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Abstract
Degenerative cervical myelopathy (DCM) is a severe consequence of degenerative cervical spinal cord (CSC)
compression. The non-myelopathic stage of compression (NMDC) is highly prevalent and often progresses
to disabling DCM. This study aims to disclose markers of progressive neurochemical alterations in NMDC
and DCM by utilizing an approach based on state-of-the-art proton magnetic resonance spectroscopy
(1H-MRS). Proton-MRS data were prospectively acquired from 73 participants with CSC compression and
47 healthy controls (HCs). The MRS voxel was centered at the C2 level. Compression-affected participants
were clinically categorized as NMDC and DCM, radiologically as mild (MC) or severe (SC) compression. CSC
volumes and neurochemical concentrations were compared between cohorts (HC vs. NMDC vs. DCM and
HC vs. MC vs. SC) with general linear models adjusted for age and height ( pFWE < 0.05) and correlated to
stenosis severity, electrophysiology, and myelopathy symptoms ( p < 0.05). Whereas the ratio of total crea-
tine (tCr) to total N-acetylaspartate (tNAA) increased in NMDC (+11%) and in DCM (+26%) and SC (+21%),
myo-inositol/tNAA, glutamate + glutamine/tNAA, and volumes changed only in DCM (+20%, +73%, and
�14%) and SC (+12%, +46%, and �8%, respectively) relative to HCs. Both tCr/tNAA and myo-inositol/
tNAA correlated with compression severity and volume (�0.376 < r <�0.259). Myo-inositol/tNAA correlated
with myelopathy symptoms (r =�0.670), whereas CSC volume did not. Short-echo 1H-MRS provided neu-
rochemical signatures of CSC impairment that reflected compression severity and clinical significance.
Whereas volumetry only reflected clinically manifest myelopathy (DCM), MRS detected neurochemical
changes already before the onset of myelopathy symptoms.
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Introduction
Degenerative changes in the spine develop with aging

and frequently give rise to degenerative compression of

the cervical spinal cord (CSC).1 Magnetic resonance im-

aging (MRI) has revealed signs of CSC compression in

50% of randomly examined persons >60 years of age.2

Prolonged compression often leads to clinically manifest

degenerative cervical myelopathy (DCM).3,4 However,

in some patients, signs and symptoms of clinical myelop-

athy remain unexpressed, constituting a highly prevalent

1Faculty of Medicine, Masaryk University, Brno, Czechia.
2Department of Neurology, University Hospital Brno, Brno, Czechia.
3Multimodal and Functional Imaging Laboratory, Central European Institute of Technology, Brno, Czechia.
4Department of Medicine III, Clinical Division of Endocrinology and Metabolism, Medical University of Vienna, Vienna, Austria.
5Department of Imaging Methods, Faculty of Medicine, University of Ostrava, Czechia.
6Department of Neurology, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czechia.
7Department of Biomedical Engineering, University Hospital, Olomouc, Czechia.
8Department of Radiology, University Hospital Brno, Brno, Czechia.
9Department of Radiology, Center for Magnetic Resonance Research, University of Minnesota, Minneapolis, Minnesota, USA.

10Department of Biomedical Imaging and Image-guided Therapy, High Field MR Centre, Medical University of Vienna, Vienna, Austria.

*Address correspondence to: Petr Bednarik MD, PhD, Department of Biomedical Imaging and Image-guided Therapy, High Field MR Centre, BT32, Medical University of Vienna,
Lazarettgasse 14, 1090 Vienna, Austria E-mail: petr.bednarik1@gmail.com

ª Tomas Horak et al., 2021; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons Attribution
Noncommercial License (CC-BY-NC) (http://creativecommons.org/licenses/by-nc/4.0/) which permits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and the source are credited.

Journal of Neurotrauma
38:2999–3010 (November 1, 2021)
Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2021.0151

2999

http://creativecommons.org/licenses/by-nc/4.0/


condition known as non-myelopathic degenerative com-

pression (NMDC),2 characterized by a variety of sub-

clinical dysfunctional or microstructural impairments

detectable by electrophysiological5 or advanced MRI

methods.6,7 Unlike conventional MRI, proton magnetic

resonance spectroscopy (1H-MRS) quantifies neurometa-

bolite levels and tracks changes in the cellular and bio-

chemical composition of CSC tissue.6–9 Thus, 1H-MRS

can provide markers specific to pathophysiological pro-

cesses, such as gliosis, axonal/neuronal loss, and demye-

lination, resulting from mechanical compression.

