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Abstract

Objective > Class of Evidence
Criteria for rating

To determine whether cervical cord levels of metabolites are associated with pain sensation
therapeutic and diagnostic

after spinal cord injury (SCI) by performing magnetic resonance spectroscopy in patients with
SCI with and without neuropathic pain (NP).

studies
NPub.org/coe

Methods

Cervical cord single-voxel spectroscopic data of 24 patients with SCI (14 with NP, 10 pain-free)
and 21 healthy controls were acquired at C2/3 to investigate metabolite ratios associated with
neuroinflammation (choline-containing compounds to myoinositol [tCho/mI]) and neuro-
degeneration (total N-acetylaspartate to myo-inositol [tNAA/mI]). NP levels were measured,
and Spearman correlation tests assessed associations between metabolite levels, cord atrophy,
and pinprick score.

Results

In patients with NP, tCho/ml levels were increased (p = 0.024) compared to pain-free patients
and negatively related to cord atrophy (p = 0.006, r = 0.714). Better pinprick score was
associated with higher tCho/ml levels (p = 0.032, r = 0.574). In pain-free patients, tCho/mI
levels were not related to cord atrophy (p = 0.881, r = 0.05S) or pinprick score (p = 0.676, r =
0.152). tNAA/ml levels were similar in both patient groups (p = 0.396) and were not associated
with pinprick score in patients with NP (p = 0.40S, r = 0.242) and pain-free patients (p =0.117,
r=0.527).

Conclusions

Neuroinflammatory metabolite levels (i.e., tCho/mI) were elevated in patients with NP, its
magnitude being associated with less cord atrophy and greater pain sensation (e.g., pinprick
score). This suggests that patients with NP have more residual spinal tissue and greater
metabolite turnover than pain-free patients. Neurodegenerative metabolite levels (e, tNAA/
ml) were associated with greater cord atrophy but unrelated to NP. Identifying the metabolic
NP signature provides new NP treatment targets and could improve patient stratification in
interventional trials.

Classification of evidence

This study provides Class II evidence that levels of magnetic resonance spectroscopy-identified
metabolites of neuroinflammation were elevated in patients with SCI with NP compared to
those without NP.
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Glossary

AIS = American Spinal Injury Association Impairment Scale; CI = confidence interval; EMSCI = European Multicenter Study
About Spinal Cord Injury; ISNCSCI = International Standards for the Neurological Classification of SCI; MC = metabolite
cycling; mI = myo-inositol; MR = magnetic resonance; MRS = MR spectroscopy; NLI = neurologic level of injury; NP =
neuropathic pain; tCho = total choline-containing compounds; tNAA = total N-acetylaspartate; SCA = spinal cord area; SCI =

spinal cord injury; T2w = T2-weighted.

Spinal cord injury (SCI) is a life-changing event that generally
leads to sensorimotor dysfunction below the injury level.!
Neuropathic pain (NP) arises as a secondary complication in
>50% of the SCI population” and has a negative impact on life
quality.” NP generally emerges within several months after SCI*
and is paralleled by trauma-induced neuroinflammation and
neurodegeneration eventually affecting the entire neuraxis.”’
However, NP-related metabolite level changes underlying
neuroinflammatory and neurodegenerative changes are under-
studied, especially in the injured spinal cord.

Magnetic resonance (MR) spectroscopy (MRS) can non-
invasively quantify metabolite levels,*” reflecting a biochemical
profile of neuroinflammatory'® (i.e., elevated choline-containing
compounds [tCho], cell membrane and myelin turnover
marker,"" and myo-inositol [mI], glial cell marker'>"®) and
neurodegenerative'* (ie, decreases in total N-acetylaspartate
[tNAA], neuronal cell integrity marker'*) processes. In patients
with SCI with NP, higher tCho'>'® and mI">~'® were identified in
key brain areas of pain processing compared to pain-free patients.
In contrast, tNAA was decreased to a similar extent and unrelated
to NP."* In the injured cervical cord, Wyss et al’ observed
trauma-induced reductions in tNAA and tCho and elevated mL
Crucially, these neurodegeneration- and neuroinflammation-
related changes showed clinicopathologic relationships.

However, how metabolic changes associated with neuro-
inflammation and neurodegeneration in the cervical cord relate
to the presence of NP in patients with SCI is understudied.
This study therefore aimed to investigate by means of spinal
MRS metabolic changes at the cervical level C2/3 and their
clinicopathologic associations in patients with SCI with chronic
NP and pain-free patients with SCL

Methods

Standard protocol approvals, registrations,
and patient consents

The local ethics committee of Zurich approved the study
protocol (KEK-ZH-No. 2014-610, PB 2016-00126, PB_
2018-00937), which was conducted in accordance with the
Declaration of Helsinki. All participants of this study were
informed before study enrolment about the aim and pro-
cedure and provided written informed consent. A subset (9
paraplegic patients, 9 tetraplegic patients, and 11 healthy
controls) of the data of this study was previously reported to
assess metabolite ratios in the cervical spinal cord after SCL.’
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Primary research question

The primary research question of this study was whether
levels of metabolites of neuroinflammation assessed by cer-
vical cord MRS are elevated in patients with SCI with NP
compared to those without NP.

Classification of evidence

This article describes a diagnostic accuracy study that pro-
vides Class II evidence that levels of MRS-identified metab-
olites of neuroinflammation were elevated in patients with
SCI with NP compared to those without NP.

