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Abstract

Persistent pain is a common reason for reduced quality of life after a spinal cord injury (SCI).
Biomarkers of neuropathic pain may facilitate translational research and the understanding of
underlying mechanisms. Research suggests that pain and affective distress are anatomically and
functionally integrated in the anterior cingulate cortex and can modulate sensory and affective
aspects of pain. We hypothesized that severe neuropathic pain with a significant psychosocial
impact would be associated with metabolite concentrations (obtained by magnetic resonance
spectroscopy) in the anterior cingulate cortex, indicating neuronal and/or glial dysfunction.
Participants with SCI and severe, high-impact neuropathic pain (SCI-HPI; n = 16), SCI and
moderate, low-impact neuropathic pain (SCI-LPI; n = 24), SCI without neuropathic pain (SCI-
noNP; n = 14), and able-bodied, pain-free control subjects (A-B; n = 22) underwent a 3-T
magnetic resonance imaging brain scan. Analyses revealed that the SCI-HPI group had
significantly higher levels of myoinositol (Ins) (P < .000), creatine (P=.007), and choline (P=.
014), and significantly lower levels of N-acetyl aspartate/Ins (P=.024) and glutamate-glutamine
(GIx)/Ins (P=.003) ratios than the SCI-LPI group. The lower GIx/Ins ratio significantly
discriminated between SCI-HPI and the A-B (£=.006) and SCI-noNP (~=.026) groups,
displayed excellent test-retest reliability, and was significantly related to greater pain severity,
interference, and affective distress. This suggests that the combination of lower glutamatergic
metabolism and proliferation of glia and glial activation are underlying mechanisms contributing
to the maintenance of severe neuropathic pain with significant psychosocial impact in chronic
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SCI. These findings indicate that the GlIx/Ins ratio may be a useful biomarker for severe SCI-
related neuropathic pain with significant psychosocial impact.

Keywords

Cingulate cortex; Magnetic resonance spectroscopy; Neuropathic pain; Psychosocial impact;
Spinal cord injury

1. Introduction

Persistent pain is one of the most common reasons for reduced quality of life after spinal
cord injury (SCI) [8,59]. The most rational approach for managing these refractory pain
conditions is to identify the primary underlying mechanisms in each person and tailor
treatment to these [5,60]. Unfortunately, the identification of clinical subgroups, i.e., clinical
phenotypes or other surrogate biomarkers of specific spinal cord, thalamic, and cortical
mechanisms [24,61], has been difficult. There is a need to further examine potential
biomarkers of neuropathic pain that may facilitate translational research and increase the
understanding of underlying mechanisms.

The biopsychosocial model of pain suggests a dynamic interaction among biological,
psychological, and social factors. Although biological mechanisms may initiate, maintain,
and modulate pain, psychological factors influence the perception of pain and behavior in
response to pain [50]. Therefore, an integrated assessment, including measures of pain
severity and psychosocial impact, may be particularly relevant for complex persistent
neuropathic pain phenotypes. An area of the brain pain network [2] suggested to be involved
in the attentional and affective processing of pain is the anterior cingulate cortex (ACC; for
this and other abbreviations please see Table 1) [3,10,13,38]. Research indicates that the
ACC can exert powerful modulation of both sensory and affective aspects of pain via
activation of a variety of receptor systems including p-opioid [62] and gamma-
amminobutyric-acid (GABA) [30] receptors, and via activation of the periaqueductal grey
(PAG) [2].

Magnetic resonance spectroscopy (MRS) research has demonstrated abnormal thalamic
concentrations of common metabolites such as N-acetyl aspartate (NAA) and myoinositol
(Ins) in chronic pain conditions [3,16,34]. NAA is localized predominantly in neurons and
their processes [44], and a decrease in concentration may reflect loss of neurons or neuronal
dysfunction [15]. In contrast, a higher concentration of Ins, a glial marker with a major role
in the volume and osmoregulation of astrocytes [26], may indicate gliosis or glial activation.
In the thalamus, lower NAA concentrations have been associated with neuropathic pain in
diabetes [45] and after SCI [34]. Basic research suggests that glial activation is an important
mechanism underlying neuropathic pain after SCI [22,23]. Increased brain concentrations of
Ins have previously been found in people with neuropathic pain after SCI [34]. Other brain
metabolites also suggesting higher levels of glia are choline (Cho), which is involved in
membrane synthesis and degradation [14], and creatine (Cr), which is involved in energy
metabolism via the creatine kinase reaction generating adenosine triphosphate [15]. The
latter has been found in 2- to 4-fold higher concentrations in glial cells than in neurons
[36,52]. Reduced glutamatergic metabolism, including lower concentrations of brain
glutamate (Glu) or glutamate-glutamine (GIx) has also been observed in mood
disorders[27,29], and specifically in the ACC in people with major depressive disorders [31]
and chronic low back pain [17].
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Research suggests that the experience of pain, affective distress, and associated cognitive
control is anatomically and functionally integrated in the ACC [41]. Therefore, we
hypothesized that severe neuropathic pain with a significant psychosocial impact would be
associated with metabolic concentrations in the ACC indicating neuronal and/or glial
dysfunction.