Although only a few MRS studies have reported re-

mote metabolic changes in the primary sensorimotor cor-

tex arising out of CSC compression through Wallerian/

Wallerian-like degeneration,10,11 others have confirmed

metabolic changes in the cranial CSC above the lesion

level.12–16 Increased levels of total creatine (tCr)/total

N-acetylaspartate (tNAA)11,12,15,17 and total choline (tCho)/

tNAA12,15,16 in DCM have also been reported. Higher

spinal myo-inositol (myo-Ins)/tNAA and tCho/myo-Ins

have been demonstrated in chronic CSC injury in diple-

gia and quadriplegia.14 Studies to date have not included

more than 35 participants8,13,15 and often encountered

technical challenges that compromised spectral quality.

Metabolite changes have yet to be shown in the non-

myelopathic stage.

We hypothesized that metabolite changes might be

detected in NMDC by means of sensitive 1H-MRS. More

pronounced neurochemical impairment in DCM than in

NMDC, and in severe compression (SC) than in mild

compression (MC), could be anticipated. Given that SC

is a condition with a greater risk that DCM will develop,

the fact that MRS can distinguish between SC and MC

becomes highly relevant to clinical practice.18

In view of this, MRS data were acquired from the cranial

part of the CSC in the proximity of the stenosis in a large

cohort (120 participants), using a fine-tuned 3 Tesla (T)

MRS semi-LASER 3T sequence. The intention was to iden-

tify markers of CSC compression that might reflect progres-

sive neurochemical deficits in groups defined by clinical

(NMDC and DCM) or radiological (MC and SC) criteria

when compared to healthy controls (HCs). The objective

was to quantify the relationships between metabolite con-

centrations and CSC volume, and stenosis severity, to-

gether with electrophysiological and clinical outcomes.

Methods
Participant classification
Seventy-three participants with degenerative CSC compres-

sion and 47 HCs were enrolled between May 2018 and Sep-

tember 2019. All gave written informed consent. The local

ethics committee approved the study (EKV-2017-055).

Compression-affected participants were recruited by the

University Hospital database. All participants underwent a

clinical 1.5T MR scan (Philips-Achieva; Philips, Best, The

Netherlands; Supplementary Materials S1.1.1) and the re-

sults were specialist screened for signs of CSC compression

(Supplementary Materials S1.1.2)2 and myelopathy.

Subjects without compression, cervical cord intensity

changes on T1- and T2-weighted images, or any neurolog-

ical symptoms or other illnesses were classified as HCs.

Healthy persons were recruited to frequency match the

age and sex of participants with compression. Expert neu-

rological examination focused on clinical symptoms and

signs of symptomatic myelopathy (Supplementary Mate-

rials S1.2). Participants with CSC compression were clas-

sified as non-myelopathic (NMDC) or exhibiting at least

one clinical symptom and/or sign of myelopathy cor-

responding with a clinical diagnosis of DCM (Supple-

mentary Table S1). Degree of disability and functional

impairment was scored on the modified Japanese Ortho-

pedic Association (mJOA) scale (3–18 points).19

Further, to detect functional abnormalities, electrophys-

iological measurements (Supplementary Materials S1.3)

were taken of all participants with compression. Posterior

columns or segmental lesions of the posterior horns were

assessed with somatosensory-evoked potentials (SEP),

dysfunction of the corticospinal tracts with motor-evoked

potentials (MEP), and segmental lesions of the anterior

horns with electromyography (EMG).20,21

Maximum compression level (MCL) was consensu-

ally determined by two specialists (T.R., M.H.); compres-

sion was quantified at MCL as both cross-sectional CSC

area (CSA) and compression ratio (CR). The C4/5 level

was used as a reference in HCs. Groups were established

on the basis of the radiological severity of CSC compres-

sion at MCL: MC (CR ‡0.4 or CSA ‡70.1 mm2) and SC

(CR <0.4 and CSA <70.1 mm2).22

Magnetic resonance data acquisition at 3 Tesla
MRS data were acquired on a 3T scanner (Siemens-

Prisma; Siemens Healthcare, Erlangen, Germany) with

a standard 64-channel head-neck coil, in separate ses-

sions. The subject’s neck was fixed with a memory

foam collar.23 High-resolution (0.6 · 0.6 · 3 mm, repeti-

tion time [TR] = 3500 ms, and echo time [TE] = 106 ms)