Participants

Twenty-four patients with SCI and 21 healthy controls were
recruited between March 2016 and September 2018. Patients
with SCI fulfilled the following inclusion criteria: (1) chronic
traumatic injury (>1 year after injury), (2) no other neuro-
logic or mental disorders, and (3) MRI compatible. Exclusion
criteria of the study participants, including healthy controls,
were preexisting neurologic, mental, or medical disorders af-
fecting the outcome. One patient had to be excluded due to
scan artifacts and another one because he did not fit in the
neurovascular coil.

Experimental design

MRI protocol

All study participants underwent MR measurements on a 3T
Philips scanner (Achieva, release 3.2.3, Philips Healthcare,
Best, the Netherlands) using a 16-channel SENSE neuro-
vascular coil (Philips Healthcare). Spectra were acquired from
the cervical spinal cord at level C2/3 (i.e., above the level of
injury for all but 1 patient). The participants lay in the scanner
in a head-first supine position, and the total scan duration was
~4S minutes. MR measurement sequences included a survey
scan, anatomic T1-weighted and T2-weighted (T2w) scans,
and spectroscopic measurements.

At spinal level C2/3, T2w images (repetition time 3,000 mil-
liseconds, echo time 120 milliseconds, flip angle 90°, in-plane
resolution 0.5 x 0.5 mm, slice thickness 3.2 mm) were used to
place the spectroscopic voxel (dimensions: 6 x 9 x 35 mm, 1.9
mL). The metabolite cycling (MC) technique'® was then ap-
plied in combination with inner volume saturated PRESS?
using broadband outer volume suppression pulses with optimal
flip angIesZk23 as reported previously.9 In addition, we used
a second-order projection-based shimming routine.**** To
reduce patient motion to a minimum, the spectroscopic
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Figure 1 Representative planning images of spectroscopic voxel placement and metabolite spectra
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Magnetic resonance spectroscopic voxel of interest and representative spectra including the fitting (red lines) and original signal (gray lines) are shown for
a healthy control, a pain-free patient with spinal cord injury (SCl), and a patient with SCI with neuropathic pain (NP). ml = myo-inositol; tCho = total choline-

containing compounds; tNAA = total N-acetylaspartate.

acquisition was split into measurement acquisition blocks of
128 or 256 signal averages, and voxels were readjusted on the
basis of an updated T2w image (repetition time 2,000-2,500
milliseconds [heartbeat triggered], echo time 30 milliseconds,
number of total signal averages 512, spectral bandwidth 2,000
Hz, readout duration 512 milliseconds).

MRI postprocessing

Quality of MRS measurements

The spectroscopic measurement blocks were checked for
motion artifacts. No measurement block had to be excluded.
Metabolic concentration values could be determined for all
metabolites (tCho, tNAA, and ml) in all measurements.
Representative planning images and spectra are shown for
a healthy control, a pain-free patient with SCI, and a patient
with SCI with NP (figure 1). An oversimplified overview of
the molecules measured and the presumed interactions is
illustrated in figure 2.

Postprocessing and quantification of spectroscopic data

We used MATLAB 2014b (MathWorks, Inc, Natick, MA)
and the commercially available MRecon framework (version
3.0.530, GyroTools LLC, Zurich, Switzerland) for re-
construction of the spinal cord spectroscopic data from the
raw data of the scanner. Eddy current, phase, and frequency
alignment parameters were extracted from the unsuppressed
water spectrum reconstructed from the MC series. Sub-
sequently but before merging of all acquisition blocks, eddy
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current correction and frequency alignment were applied to
the metabolite spectra reconstructed from the MC subseries
by an add-subtract scheme as previously reported.'® Before
quantification, truncation and zero filling were used in the
time domain after 200 milliseconds. Relative values of me-
tabolite concentrations were obtained by scaling them to ml
(as previously reported”) because absolute quantification by
internal spinal water referencing is not reliably feasible due to
the pulsating surrounding CSF as previously shown in supple-
mentary figure 1 in reference 9. Spectroscopic data of the cer-
vical spinal cord were fitted and quantified with LCModel.*® A
basis set for echo time of 30 milliseconds was used, including
simulated basis set model data of N-acetylaspartate, N-acetyl-
aspartyl-glutamate, glutamate, glutamine, glycerophosphocho-
line, phosphocholine, creatine, scyllo-inositol, and ml. Strongly
overlapping resonance lines required a combination of the
spectra of the following metabolites: N-acetylaspartate +
N-acetyl-aspartyl-glutamate = tNAA, glycerophosphocholine +
phosphocholine = tCho, and glutamate + glutamine is the
combined expansion of Glx. A spectral range of 0.4 to 4.0 ppm
was used in the fitting settings. To prevent artificial cutoff effects
introduced by a cutoff value of 20%,”” we included metabolic
ratios with Cramer-Rao lower bounds <100%.

Cross-sectional spinal cord area at cervical level C2/3

We used Jim 7.0 (Xinapse Systems, Aldwincle, UK) to assess
the cross-sectional spinal cord area (SCA) at cervical level
C2/3 on T2w images in all healthy control participants and
patients with SCI. SCA was measured in 3 consecutive slices
at the bottom of vertebra C2/3. In a first step, we determined
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Figure 2 Overview of metabolites involved in SCl-induced
processes

lllustrative oversimplified scheme showing the ongoing principal structural
and cellular changes after spinal cord injury (SCl) and their corresponding
representative metabolites. Elevated total choline-containing com?ounds
(tCho): Stanwell et al.,'® Chang et al.,'? and Widerstrém-Noga et al.”; lower

tCho: Wyss et al.” Elevated myo-inositol (ml): Pattany et al., ™ Chang etal,'?
Widerstrom-Noga et al.,'® and Wyss et al.’; lower ml: Fisher et al.*® Lower
total N-acetylaspartate (tNAA): Wyss et al.?

a region of interest in the middle of the spinal cord on axial
slices. In a next step, we used an active-surface model*® for the
automatic calculation of SCA. Last, we manually adjusted the
SCA outline in those slices of study participants in which
automatic cord determination did not work properly (S
cases). Cross-sectional SCA could not be calculated for 1
patient due to motion artifacts during the MR acquisition.