2. Methods

2.1. General study design

The present study included data from 50 subjects with SCI and chronic neuropathic pain, 18
subjects with SCI and no neuropathic pain, and 24 able-bodied pain-free individuals. Each
subject completed a screening session to determine study eligibility, which included a
neurological examination, a cognitive screening assessment (Folstein Mini-Mental State
Examination), a brief pain evaluation, and a psychological evaluation performed by a
licensed psychologist with extensive experience with SCI (S. Perez). During a second
session, each subject completed a structured pain history interview, a battery of psychosocial
measures, and a 3-T MRS session performed at the Applebaum Diagnostic Center at the
University of Miami, Miller School of Medicine. Able-bodied control participants
completed a subset of these evaluations appropriate for nondisabled control subjects.
Subjects with SCI and neuropathic pain repeated the components of the second session
during a third session, 2 to 4 weeks after the second session, to examine the test-retest
reliability of study measures. The data presented in this article are part of a larger study
approved by the Miami Veterans Affairs Medical Center Human Subjects subcommittee and
the Institutional Review Board of the University of Miami, Miller School of Medicine, in
Miami, Florida.

2.2. Subjects

The participants of the present study consisted of men and women with a traumatic SCI of at
least 1 year duration with and without neuropathic pain at or below the level of injury and
able-bodied control subjects. The criteria for neuropathic pain included pain in an area with
neurological deficits and described as sharp, shooting, burning, and electric [43] for a
minimum of 6 months, with an average pain intensity of at least 4 on a numerical rating
scale with anchors of 0 = no pain and 10 = the most intense pain imaginable. The 2 other
groups consisted of: (1) subjects with SCI and no neuropathic pain (SCI-noNP), who did not
experience pain, or had only mild (numerical rating scale (NRS) < 4) nonneuropathic pain
described as dull, aching, and cramping, in areas of sensory preservation [43]; and (2) able-
bodied pain-free people (A-B) with no history of chronic pain or other major chronic health
conditions. Exclusion criteria included present or past alcohol or other drug abuse,
intracerebral pathology or epilepsy, cognitive impairment (Folstein Mini-Mental State
Examination [12] < 25), diagnosis of a DSM-1V Axis | (clinical syndromes) disorder
including major depression and drug or alcohol abuse, and general magnetic resonance
imaging (MRI) contraindications (e.g., metal implants, claustrophobia). Demographic
factors, including age, age at injury, time since injury, sex, level of education, and use of
prescription of pain medications during the past 3 months were recorded for each
participant.

2.3. The Folstein Mini-Mental State Examination

The Folstein Mini-Mental State Examination [12] is a brief screening test that assesses the
following cognitive abilities: orientation, registration, attention and calculation, recall,
naming, repetition, comprehension, reading, writing, and drawing. It is a widely used, valid,
and reliable method of cognitive assessment in medical settings. Items involving drawing
and writing (constructional praxis and dysgraphia) were omitted because some participants
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with SCI had significantly reduced ability to draw secondary to their physical impairment.
These items are frequently omitted in rehabilitation settings when patients are unable to
utilize their hands to complete necessary tasks. A score above 25 (out of 30) is considered
normal, and the final score was prorated for subjects with SCI who were unable to draw or
write because of upper limb motor impairment. Only subjects with scores indicating normal
cognitive function were included as subjects in the study.

2.4. Neurological examination

Neurological examinations were conducted according to the International Standards for
Neurological Classification of Spinal Cord Injury by 2 physicians with extensive experience
in SCI (A. Martinez-Arizala and D.D. Cardenas) to assess neurological status and to
determine severity of the SCI. The grading of the severity of the SCI was based on the ASIA
Impairment Scale (AIS), from AIS A (no motor or sensory function in the sacral segments
S4-S5) to AIS E (motor and sensory function are normal) [1]. All AIS grades represent
incomplete neurological injuries, with the exception of AIS A, which represents a complete
injury. If more than one level of injury was defined in the examination for motor or sensory
function for either side of the body, the neurologic level of injury used in the analyses was
the most rostral segment with normal findings as defined by the International Standards for
Neurological Classification of Spinal Cord Injury. For purposes of analyses in the present
study, the level of injury was divided into 2 categories: tetraplegia (cervical neurologic level
of injury) and paraplegia (all those below cervical).