T2 turbo spin echo (TSE) images were obtained to center

the 3.2-mL (8 · 9 · 45 mm) MRS voxel posterior to verte-

bra C2 (Fig. 1), that is, above the compression level in

subjects with CSC compression. Magnetic field inhomo-

geneities were minimized by means of fast, automatic

shimming technique by mapping along projections.24

MRS data were acquired with a cardiac-triggered sLASER

(256 single shots; TR = 5 sec, TE = 28 ms, acquisition time

*21 min, scanner sofware version: syngo VE 11C, num-

ber of complex points: 2048, frequency offset of MRS

acquisition: - 2 ppm, sweep width: 6000 Hz, location of

outer volume suppression [OVS] bands: X, Y, Z, the

width of OVS slabs 120 mm); water was suppressed

with frequency-selective variable pulse power and
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FIG. 1. Example of an MR spectrum and its quantification in LCmodel. Data were obtained from the
cervical spinal cord of 1 healthy volunteer. Voxel position is shown on a sagittal T2-weighted MR image
(inset). Blue A and C letters on (B) represent the positions of axial/transverse slices of (A) and (C). MR,
magnetic resonance; Mac, macromolecules; Cr, creatine; Glc, glucose; Glx, glutamate + glutamine; myo-Ins,
myo-inositol; Lac, lactate; NAA, N-acetylaspartate; Tau, taurine; tCho, total choline; tCr, total creatine; tNAA,
total N-acetylaspartate. Color image is available online.

3001



optimized relaxation delays water suppression,25 and fat

and water signals originating outside the MRS voxels

were suppressed by the OVS.23

Hyperbolic secant adiabatic pulses26 were replaced by

frequency-offset corrected inversion (bandwidth 50 kHz)

refocusing pulses for improved semi-LASER localization

performance.27

Magnetic resonance imaging/magnetic
resonance spectroscopy data processing
T2-TSE images were segmented automatically using

Spinal Cord Toolbox v3.2.328 to create CSC masks for

volumetry and cerebrospinal fluid (CSF) fraction calcula-

tions, both measured in the segment covered by the MRS

voxel.

MR spectra were saved as single shots and processed

in MRspa (Magnetic Resonance signal processing and

analysis, Center for Magnetic Resonance Research, Uni-

versity Of Minnesota, USA). Metabolite spectra were

summed in blocks of 8 (32 · 8 per subject), corrected

for frequency and phase drifts and the residual effects

of eddy currents, and summed to obtain spectrum for

single-subject analysis. MR spectra from each subject

were pooled and summed to obtain one group-averaged

spectrum with high signal-to-noise ratio (SNR) for each

of the cohorts. Spectral SNR and linewidths were pro-

vided by LCmodel based on metabolite spectra analysis.

Single-subject and group-averaged spectra were

analyzed in LCmodel v6.3-0G29 utilizing a basis set,

which included a measured spectrum of macromolecules

(Mac)30 and simulated spectra of 18 metabolites.31

Metabolites were quantified as ratios to tNAA. Although

the pulsatile flow of the CSF can be partially com-

pensated by ECG trigger,32–34 absolute quantification

through internal water referencing is rendered unreliable

by biased quantification of the water spectrum in CSC.14

Quality-control criteria based on Cramér-Rao lower

bounds (CRLB) and correlation coefficients provided

by LCmodel (RL) served to select reliably-quantifiable

metabolites (Supplementary Materials S1.4).23

Statistical analysis
Data were analyzed in SPSS software (v25; IBM Corp.,

Armonk, NY). Based on the Kolmogorov-Smirnov test,

continuous variables with normal and non-Gaussian dis-

tribution are presented as means – standard deviation (SD)

and medians (5th–95th percentile), respectively. Demo-

graphic and physical parameters were compared between

groups by means of the parametric t-test/analysis of var-

iance (ANOVA) or the non-parametric Mann-Whitney/

Kruskal-Wallis for continuous variables, with chi-square

tests for categorical variables. Spearman’s correlations

assessed relationships between selected continuous

variables.

General linear models corrected for the effects of age

and height, with post hoc tests, were used for between-

group comparison of single-subject metabolite ratios

and CSC volumes. The Bonferroni correction was ap-

plied to correct type 1 errors in post hoc group compari-

sons. Uncertainty intervals of metabolite ratios obtained

from the quantification of group-averaged MR spectra

were propagated from the CRLB of each metabolite as

fractional uncertainties. Thus, between-group differen-

ces were considered significant when intervals given by

propagated errors did not overlap.

Partial correlations, controlled for age and height, were

performed separately for HCs and subjects with compres-

sion to assess the relationship between metabolite ratios,

CSC volumes, CSA, and CR.