Clinical assessments

All patients with SCI were clinically assessed with a compre-
hensive clinical protocol including the International Stand-
ards for Neurologic Classification of Spinal Cord Injury
(ISNCSCI) protocol for pinprick and light-touch scores®
and the European Multicenter Study About Spinal Cord In-
jury (EMSCI) pain questionnaire (version 4.2, emsci.org/).

With the ISNCSCI protocol, patients were classified as
American Spinal Injury Association Impairment Scale (AIS) A
(ie., complete injury; no sensory or motor functions pre-
served in sacral segments), B, C, or D (i.e., incomplete injury),
or AIS E (ie., no functional impairment) according to the
neurologic classification of SCI. The neurologic level of injury
(NLI) is defined as the uppermost segment with neurologi-
cally intact motor and sensory scores.

In all patients with SCI, the EMSCI pain questionnaire was used
as a screening tool for pain after SCI. This pain questionnaire
examines various aspects of pain (e.g, current pain intensity,
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average and maximal pain intensity during the last week, location
and quality of pain, intensity of allodynia and paresthesia). The
pain intensity was rated with an 11-point numeric rating scale with
0 indicating no pain and 10 indicating the worst imaginable pain.
In addition, the type of pain was explored and grouped into
nociceptive (i.e,, musculoskeletal or visceral) or NP (i, at, below,
or at and below the lesion level). To be classified as at-level NP,
ongoing pain had to be experienced within the 3 dermatomes
below the NLI, 1 dermatome above the NLI, or both. Below-level
NP, on the other hand, was defined as NP >3 dermatomes below
the NLL*® All patients completed the full protocol.

Statistical analysis

Statistical analyses were performed with the R software pack-
alge31 (version 3.4.3) and Stata software (version 14.2; Stata-
Corp LP, College Station, TX), which was also used for
visualization. We applied a 1-way analysis of variance followed
by a Bonferroni post hoc test for pairwise comparison of
healthy controls, patients with SCI with NP, and pain-free
patients with SCI regarding their age at the time point of
measurement. Unpaired 2-tailed ¢ tests were used to compare
the pinprick score and time since injury between patients with
NP and pain-free patients. Between-group comparison graph-
ics of metabolic ratios show box plots including the median and
quartiles. These group differences between the healthy control
group, patients with SCI with NP, and pain-free patients were
assessed for metabolite concentration ratios of tCho/ml and
tNAA/mI at spinal level C2/3 with a Kruskal-Wallis test fol-
lowed by pairwise Mann-Whitney U tests. We used Spearman
rank correlation tests to investigate associations between the
amount of cervical cord atrophy in patients with SCI, assessed
by the cross-sectional SCA at cervical level C2/3, and metab-
olite concentration changes at the same level. Last, we analyzed
relationships between clinical measures of pain perception
(pinprick score) and the metabolite ratio of tCho/mlI at C2/3
using Spearman rank correlation tests.

The confidence interval (CI) was set to 95%. Results with an
uncorrected value of p < 0.05 were regarded as significant. We
did not adjust for multiple testing to reduce type II errors,
which potentially increased type I errors. Age was included as
a covariate of no interest in the statistical model to adjust for

age dependency.

Data availability
Anonymized grouped data will be shared by request from
a qualified investigator.

Results

Demographics and clinical characteristics

Fourteen patients with SCI with NP (12 men, age [mean *
SD] 52.2 % 10.5 years, years since injury 11.3 +9.2), 10 pain-
free patients with SCI (10 men, age 50.0 + 10.3 y, years since
injury 18.4 + 10.5), and 21 healthy control participants (18
men, age 46.0 £ 11.2 y) were recruited. From all patients with
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Table Epidemiologic and clinical data for all patients with SCI

Patient Age,y Ageatinjury,y Timesinceinjury,y AlSscore Motor/sensory level of injury Pinprickscore NP NP intensity
1 43 30 13 D C5/C2 55 Yes 7
2 58 46 12 C T1/C4 97 Yes 5
3 64 60 4 D C4/Ca 64 Yes 2
4 33 31 2 A C4/C5 20 Yes 4
5 67 63 4 D C7/C5 95 Yes 4
6 52 20 32 A C5/C5 17 Yes 6
7 40 22 18 A C7/Cé 21 Yes 5
8 68 55 13 D C7/C8 107 Yes 1
9 58 54 4 A T2/T2 38 Yes 5
10 52 33 19 A T4/T4 48 Yes 2
1 53 29 24 A T10/T10 70 Yes 3
12 53 46 7 A T11/T11 82 Yes 6
13 50 48 2 D S1/T12 82 Yes 5
14 40 36 4 D L1/L1 104 Yes 5
15 57 51 6 D c5/C2 26 No -
16 59 49 10 D Ce/C2 43 No —
17 30 28 2 A C4/C5 23 No —
18 55 24 31 B C5/C7 68 No —
19 65 41 24 A C5/C6 20 No —
20 54 44 10 A T2/T2 41 No —
21 39 14 25 B T4/T4 78 No —
22 48 19 29 B T4/T4 50 No —
23 46 19 27 A T4/T4 72 No —
24 47 27 20 A T5/T5 48 No —

Abbreviations: AlS = American Spinal Injury Association Impairment Scale; NP = neuropathic pain; SCI = spinal cord injury.

