or moderate
DCM, conservative care is often the treatment of choice (Milligan et al.,
2019). Considering that significant (and irreversible) GM volume re-
ductions did already manifest in patients with moderate symptoms, it
might be worth considering the degree of clinical symptom

manifestation in addition to morphologically apparent compromises
when deciding whether surgical interventions might be preferable to
monitoring disease progression. As the duration of symptoms did not
differ between symptom severity subgroups, it is likely that secondary
injury (possibly related to chronic spinal cord compression) might occur
earlier and faster than the progression of DCM would usually suggest. In
that case, the analysis of GM volume deviations in relevant brain regions
related to the clinical symptoms of DCM might serve as a potential in-
dicator of ongoing disease progression and should be considered in
further patient care and treatment.

Follow-up examinations were performed three months after
decompressive surgery. By that time, patients’ clinical status had
improved significantly, while brain volumetry was unchanged. The
absence of volumetric changes after decompression might be due to the
relatively short time interval between both measurements. Another
reason for the discrepancy between outcome and volumetric response
might be a functional reorganization due to GM loss. The effect of ce-
rebral plasticity after acute spinal cord injury and chronic compression
of the spinal cord has been described before (Kim et al., 2006; Hen-
derson et al., 2011; Zhou et al., 2015). In addition, compensatory
changes in the cortex like reorganized synaptic connectivity and changes
in the representational map in sensory brain areas have been reported y
(Jain et al., 1997; Pons et al., 1991; Topka et al., 1991). Due to the
chronic character of the disease, similar processes might occur in DCM
as well, and functional processing in affected brain areas may be reor-
ganized and shifted to different areas during the process of recovery.

4.1. Limitations and future perspectives

The small sample size of the control group limited the application of
statistical approaches to analyze research questions. Considering the
potential variance that might be accompanied by factors such as sex,
age, and brain volume, controlling for possible confounding effects by
applying regression analyses would be of interest. However, given the
small sample size of our study, we tried to account for confounding ef-
fects of these factors by matching the patient and control group’s mean
age and the percentage of men and women included. Furthermore, ICV
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was included as covariate in all analyses, controlling for ROI volume
differences due to differences in brain sizes between subjects.

In addition, the small sample size of the post-operative cohort limited
the interpretability of results and precluded further subanalyses con-
cerning symptom severity, clinical outcome and disease progression.
This would be of interest for future studies in order to gain insights into
the potential effect and interplay of different disease characteristics (i.e.
symptom severity, disease duration, or localization of trauma). None-
theless, the focus of this study was the analysis of disease-related GM and
WM volumetric alterations distant from the actual location of trauma
between patients and HC, thereby addressing effects of secondary injury
to cortical structures in association with chronic compression to the
spinal cord. The present results indicate remote trauma-induced cortical
alterations, suggesting an impairment extending from local changes to
remote cerebral structures.

5. Conclusion

The present study revealed significant GM volume reductions in
sensory and motor cortex areas, as well as in cerebellar structures
related to DCM. Clinical improvement after decompression, however,
was not mirrored by additional volumetric changes. Chronic injury to
the spinal cord might not be limited to local impairment but may also be
reflected in remote anatomical changes. The analysis of GM volume
deviations in relevant brain regions related to DCM clinical symptoms
might serve as a potential indicator of ongoing disease progression and
should be considered in patient care and treatment.
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