Results
Demographics, physical characteristics,
confounding variables
Age, sex, height, weight, and body mass index did not

differ significantly within HC, NMDC, and DCM, nor be-

tween HC, MC, and SC. However, patients with DCM

were, on average, 4 years older than those with HC

(Table 1). Analysis revealed that height was a factor

that influenced MRS and volumetry outcomes (Supple-

mentary Materials S2.1). Different spinal segments were

involved, to a variable extent, in MRS and volumetry as-

sessment, a trend arising out of variable subject height

Table 1. Basic Characteristics of Study Cohort

Group N Sex
Age: women

(years)
Age: men

(years)
Height

(cm)
Weight

(kg)
Body mass

index (kg/m2)
Linewidth

(Hz)
Signal-to-noise

ratio

HC 47 F 57.4% 53.6 – 10.5 53.1 – 7.8 173.3 – 10.4 80.1 – 15.7 26.6 – 4.3 12.1 (8.5, 18.7) 13.0 (9.4, 16.6)
NMDC 60 F 51.7% 54.9 – 10.8 55.2 – 9.7 171.5 – 9.0 81.4 – 16.3 27.5 – 3.9 12.6 (6.6, 17.1) 13.0 (9.0, 19.0)
DCM 13 F 46.2% 57.4 – 7.5 57.9 – 16.2 169.8 – 7.0 82.1 – 15.7 28.4 – 4.9 11.9 (9.6, 17.6) 14.0 (10.0, 17.6)
Sig. p = 0.720 p = 0.696 p = 0.516 p = 0.405 p = 0.887 p = 0.302 p = 0.812 p = 0.570
MC 41 F 41.5% 55.9 – 9.9 56.6 – 8.9 172.4 – 8.2 82.9 – 15.3 27.7 – 3.8 12.7 (6.6, 17.8) 13.0 (8.1, 18.0)
SC 32 F 62.5 % 54.8 – 10.9 54.0 – 14.7 169.6 – 9.2 79.8 – 17.1 27.5 – 4.5 11.6 (8.5, 19.0) 14.0 (9.7, 19.7)
Sig. p = 0.160 p = 0.761 p = 0.485 p = 0.213 p = 0.635 p = 0.384 p = 0.394 p = 0.731

Values are presented as mean – SD or median (5th, 95th percentile interval), except where indicated as percentage (%). The p values are derived from the
chi-square test for sex and ANOVA/Kruskal-Wallis tests for continuous variables.

HC, healthy controls; NMDC, non-myelopathic degenerative compression; DCM, degenerative cervical myelopathy; Sig, significance; MC, mild com-
pression; SC, severe compression; F, female; SD, standard deviation; ANOVA, analysis of variance.
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and the constant length of the MRS voxel.35 Because it

was considered impossible to rule out the effects of

bias intrinsic to age and height in the between-group dif-

ferences in metabolite levels and volumes, age and height

were introduced as covariates. Because there was no

between-subject difference ( p > 0.15) in metabolite ratios

with MCL at C3/4 (N = 5), C4/5 (N = 20), C5/6 (N = 35),

and C6/7 (N = 13; Table 2), MCL was not considered a

confounding factor.

Magnetic resonance spectroscopy data quality
Linewidth of unsuppressed water spectra measured in

MRSpa software was 12.4 (8.2, 17.8) Hz. The LCmodel

provided linewidth and SNR of 13.7 (9.7, 19.6) and

13.0 Hz (9.1, 18.0), respectively, as measured on metab-

olite spectrum. These parameters did not differ between

groups (Table 1). The LCmodel quantified metabolites

with CRLB medians below 10% for Mac, myo-Ins, tCho,

tCr, and tNAA, and below 30% for glucose (Glc) + Tau

and combined glutamate/glutamine (Glx) in single-subject

spectra analysis, whereas the CRLB of group spectra

were 5% for Mac, 3–4% for tCr, 11–15% for Glc +
Tau, 10–13% for Glx, 2% for myo-Ins, 4–5% for tCho,

and 2–3% for tNAA.

Single-subject magnetic resonance
spectra quantification
Between-group differences and their significance appear

in Figure 2A (groups based on clinical terminology) and

in Figure 2B (groups based on radiological terminology),

whereas their averages appear in Table 3. NMDC pa-

tients showed altered myo-Ins/tNAA compared to DCM

( p = 0.009) and tCr/tNAA compared to HCs ( p = 0.003).

Further, tCr/tNAA ( p < 0.001), Glx/tNAA ( p = 0.010),

and myo-Ins/tNAA ( p = 0.001) were higher in DCM

than in HCs. Differences in tCr/tNAA between the two

patient groups (NMDC vs. DCM) and any tCho/tNAA

deficits that appeared between patients and HCs did not

pass Bonferroni’s correction.