2.5. MRl and MRS

MRS is a noninvasive method to assess brain chemistry. The signal of the hydrogen atom
attached to a certain molecule or metabolite has a particular frequency associated with a
given metabolite. The utility of MRS is based on the fact that the nuclei of atoms have
magnetic properties that can be used to obtain chemical information regarding both the type
of molecule and its concentration. The advantage of MRS for utility in clinical research is
the stability of the metabolite signals analyzed [3]. Therefore, when changes are detected,
they are presumed to reflect long-term plasticity.

The subjects were scanned on a 3-T Siemens TIM TRIO MRI System (Erlangen, Germany),
and an 8-channel phased-array coil was used to provide an optimum signal-to-noise ratio for
MRI images and spectroscopy data. Axial, sagittal, and coronal localizer images were
acquired using true fast imaging with steady state precession (FISP) localizer, sagittal
images were acquired using spin-echo sequence [400 ms, 9.5 ms, and 1 (Repetation time
(TR), Echo time (TE), signal averages)], with in-plane resolution of 256 x 256 and a slice
thickness of 2 mm. The sagittal images were used to align the axial images for the study
along the anterior commissure— posterior commissure line. Axial T1-weighted images were
acquired using 3-dimensional magnetization prepared rapid acquisition gradient echo
(MP_RAGE) sequence [2150 ms, 1100 ms, 4.38 ms, and 1 (TR, inversion time (TI), TE, and
signal averages)], with in-plane resolution of 256 x 256, slice thickness of 1 mm, field of
view of 256 mm, and 162 slices, this provided isotropic voxel resolution of 1 mm3. The
axial images were used to generate sagittal and coronal images using a multiplanar
reconstruction (MPR) routine provided by the manufacturer. These images had the same
resolution as the axial images. Axial Turbo fluid attenuated inversion recovery (FLAIR)
with fat saturation images were acquired [9000 ms, 2500 ms, 128, and 1 (TR, TI, effective
TE, and signal averages)], with turbo factor of 11, in-plane resolution of 256 x 256, slice
thickness of 5 mm, field of view of 220 mm, and 22 slices. These images used the same slice
orientation and offsets as the axial MP_RAGE sequences. Similarly, axial T2-weighted
turbo spin-echo images were acquired [8000 ms, 107, and 2 (TR, effective TE, signal
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averages)], with turbo factor of 15, and using similar image matrix and slices as turbo
FLAIR sequence.

A single voxel Point RESolved Spectroscopy (PRESS) sequence with and without water
suppression pulse [2000 ms, 30 ms (TR, TE)], with voxel size of 2.5 cm (left-right), 3.5 cm
(anterior-posterior), 1.0 cm (head-foot), 512 sampling points, and 2 KHz bandwidth, was
used to acquire data from the ACC (Fig. 1). For water-suppressed data, 256 signal averages
were acquired, and for water-unsuppressed data, 4 signal averages were acquired.

Spectral analysis was performed by using the linear combination model (LC Model)
software [35], a user-independent time-domain fitting routine that uses a basis set of
concentration-calibrated model spectra of individual metabolites to estimate the absolute
concentrations of similar brain metabolites from in vivo spectral data. This method exploits
the full spectroscopic information of each metabolite and not just isolated resonances. In the
present study we determined the concentrations for NAA, total Cr, Cho, Glx, and Ins.
Consistent with our previous observations of thalamic NAA and Ins in individuals with SCI
and neuropathic pain [34], we created a NAA/Ins ratio because we expected NAA and Ins
concentrations to be inversely related to levels of pain and psychosocial impact. Similarly, a
GIx/Ins ratio was created based on the literature [17,31], which suggested that GIx and Ins
concentrations would be inversely related to pain and psychosocial impact. The analysis of
the spectral data was performed from 4.0 ppm to 0.2 ppm, and eddy current correction was
also performed using an unsuppressed water signal. To account for subject-to-subject
variability in coil loading, the unsuppressed water signal for each subject was used while
processing the data to normalize the concentration of metabolites to the water signal of each
individual subject.