SCI, 12 were classified as functionally complete (AIS A) and
12 as functionally incomplete (AIS grades B-D) (table). The
NP group consisted of 8 tetraplegic and 6 paraplegic patients,
while the pain-free group consisted of S tetraplegic and S
paraplegic patients. Pinprick score was 64.3 + 31.9 and 46.9
20.6 for patients with SCI with NP and pain-free patients,
respectively (p = 0.145, 95% CI —41.3 to 6.5). Patients with
NP reported a mean pain intensity of 4.3 (SD 1.7, minimum 1,
maximum 7) on a scale from 0 to 10. Mean age at injury was
40.9 years (SD 14.0 years) for the patients with SCI with NP
and 31.6 years (SD 13.5 years) for the pain-free patients with
SCI. The participants’ mean age did not differ between any of
the groups (p = 0.245). There was no significant difference in
mean time since injury in years between the patient groups (p
= 0.092,95% CI -1.3 to 15.5).

Neurology.org/N

Changes of choline-containing compounds to mi
We first confirmed that there was a difference in tCho/ml levels
between groups (p = 0.010) as previously reported for patients
with SCI and healthy controls in a subset of this population.’
Patients with SCI with NP had a tCho/ml ratio (p = 0.699, 95%
CI -0.049 to 0.029, figure 3A) similar to that of healthy controls
but an elevated tCho/ml ratio (p =0.024,95% CI 0.007-0.075)
compared to pain-free patients. In turn, the tCho/ml ratio was
lower in pain-free patients with SCI compared to healthy con-
trols (p = 0.003, 95% CI —0.069 to —0.016).

In patients with SCI with NP, a higher tCho/ml ratio was
positively associated with a larger cross-sectional SCA (p =
0.006, r = 0.714, 95% CI 0.403-1.0236, n = 13, figure 3B) and
a higher pinprick score (p = 0.032, r = 0.574, 95% CI
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Figure 3 Group comparison of tCho/ml levels and correlation with spinal cord atrophy and clinical outcome measure
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(A and D) Group differences of the ratio of total choline-containing compounds to myo-inositol (tCho/ml) are shown for (A) healthy controls (HC; gray), pain-
free patients with spinal cord injury (SCI; blue), and patients with SCI with neuropathic pain (NP; red) and for (D) paraplegic and tetraplegic patients with SCl in
the pain-free (indicated in blue) and NP (indicated in red) groups separately. (B and C) Rank correlation graphs showing the associations of tCho/ml levels with
cross-sectional spinal cord area at spinal level C2/3 (B) and pinprick score (C) for all patients with SCI. Pain-free patients with SCl are indicated by blue dots,
patients with SCI with NP by red dots. Uncorrected p values are reported for significant differences. ns = not significant; tCho = total choline-containing

compounds.

0.222-0.927, n = 14, figure 3C) but not with NP intensity (p =
0.406, r = —0.241, 95% CI —0.819 to 0.336, n = 14). In pain-
free patients with SCI, the tCho/mI ratio was not related to
cross-sectional SCA (p = 0.881, r = 0.055, 95% CI -0.709 to
0.818, n = 10) or pinprick score (p = 0.676, r = 0.152, 95% CI
~0.637 to 0.940, n = 10).

To assess the effect of lesion level, we found that the tCho/mlI
ratio was not different between paraplegic and tetraplegic
patients with NP (p = 0.138, 95% CI —0.021 to 0.111, figure
3D) and paraplegic and tetraplegic pain-free patients (p =
0.835, 95% CI —0.023 to 0.026). Within paraplegic patients,
the tCho/ml ratio was elevated in patients with NP compared
to pain-free paraplegics (p = 0.022, 95% CI 0.013-0.126), but
this effect was not seen within the tetraplegic patient group (p
= 0.421, 95% CI -0.052 to 0.090).

Changes of tNAA to ml
We first confirmed that there was a difference in tNAA/mlI
levels between groups (p = 0.023) as previously reported for
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patients with SCI and healthy controls in a subset of this
population.9 Patients with SCI with NP had a tNAA/mlI
ratio (p = 0.396, 95% CI —0.112 to 0.258, figure 4A) similar
to that of pain-free patients, which did also not differ from
that of healthy controls (p = 0.126, 95% CI -0.296 to
0.045). In pain-free patients, tNAA/mI levels (p = 0.006,
95% CI —0.378 to —0.071) were lower compared to healthy
controls.

Lower levels of tNAA/mI were associated with a greater de-
crease of cross-sectional SCA in pain-free patients with SCI (p
= 0.022, r = 0.709, 95% CI 0.252-1.166, n = 10, figure 4B),
while no association was evident in patients with NP (p =
0.128, r = 0.445, 95% CI —0.028 to 0.918, n = 13). Pinprick
score and tNAA/mlI ratio were not associated in patients with
NP (p = 0.405, r = 0.242, 95% CI —0.325 to 0.809, n = 14,
figure 4C) or in pain-free patients (p = 0.117, r = 0.527, 95%
CI 0.053-1.002, n = 10). There was no association between
tNAA/mI levels and NP intensity in patients with NP (p =
0.783, r = —0.081, 95% CI —0.704 to 0.541, n = 14).