Single-subject spectra analyses also revealed differ-

ences in tCr/tNAA ( p < 0.001), Glx/tNAA ( p = 0.001),

and myo-Ins/tNAA ( p = 0.001) between HC and SC as

well as between MC and SC in tCr/tNAA ( p < 0.001),

Glx/tNAA ( p = 0.004), and myo-Ins/tNAA ( p = 0.006).

Distinctly different tCho/tNAA ( p = 0.011) levels were

found between HC and SC. Alterations in Mac/tNAA

and Glc + Tau/tNAA between groups based on compres-

sion severity did not pass correction for type 1 error (Sup-

plementary Table S2).

Group-averaged magnetic resonance spectra
High-SNR group averages of MR spectra served for vi-

sual comparison of the distinctive spectral patterns that

appear in Figure 3, whereas their quantification yielded

concentrations with higher accuracy than that of lower-

SNR single-subject spectra (Fig. 2). Comparison with

HC revealed significantly higher tCr/tNAA and myo-

Ins/tNAA in both NMDC and DCM, whereas Glx/tNAA

and Glc + Tau/tNAA were only elevated in DCM, as was

tCho/tNAA in NDCM. Significant differences in tCr/

tNAA, Glx/tNAA, myo-Ins/tNAA, and tCho/tNAA were

detected in both groups defined by compression severity,

with more profound deficits in SC compared to MC,

whereas differences between MC and SC patients emer-

ged in Mac/tNAA (Table 3).

Segmentation outcomes
Significant reductions in CSC volume in DCM compared

to HC (�412 mm3; �14%) and compared to NMDC

(�363 mm3; �12%) were observed (Fig. 4). In contrast

to metabolite ratios, differences in volumes between HC

and NMDC were not significant. CSC volumes were

also significantly lower in SC than in HC (�250 mm3;

�8%) and in SC than in MC (�213 mm3;�7%), whereas

differences between MC and HC were non-significant

(Table 2). The within-voxel CSF fraction was signifi-

cantly higher in DCM (38.5% [27.4, 57.7]) compared

to HC (27.3% [14.5, 33.5]; p < 0.0001) and NMDC

(27.3% [16.0, 39.2]; p < 0.0001) and in SC (31.5%

[19.0, 54.3]) compared to HC ( p < 0.0001) and MC

(25.2% [16.2, 43.8]; p < 0.0001).

Table 2. Radiological Characteristics of the Study Cohort

Group CR CSA (mm2) Volume (mm3) MCL at C3/4 MCL at C4/5 MCL at C5/6 MCL at C6/7

HC 0.52 (0.41, 0.64) 72 (61, 85) 3024 (2501, 3693) n.a. n.a. n.a. n.a.
NMDC 0.41 (0.28, 0.54) 62 (43, 88) 2975 (2448, 3480) 4 (7%) 17 (28%) 26 (43%) 13 (22%)
DCM 0.36 (0.24, 0.48) 53 (26, 74) 2612 (1096, 2953) 1 (8%) 3 (23%) 9 (69%) 0 (0%)
Sig. p = 0.009* p = 0.013* p < 0.001* —
MC 0.45 (0.38, 0.59) 68 (43, 88) 2987 (2524, 3636) 3 (7%) 10 (24%) 21 (51%) 7 (17%)
SC 0.35 (0.24, 0.39) 54 (28, 67) 2774 (1777, 3367) 2 (6%) 10 (31%) 14 (44%) 6 (19%)
Sig. p < 0.001* p < 0.001* p < 0.001* —

Compression ratio (CR) and cross-sectional areas (CSA) measured at maximum compression level (MCL), as well as spinal cord volumes measured
above the compression level, are presented as medians (5th, 95th percentile intervals). The p values are derived from Kruskal-Wallis tests for continuous
variables and chi-square tests for MCL. An asterisk (*) indicates p < 0.05. The number of participants with different MCLs and their proportional repre-
sentation within the groups compared are summarized in the left part of the table.

HC, healthy controls; NMDC, non-myelopathic degenerative compression; DCM, degenerative cervical myelopathy; Sig, significance; MC, mild com-
pression; SC, severe compression; n.a., not applicable.
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Relationship between neurochemistry,
compression severity, cervical spinal cord
volumes, and electrophysiology
The relationships between CR and CSA (at MCL), vol-

ume, and selected neurochemical levels appear in

Table 4 and Supplementary Figure S2. Physiological cor-

relations in HCs are shown together with correlations in

compression-affected subjects. Whereas correlations of

tCr/tNAA, Glx/tNAA, and myo-Ins/tNAA with volume,

CSA, and CR were consistently negative in compression,

opposite, positive, relationships between tCr/tNAA,

myo-Ins/tNAA, and radiological measures were observed

in HCs.

Although significant correlations ( p < 0.0001) between

CSC volume and CSA were found in both HCs (r = 0.643)

and compression-affected subjects (r = 0.681), the corre-

lation between CSC volume and CR significance was

confined to subjects with compression (r = 0.363, p =
0.002), but was not attained in HCs (r =�0.156,

p = 0.306). The relationship between neurochemistry and

A

B

FIG. 2. Single-subject MR spectra quantification. Between-group comparison (general linear model
corrected for age and height) of metabolite ratios in healthy controls (HC; N = 47) and subjects with non-
myelopathic degenerative compression (NMDC; N = 60) and degenerative cervical myelopathy (DCM; N = 13;
A) and HC and subjects with mild compression (MC, N = 41) and severe compression (SC; N = 32)
(B). Numbers represent p values uncorrected for multiple comparisons. Asterisks indicate significant
differences that passed Bonferroni’s correction. Bars represent 25th–75th percentiles; whiskers denote the
lowest and highest values, excluding outliers (values >1.5 times the interquartile range). Medians appear as
horizontal lines within the bars. MR, magnetic resonance. Color image is available online.
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electrophysiology can be found in the Supplementary

Materials (Supplementary Materials section S2.3 and

Supplementary Fig. S1), together with electrophysiolog-

ical characteristics of the study cohorts (Supplemen-

tary Table S3). For relationship between radiological

characteristics and neurometabolites, see Supplementary

Figure S2.

Relationship between neurochemistry,
volumetry, and myelopathy symptoms
According to the mJOA19 score, with a median of 16 (9,

17), most of the DCM patients (8 of 13) were classified

within mild myelopathy. A significant correlation be-

tween mJOA and myo-Ins/tNAA (r =�0.665, p = 0.013)

appeared (Fig. 5). Because of the relatively low number

of DCM patients (N = 13), the correlation between

mJOA and neurochemicals was not corrected for height.

The observed significant correlations between mJOA and

Mac/tNAA (r =�0.623, p = 0.023) might therefore be a

consequence of the height effect on Mac/tNAA levels

(Supplementary Materials S2.1). Correlation between vol-

umes and mJOA was not significant (r = 0.192, p = 0.531).

Discussion
Our study identified metabolic alterations in spinal neuro-

chemical profiles of distinct compression phenotypes.

Revealed distinctions in metabolite fingerprints between

subclinical degenerative compression and HCs imply

high sensitivity of the methodology. Sensitive metabolic

markers are required for longitudinal studies to estimate

risk of the development of myelopathy and reveal po-

tential candidates for preventive decompressive surgery

among patients without myelopathy symptoms. Such pre-

dictors may well revolutionize clinical practice in terms

of anticipative protocols; however, longitudinal studies

are needed to verify the assumption. This MRS study

benefited from the full-signal-intensity semi-LASER

pulse sequence, fine-tuned by implementing broadband

frequency-offset corrected inversion pulses, leading to a

reduction in undesired lipid signals from vertebrae. Fur-

ther, this approach minimized chemical shift displace-

ment error and attenuated J-evolution/T2-relaxation

relative to point-resolved spectroscopy (PRESS).27 Spec-

tral quality consistent across the study facilitated the reli-

able quantification of 10 metabolites, in similar fashion

to recent outcomes with metabolite-cycled PRESS.14

High spectral quality facilitated the capture of early

alterations in tCho/tNAA and tCr/tNAA in NMDC, and

more profound differences in tCr/tNAA, myo-Ins/tNAA,

Glx/tNAA, and tCho/tNAA in DCM, when compared

to HCs. These outcomes prevail over clinical MRI find-

ings, which are unable to distinguish between NMDC

and DCM and adequately to reflect clinical status in

CSC compression.36 Total Cr/tNAA, myo-Ins/tNAA, Glx/

tNAA, and Glc + Tau/tNAA ratios differed significantly

between subjects with MC and SC, likely because

NMDC subjects with SC are at higher risk of DCM devel-

opment.2 Thus, the distinctions in tCr/tNAA and tCho/

tNAA found between NMDC and HC arose out of

more-severe compressions in certain subjects.