Neurology.org/N
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Figure 4 Group comparison of tNAA/mI levels and correlation with spinal cord atrophy and clinical outcome measure
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(A and D) Group differences of the ratio of total N-acetylaspartate to myo-inositol (tNAA/mI) are shown for (A) healthy controls (HC; gray), pain-free patients
with spinal cord injury (SCI; blue), and patients with SCI with neuropathic pain (NP; red) and for (D) paraplegic and tetraplegic patients with SCl in the pain-free
(indicated in blue) and NP (indicated in red) groups separately. (B and C) Rank correlation graph showing the association of tNAA/ml levels with cross-sectional
spinal cord area at spinal level C2/3 (B) and pinprick score (C) for all patients with SCI. Pain-free patients with SCl are indicated by blue dots; patients with SCI
with NP, by red dots. Uncorrected p values are reported for significant differences. ns = not significant.

There was no difference in the tNAA/mI ratio between par-
aplegics with NP and tetraplegics with NP (p = 0.747,95% CI
-0.195 to 0.426, figure 4D). In pain-free paraplegics, the
tNAA/mlI ratio was higher compared to pain-free tetraplegics
(p = 0.022, 95% CI 0.038-0.390). The tNAA/mlI ratio was
not different between paraplegic patients with NP and pain-
free patients (p = 1.000, 95% CI —0.335 to 0.426), nor was it
different between tetraplegic patients with NP and pain-free
patients (p = 0.164, 95% CI —0.112 to 0.321).

Discussion

This study shows metabolites of neuroinflammation and
neurodegeneration and how their levels relate to NP in the
spinal cord at cervical level C2/3 by means of noninvasive
MRS. In particular, the ratio of tCho (ie., a marker for an
intact myelin and cell membrane turnover) over ml (ie., a
marker of activated glial cells) was increased in patients with
SCI with chronic NP, but not in pain-free patients. This was
distinct from markers of neurodegeneration (i.e,, tNAA) that
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related to cord atrophy but not to NP. This study identified
tCho/ml levels as a potential sensitive metabolite biomarker
of NP in the injured cervical cord.

Regardless of NP, lower ratios of tNAA/mI and tCho/mlI were
evident in the atrophied cervical spinal cord®* of patients with
SCI compared to healthy controls.” This likely reflects ongoing
neurodegeneration and activation of glial cells in the injured
spinal cord,®® especially because the reduction of the metabolic
ratios was greater in tetraplegic compared to paraplegic patients.

Aberrant activity of spinothalamic neurons in the spinal dorsal
horn®* is believed to be a key player in the origin of NP,***°
which manifests as an abnormal sensation of tingling and
pricking (i.e., paresthesia), painful sensations induced by non-
noxious stimuli (i.e, allodynia), or increased or decreased
responses to painful stimuli (i.e., hyperalgesia or hypoalgesia).4
In the spinal cord of patients with SCI with NP, this study
shows higher tCho/ml ratios than in pain-free patients. In
patients with SCI with NP, the concentration of tCho/ml was
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in the range of healthy controls. Higher tCho/ml ratios might
relate to enhanced pain transmission in the spinal cord possibly
due to an interplay of hyperactive spinothalamic neurons®>*’
and inflammatory-induced glial activation.”” At the cellular
level, this would relate to an increased membrane and myelin
turnover (e.g,, higher tCho)"! of spinothalamic neurons or
activated glial cells (e.g., higher tCho and higher ml).' 3%
Moreover, mI might be decreased and tCho/ml levels there-
fore increased due to less myelin breakdown in patients with
SCI with NP.** However, we are unable to disentangle the
exact processes at the molecular level because both tCho and
ml could drive the ratio differences. Nevertheless, we are
confident that elevated tCho is significantly contributing to the
ratio differences because it was shown that tCho was specifically
elevated in distinct brain regions of the pain network
(ie., thalamus and anterior cingulate cortex) of patients with
SCI with NP.">'” These regions, together with the prefrontal
cortex, sensorimotor cortex, and spinal cord, showed
NP-associated bidirectional volume changes.*"**

To address the question of whether the metabolite level
changes relate to NP or lesion level, we performed a subgroup
analysis between paraplegic and tetraplegic patients. No lesion
level-dependent difference in tCho/ml levels was evident.
However, tNAA/mlI levels were lower in tetraplegic compared
to paraplegic pain-free patients, which is in agreement with our
previous report,” indicating that the magnitude of neurode-
generative processes is lesion level dependent. This finding is in
line with a preclinical study reporting higher tNAA levels in
arabbit model of SCIwith a light compared to a severe injury.*’

As recently reported in a subset of this population,9 patients
with SCI showed clinicopathologic relationships. However,
previous analysis was performed regardless of NP. In this
study, patients with SCI with NP showed a 3-way relationship
between elevated tCho/mlI ratios, less cord atrophy, and more
preserved pain sensation (e.g., better pinprick score). This
suggests that patients with SCI with NP have less degenerated
spinal pathways (i.e., less cord atrophy and higher pinprick
scores) and a greater metabolite turnover due to enhanced
glial activation and proliferation.”®*® It is thus well imaginable
that patients with SCI have a secondary complication
(i.e, NP) compared to pain-free patients with SCI and show
a higher potential for greater functional recovery due to the
spared but somewhat disturbed tract and circuit function that
is reflected by higher cervical cord tCho/mlI levels. Similar to
our results, an association between better recovery of pinprick
score at 12 months and less cord atrophy immediately after
the injury was previously reported in patients with SCL** In
contrast, in pain-free patients with SCI, tCho/mlI levels were
not associated with cord atrophy or pinprick sensation.
However, a lower tNAA/mI ratio was associated with greater
cord atrophy, indicating processes of neurodegeneration. The
3-way relationship between metabolite levels, cord atrophy,
and function speaks to the potential of levels of tCho/mlI as
a metabolite marker of inflammatory-induced glial activation
and aberrant activity of spinothalamic neurons in NP states.
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This study has limitations. First, the metabolites measured
are presented as ratios’ to other metabolites and not as
absolute values, unlike MRS values in the brain.® This is due
to the current lack of a reliable water reference signal in the
spinal cord owing to the pulsating surrounding CSF (see
supplementary figure 1 in reference 9). At present, it is
therefore not possible to draw conclusions on single
metabolites and their absolute values in spinal MRS
acquisitions. In addition, ratios do not allow inferences about
the directionality of the metabolite level changes. Moreover,
the physiologic roles of the metabolites are manifold and still
not completely known and proven. This impedes a reliable
discrimination of neuroinflammatory and neurodegenera-
tive processes from other mechanisms. In the future, we plan
to look at spectroscopic data of specific pain areas within the
brain and to compare the absolute metabolite levels to the
ratios reported in the cervical cord. This could help us to
better understand and identify which CNS regions and un-
derlying mechanisms contribute to the development of NP.
Second, in spinal MRS, the spectroscopic voxel covers the
entire cord and thus cannot measure individual tracts. We
therefore obtained metabolite signals derived from the gray
and white matter simultaneously. Future studies would
benefit from smaller, ideally tract-specific voxels. Moreover,
more detailed pain assessments, including body pain draw-
ings45 with the extent, intensity, and quality of the perceived
pain, would enable a better characterization between me-
tabolite turnover and the presence of NP. Third, our sample
size was rather small. Given the fact that we were using MRS
markers, we were not able to assess the extent of measure-
ment error for the outcome measures. However, this does
not invalidate our presented group comparisons and signif-
icant findings: it is possible that, in the future, variability due
to measurement error may be reduced, in which case the
required sample sizes would be smaller, reflecting the re-
duced measurement noise. Finally, sex was not equally
represented in our patient cohort. However, the male-to-
female patient ratio in this study closely reflects the general
SCI population with a ratio of 4:1.*® Furthermore, healthy
controls were age and sex matched.

This study identifies levels of tCho/ml, a marker of neuro-
inflammatory processes, as a discriminator of patients with
SCI with NP from pain-free patients with SCI. Using spinal
MRS, spinal cord atrophy assessments, and a clinical measure
of pain sensation, we identified clinicopathologic associations.
Thus, tCho/ml levels are a promising metabolite biomarker
of neuroinflammation in the context of NP after SCI. Cervical
cord MRS holds potential to be used in clinical trials for
patient stratification, therapy monitoring, and outcome
prediction.

Acknowledgment

A special thanks go to all participants for their time spent and
contribution in this study. The authors also thank Céline
Steger, MSc, and Desiree Beck, MSc, for their help with the
recruitment and clinical assessment of the study participants.

Neurology.org/N


http://neurology.org/n

Study funding

This research was supported by Schweizerischer Natio-
nalfonds zur Forderung der Wissenschaftlichen Forschung
(143715), Hartmann Miiller-Stiftung fiir Medizinische For-
schung (2047), Universitit Ziirich (Clinical Research Priority
Program Multiple Sclerosis), H2020 European Research
Council (SYNAPLAST MR, grant 679927), and Wings for
Life, Austria (WFL-CH-007/14). P.F. is funded by a SNF
Eccellenza Professorial Fellowship grant (PCEFP3_ 181362/
1). Open access of this publication is supported by the
Wellcome Trust (091593/Z/10/Z).

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.

Publication history

Received by Neurology September 24, 2019. Accepted in final form
January 27, 2020.

Appendix Authors

Name Location Contribution

Dario Balgrist University Acquired, analyzed, and
Pfyffer, Hospital, Zurich, interpreted the data;

MSc Switzerland performed statistical analysis;

drafted the manuscript for
intellectual content

Patrik O. Institute for Biomedical Designed and conceptualized
Wyss, PhD Engineering, Zurich, the study; acquired and
Switzerland analyzed the data; performed

statistical analysis; drafted the
manuscript for intellectual

content

Eveline Balgrist University Designed and conceptualized

Huber, Hospital, Zurich, the study; acquired and

PhD Switzerland analyzed the data; revised the
manuscript for intellectual
content

Armin Balgrist University Revised the manuscript for

Curt, MD Hospital, Zurich, intellectual content

Switzerland

Anke Institute for Biomedical Designed and conceptualized

Henning, Engineering, Zurich, the study; revised the

PhD Switzerland manuscript for intellectual
content

Patrick Balgrist University Supervised the study; revised

Freund, Hospital, Zurich, the manuscript for intellectual

MD PhD Switzerland content

References

1. Ahuja CS, Wilson JR, Nori S, et al. Traumatic spinal cord injury. Nat Rev Dis Primers
2017;3:17018.

2. Burke D, Fullen BM, Stokes D, Lennon O. Neuropathic pain prevalence following
spinal cord injury: a systematic review and meta-analysis. Eur ] Pain 2017;21:29-44.

3. Wollaars MM, Post MW, van Asbeck FW, Brand N. Spinal cord injury pain: the influence
of psychologic factors and impact on quality of life. Clin J Pain 2007;23:383-391.