LCmodel analysis of single-subject spectra was cor-

roborated by the quantification of spectral sums by

group. The resulting values were compared while ac-

counting for quantification errors, that is, LCmodel-

provided CRLBs of individual metabolites propagated

to the ratios. Despite the intrinsic statistical distinctions

between the two comparison approaches, the higher SNR

of group averages improved quantification accuracy for

the metabolites and confirmed the key findings of single-

subject spectra analyses. Both comparisons clearly show

the dependence of tCr/tNAA, myo-Ins/tNAA, and tCho/

Table 3. Between-Group Differences from LCmodel Analysis of Single-Subject (Single-SUBJ) and Group-Averaged
(Group-AVG) Spectra

Average differences from single-SUBJ data analysis are compared with differences resulting from the analysis of group-AVG spectra. Whereas light red
indicates that significance that did not pass correction for multiple comparison, dark red highlights differences significant after multiple comparison cor-
rection. Statistical comparison was performed with a general linear model corrected for age and height effects and post hoc tests. In group-averaged MR
spectra, the significance of the differences was assessed by means of the intervals given by estimated quantification errors (Cramer-Rao lower bounds).
Gray cells mark differences lying where error intervals did not overlap. Color table is available online.

HC, healthy controls; NMDC, non-myelopathic degenerative compression; DCM, degenerative cervical myelopathy; MC, mild compression; SC, severe
compression; Mac, macromolecules; tNAA, total N-acetylaspartate; tCR, total creatine; Glc, glucose; Glx, combined glutamate/glutamine; myo-Ins, myo-
inositol; tCho, total choline; MR, magnetic resonance.
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tNAA on the radiological severity of compression and

clinical impairment. Both methods disclosed differences

in tCr/tNAA and tCho/tNAA between HC and NMDC,

largely driven by SC subjects. Therefore, early signatures

of spinal neurochemical impairment merit future longitu-

dinal studies to improve the stratification of patients with

cervical compression and their subsequent management.

Although degenerative stenosis precluded consistent

voxel placement at the compression level, metabolite

changes propagate rostrally from the CSC lesion up to

the brain through Wallerian/Wallerian-like neurodegen-

eration.11,17,37 Myo-Ins/tNAA elevation, which reflects

neuronal/axonal loss or demyelination (tNAA)38 and

gliosis or inflammation (myo-Ins), accords with recent

MRS work on chronic spinal cord injury14 and other

studies of neurodegeneration.39–41 Elevated tCho and tCho/

tNAA have indicated increased membrane turnover arising

out of ongoing neurodegeneration/demyelination39 and

have been associated with the duration of spinal cord

injury.14 Increased tCr/tNAA and Glx/tNAA ratios attrib-

utable to compression might relate to various pathophys-

iological processes.

FIG. 3. Group-averaged MR spectra and their quantification in LCmodel. Spectra of individual subjects were
pooled and summed, whereas group averages for healthy controls (HC; N = 47) were compared to spectra
representing non-myelopathic degenerative compression (NMDC; N = 60) and degenerative cervical myelopathy
(DCM; N = 13; A) and to spectra representing mild compression (MC; N = 41) and severe compression (SC; N = 32;
B). The spectra (black line) and their LCmodel fits (in color) are scaled using NAA-methyl resonance at 2 ppm.
Horizontal lines indicate height of 2 ppm NAA-methyl peak (upper), 3.56 ppm myo-Ins peak, and 3 ppm Cr-peak
in HC to facilitate visual comparison. Outcomes of quantification in LCmodel are shown in plots (C), where error
bars represent Cramer-Rao lower bounds propagated to the ratio of metabolites. MR, magnetic resonance; myo-
Ins, myo-inositol; NAA, N-acetylaspartate. Color image is available online.
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Although exact interpretation is challenging, particu-

larly because individual metabolites (e.g., creatine and

phosphocreatine) cannot be reliably separated, the

changes might be driven by decreased tNAA and related

to neurodegeneration/demyelination. Both tCr and tCho

were quantified with relatively high accuracy, leading

to low SDs in tCr/tNAA and tCho/tNAA, reflecting

early reduction in tNAA. In contrast, tCho/myo-Ins was

not significantly altered in patients with chronic CSC in-

jury,14 probably attributable to limited, not fully devel-

oped neurochemical changes in substantially milder

CSC impairment. The contrasting relationship between

neurochemicals and volume in HCs and subjects with

compression implies that neurochemical levels reflect al-

tered CSC composition rather than atrophy. The CSF

fraction did not bias metabolite ratios within the MRS

voxel; the relevant metabolites (except for Glc) are not

measurable in CSF. In accord with earlier publica-

tions,7,42 the degree of rostral CSC atrophy correlated

with the degree of compression.11 In contrast to the situ-

ation with neurochemicals, CSC volume was not signifi-

cantly different between HC and NMDC. This suggests

that volumetry reflects more-severe CSC impairment

and is less sensitive than MRS to early changes.