4. Finnerup NB, Baastrup C. Spinal cord injury pain: mechanisms and management.
Curr Pain Headache Rep 2012;16:207-216.

S. Faden AI, Wu J, Stoica BA, Loane DJ. Progressive inflammation-mediated neuro-
degeneration after traumatic brain or spinal cord injury. Br J Pharmacol 2016;173:
681-691.

Neurology.org/N

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

28.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Felix MS, Popa N, Djelloul M, et al. Alteration of forebrain neurogenesis after cervical
spinal cord injury in the adult rat. Front Neurosci 2012;6:45.

Wu J, Zhao Z, Sabirzhanov B, et al. Spinal cord injury causes brain inflammation
associated with cognitive and affective changes: role of cell cycle pathways. ] Neurosci
2014;34:10989-11006.

de Graaf RA. In Vivo NMR Spectroscopy: Principles and Techniques. 2nd ed. Chi-
chester: John Wiley & Sons Ltd; 2007.

Wyss PO, Huber E, Curt A, Kollias S, Freund P, Henning A. MR spectroscopy of the
cervical spinal cord in chronic spinal cord injury. Radiology 2019;291:131-138.
Chang L, Munsaka SM, Kraft-Terry S, Ernst T. Magnetic resonance spectroscopy to assess
neuroinflammation and neuropathic pain. ] Neuroimmune Pharmacol 2013;8:576-593.
Maddock RJ, Buonocore MH. MR spectroscopic studies of the brain in psychiatric
disorders. Curr Top Behav Neurosci 2012;11:199-251.

Chang L, Cooper MS, Clark VP. Imaging biomarkers and the role of neuro-
inflammation in neuropathic pain. ] Neuroimmune Pharmacol 2013;8:448-451.
Schwab JM, Zhang Y, Kopp MA, Brommer B, Popovich PG. The paradox of chronic
neuroinflammation, systemic immune suppression, autoimmunity after traumatic
chronic spinal cord injury. Exp Neurol 2014;258:121-129.

Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD. Neurological disability correlates
with spinal cord axonal loss and reduced N-acetyl aspartate in chronic multiple
sclerosis patients. Ann Neurol 2000;48:893-901.

Widerstrom-Noga E, Pattany PM, Cruz-Almeida Y, et al. Metabolite concentrations in
the anterior cingulate cortex predict high neuropathic pain impact after spinal cord
injury. Pain 2013;154:204-212.

Stanwell P, Siddall P, Keshava N, et al. Neuro magnetic resonance spectroscopy using
wavelet decomposition and statistical testing identifies biochemical changes in people
with spinal cord injury and pain. Neuroimage 2010;53:544-552.

Widerstrom-Noga E, Cruz-Almeida Y, Felix ER, Pattany PM. Somatosensory phe-
notype is associated with thalamic metabolites and pain intensity after spinal cord
injury. Pain 2015;156:166-174.

Pattany PM, Yezierski RP, Widerstrom-Noga EG, et al. Proton magnetic resonance
spectroscopy of the thalamus in patients with chronic neuropathic pain after spinal
cord injury. AJNR Am ] Neuroradiol 2002;23:901-905.

Hock A, MacMillan EL, Fuchs A, et al. Non-water-suppressed proton MR spectros-
copy improves spectral quality in the human spinal cord. Magn Reson Med 2013;69:
1253-1260.

Edden RA, Schar M, Hillis AE, Barker PB. Optimized detection of lactate at high fields
using inner volume saturation. Magn Reson Med 2006;56:912-917.

‘Wilm BJ, Svensson J, Henning A, Pruessmann KP, Boesiger P, Kollias SS. Reduced
field-of-view MRI using outer volume suppression for spinal cord diffusion imaging.
Magn Reson Med 2007;57:625-630.

Schulte RF, Henning A, Tsao J, Boesiger P, Pruessmann KP. Design of broadband RF
pulses with polynomial-phase response. ] Magn Reson 2007;186:167-175.

Hock A, Henning A, Boesiger P, Kollias SS. (1)H-MR spectroscopy in the human
spinal cord. AJNR Am ] Neuroradiol 2013;34:1682-1689.

Gruetter R. Automatic, localized in vivo adjustment of all first- and second-order shim
coils. Magn Reson Med 1993;29:804-811.

Hock A, Fuchs A, Boesiger P, Kollias SS, Henning A. Electrocardiogram-triggered,
higher order, projection-based B(0) shimming allows for fast and reproducible shim
convergence in spinal cord (1)H MRS. NMR Biomed 2013;26:329-335.
Provencher SW. Estimation of metabolite concentrations from localized in vivo
proton NMR spectra. Magn Reson Med 1993;30:672-679.

Kreis R. The trouble with quality filtering based on relative Cramer-Rao lower bounds.
Magn Reson Med 2016;75:15-18.

Horsfield MA, Sala S, Neema M, et al. Rapid semi-automatic segmentation of the
spinal cord from magnetic resonance images: application in multiple sclerosis. Neu-
roimage 2010;50:446-4S5.

Kirshblum SC, Burns SP, Biering-Sorensen F, et al. International standards for neu-
rological classification of spinal cord injury (revised 2011). J Spinal Cord Med 2011;
34:535-546.

Bryce TN, Biering-Sorensen F, Finnerup NB, et al. International spinal cord injury
pain classification, part I: background and description; March 6-7, 2009. Spinal Cord
2012;50:413-417.

R: A Language and Environment for Statistical Computing [computer program].
Vienna, Austria: R Foundation for Statistical Computing; 2016.