The significant correlation between mJOA and myo-

Ins/tNAA highlights the capacity of MRS to reflect the

degree of clinical severity and serve as a potential predic-

tor of DCM development.17,36

The current work was limited by the relatively low

number of participants in the DCM group; this condition

is relatively rare compared with NMDC,2 and DCM pa-

tients are difficult to recruit because urgent surgery

often takes priority. Further, given that degenerative

changes advance with age, the age differences between

FIG. 4. Volumes of cropped individual spinal
cord masks calculated above the level of stenosis,
beginning with the slice corresponding to the
bottom edge of vertebra C3, taking 90 cranial
slices into account. The p values are derived from
general linear models corrected for age and
height. The bars represent the 25th–75th
percentiles; whiskers denote the lowest and
highest values, with the exception of outliers
(values >1.5 times the interquartile range), which
are marked as circles. Medians appear as
horizontal lines within the bars. NAA,
N-acetylaspartate. Color image is available online.

Table 4. Partial Correlations between Metabolite Ratios and Radiological Parameters Controlled
for Age and Height Effects

HC group Patient group

Volume CSA CR Volume CSA CR

Mac/tNAA –0.038
p = 0.403

0.281
p = 0.031

–0.047
p = 0.380

–0.154
p = 0.100

–0.254
p = 0.016*

–0.275
p = 0.010*

tCr/tNAA 0.329
p = 0.014*

0.302
p = 0.022*

0.127
p = 0.203

–0.259
p = 0.014*

–0.343
p = 0.002*

–0.376
p = 0.001*

Glc + Tau/tNAA 0.002
p = 0.495

0.085
p = 0.292

0.213
p = 0.082

–0.039
p = 0.375

–0.199
p = 0.049*

–0.145
p = 0.115

Glx/tNAA -0.173
p = 0.129

-0.168
p = 0.135

-0.002
p = 0.494

–0.277
p = 0.001*

–0.234
p = 0.026*

–0.205
p = 0.044*

myo-Ins/tNAA 0.226
p = 0.039

0.415
p = 0.002*

0.054
p = 0.361

–0.277
p = 0.001*

–0.339
p = 0.002*

–0.278
p = 0.009*

tChol/tNAA 0.260
p = 0.043

0.243
p = 0.054

0.033
p = 0.414

0.093
p = 0.220

–0.078
p = 0.259

–0.122
p = 0.154

CSA 0.642
p = 0.000*

n.a. 0.208
p = 0.085

0.684
p = 0.000*

n.a. 0.600
p = 0.025*

CR –0.156
p = 0.153

0.208
p = 0.085

n.a. 0.363
p = 0.001*

0.600
p = 0.025*

n.a.

The asterisk represents the statistically significant result.
Mac, macromolecules; tNAA, total N-acetylaspartate; tCr, total creatine; Glc, glucose; Glx, combined glutamate/glutamine; myo-Ins, myo-inositol;

tChol, total choline; CSA, cross-sectional area; CR, compression ratio; n.a., not applicable.
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HC and DCM often appear in the literature.14,17 Although

the 4-year age difference between HC and DCM in this

study did not reach the level of significance, the single-

subject level analysis was corrected for the age effect.

Age differences also declined when subjects were divi-

ded into groups according to compression severity.

Despite the utilization of standard clinical MR hardware,

there is still a need for operators trained in MRS data ac-

quisition, post-processing, and relatively long acquisition

times. These factors limit the use of the methodology

herein at non-specialized centers. However, spinal MRS

will gain from progress toward automatic MRS acquisi-

tion in the brain (e.g., user-independent voxel placement

and power calibrations).27

Conclusion
In conclusion, the current study revealed neurochemical

changes in CSC above the compression level in sub-

jects with radiological signs of compression and clinical

myelopathy and, for the first time, in non-myelopathic par-

ticipants as well. State-of-the-art MRS demonstrated suffi-

cient sensitivity to reveal early changes in non-myelopathic

patients and thus might allow the stratification of non-

myelopathic subjects. The current work warrants longitudi-

nal studies assessing their risk of myelopathy development.

Although MRS markers and level of spinal atrophy

strongly reflected the severity of stenoses, volumes were

less sensitive to clinical status than MRS.
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Henry, P.-G., Mochel, F., and Öz, G. (2015). Two-site reproducibility of
cerebellar and brainstem neurochemical profiles with short-echo,
single-voxel MRS at 3T. Magn. Reson. Med. 73, 1718–1725.
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