Freund P, Weiskopf N, Ashburner J, et al. MRI investigation of the sensorimotor
cortex and the corticospinal tract after acute spinal cord injury: a prospective longi-
tudinal study. Lancet Neurol 2013;12:873-881.

Schwab ME, Bartholdi D. Degeneration and regeneration of axons in the lesioned
spinal cord. Physiol Rev 1996;76:319-370.

Zhang H, Xie W, Xie Y. Spinal cord injury triggers sensitization of wide dynamic range
dorsal horn neurons in segments rostral to the injury. Brain Res 2005;1055:103-110.
Hari AR, Wydenkeller S, Dokladal P, Halder P. Enhanced recovery of human spi-
nothalamic function is associated with central neuropathic pain after SCI. Exp Neurol
2009;216:428-430.

Wasner G, Lee BB, Engel S, McLachlan E. Residual spinothalamic tract pathways
predict development of central pain after spinal cord injury. Brain 2008;131:
2387-2400.

Gwak YS, Hulsebosch CE, Leem JW. Neuronal-glial interactions maintain chronic
neuropathic pain after spinal cord injury. Neural Plast 2017;2017:2480689.

Gwak YS, Kang J, Unabia GC, Hulsebosch CE. Spatial and temporal activation of
spinal glial cells: role of gliopathy in central neuropathic pain following spinal cord
injury in rats. Exp Neurol 2012;234:362-372.

Neurology | Volume 95, Number 7 | August 18,2020

e813


https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000010003
http://neurology.org/n

e814

39.

40.

41.

42.

Neurology | Volume 95, Number 7

Hains BC, Waxman SG. Activated microglia contribute to the maintenance of chronic
pain after spinal cord injury. J Neurosci 2006;26:4308-4317.

Fisher SK, Novak JE, Agranoff BW. Inositol and higher inositol phosphates in neural
tissues: homeostasis, metabolism and functional significance. ] Neurochem 2002;82:
736-754.

Jutzeler CR, Huber E, Callaghan MF, et al. Association of pain and CNS structural
changes after spinal cord injury. Sci Rep 2016;6:18534.

Gustin SM, Wrigley PJ, Siddall PJ, Henderson LA. Brain anatomy changes associated
with persistent neuropathic pain following spinal cord injury. Cereb Cortex 2010;20:
1409-1419.

| August 18,2020

43.

44.

4S.

46.

Duetzmann S, Pilatus U, Seifert V, Marquardt G, Setzer M. Ex vivo 1H MR spec-
troscopy and histology after experimental chronic spinal cord compression. J Spine
Surg 2017;3:176-183.

Grabher P, Callaghan MF, Ashburner J, et al. Tracking sensory system atrophy and
outcome prediction in spinal cord injury. Ann Neurol 2015;78:751-761.

Finnerup NB, Gyldensted C, Nielsen E, Kristensen AD, Bach FW, Jensen TS. MRI in chronic
spinal cord injury patients with and without central pain. Neurology 2003;61:1569-1575.
Jackson AB, Dijkers M, Devivo MJ, Poczatek RB. A demographic profile of new
traumatic spinal cord injuries: change and stability over 30 years. Arch Phys Med
Rehabil 2004;85:1740-1748.

Neurology.org/N


http://neurology.org/n

Neurology

M etabolites of neuroinflammation relate to neuropathic pain after spinal cord injury
Dario Pfyffer, Patrik O. Wyss, Eveline Huber, et a.
Neurology 2020;95;e805-e814 Published Online before print June 26, 2020
DOI 10.1212/WNL.0000000000010003

Thisinformation is current as of June 26, 2020

Updated Information & including high resolution figures, can be found at:
Services http://n.neurol ogy.org/content/95/7/e805.full
References This article cites 44 articles, 5 of which you can access for free at:

http://n.neurol ogy.org/content/95/7/e805.ful l#ref-list-1

Subspecialty Collections Thisarticle, along with others on similar topics, appearsin the
following collection(s):
All Rehabilitation
http://n.neurology.org/cgi/collection/all_rehabilitation
Clinical neurology examination
http://n.neurology.org/cgi/collection/clinical_neurology examination
MRS
http://n.neurol ogy.org/cgi/collection/mrs
Neuropathic pain
http://n.neurology.org/cgi/collection/neuropathic_pain
Spinal cord trauma
http://n.neurology.org/cgi/collection/spinal_cord_trauma

Permissions & Licensing Information about reproducing this article in parts (figures,tables) or in
its entirety can be found online at:
http://www.neurol ogy.org/about/about_the_journal#permissions

Reprints Information about ordering reprints can be found online:
http://n.neurol ogy.org/subscribers/advertise

Neurology ® isthe official journa of the American Academy of Neurology. Published continuously since
1951, it isnow aweekly with 48 issues per year. Copyright Copyright © 2020 The Author(s). Published by
Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.. All rights reserved. Print
ISSN: 0028-3878. Online ISSN: 1526-632X.

AMERICAN ACADEMY OF

NEUROLOGY.



http://n.neurology.org/content/95/7/e805.full
http://n.neurology.org/content/95/7/e805.full#ref-list-1
http://n.neurology.org/cgi/collection/all_rehabilitation
http://n.neurology.org/cgi/collection/clinical_neurology_examination
http://n.neurology.org/cgi/collection/mrs
http://n.neurology.org/cgi/collection/neuropathic_pain
http://n.neurology.org/cgi/collection/spinal_cord_trauma
http://www.neurology.org/about/about_the_journal#permissions
http://n.neurology.org/subscribers/advertise