2.6. Assessment of pain and psychosocial factors

2.6.1. The Multidimensional Pain Inventory—Spinal Cord Injury version (MPI-
SCI)—The MPI is a psychometric instrument designed to assess pain and a range of
psychosocial factors associated with chronic pain [28]. Based on exploratory and
confirmatory factor analyses, Widerstrom-Noga et al. [55] revised the MPI for use in the
SCI chronic pain population. The internal consistency, stability, and validity of the MPI-SCI
have been demonstrated in the SCI chronic pain population [54]. The MPI-SCI [55] can be
used to classify individuals with SCI and pain into 3 different psychosocial profiles: (1)
“Dysfunctional” with higher pain severity (PS) and life interference (LI); (2)
“Interpersonally Supported” with moderately high PS, high levels of social support and life
control, and less LI; or (3) “Adaptive Copers” with lower levels of PS and LI and higher
levels of life control [57]. The profile with the least favorable characteristics is the
Dysfunctional, which shows more neuropathic pain symptoms, including frequent
exacerbation of pain, electric quality of the pain, and continuous pain, than the other
subgroups [53,56]. Because of the multimodal nature of the MPI, individual subscales can
be used to assess specific domains of interest.

In the present study, we used 3 of the MPI-SCI Pain Impact subscales (i.e., Pain Severity
[PS], Life Interference [LI], and Affective Distress [AD]) to identify an SCI neuropathic
pain subgroup with high levels of pain and psychosocial impact. These specific subscales
were selected to reflect the key domains of pain severity, pain interference, and emotional
function recommended by the Initiative on Methods, Measurement, and Pain Assessment in
Clinical Trials (IMMPACT) group [51].

Three psychometric instruments were used for the purpose of external validation of the SCI
neuropathic subgroups: (1) Spielberger State-Trait Anxiety Inventory (STAI): The STAI
[46] is a self-report questionnaire designed to assess both state and trait anxiety. It has
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documented reliability and validity for use in research on adults [33]. Both state and trait
anxiety have been linked to many aspects of the pain experience, and to activation within
areas of the ACC [39]. (2) Beck Depression Inventory (BDI): The BDI [7] assesses
symptoms associated with depressed patients described in the psychiatric literature. The BDI
has been recommended specifically for use in assessing emotional function in neuropathic
pain [9]. (3) Satisfaction with Life Scale (SWLS): The SWLS [11] is a measure designed to
assess global satisfaction with life that allows people to indicate how satisfied they are with
their lives based on their own values. It has previously been strongly linked to severity and
impact of persistent pain associated with SCI [54].

2.7. Statistical analysis

2.7.1. Reliability analysis—Stability of a measurement should be established before it
can be considered valid for the assessment of clinical outcomes in a specific population [32].
Test-retest reliability or stability of a measure is the degree to which an instrument yields
stable scores over time among respondents who are assumed not to have changed on the
variables that are assessed. Variations in health, learning, reaction to the test, or regression
to the mean (tendency to return to normal values) may yield test-retest data underestimating
the reliability of a test. A common metric used for this purpose is the intraclass correlation
(ICC). One-way random effect coefficients were calculated for each of the measures [42]
and used to determine test-rest reliability of measures in the SCI neuropathic pain group,
which completed 2 identical study sessions. ICC coefficients ranging from 0.41 to 0.60 were
considered fair, 0.61 to 0.80 moderate, and 0.81 to 1.0 substantial according to the Shrout
criteria [42].

2.7.2. Cluster analysis—We determined the number of clusters by using the automatic
PASW Statistics 18 for Windows default criterion (Schwarz criterion) [40]. Once the
number of clusters was determined, we examined the characteristics of the MP1-SCI scores
to determine the appropriateness of the clusters. After this step, the clusters were statistically
compared with regard to ACC metabolite concentrations and ratios of interest, psychosocial
factors, severity of injury, and demographic factors using 1-way analysis of variance
(ANOVA) with Dunnett post-hoc adjustments [37]. The nonparametric Kruskal-Wallis and
Mann-Whitney tests were used to determine statistically significant differences between the
clusters when analyzing dichotomous variables. Independent ftest, 2, and Pearson
correlations were used to determine pairwise differences and correlations. Statistical
analyses were performed with PASW Statistics 18 for Windows [47]. A probability of <.05
was considered statistically significant.

3. Results

3.1. Reliability

Intraclass correlations coefficients (ICC) were calculated to determine test-retest reliability
of all metabolite concentrations and ratios of interest obtained by the MRS (Table 2) and the
psychometric instruments (Table 3) over a 2- to 4-week period in subjects with SCI and
neuropathic pain. As shown in Table 2, all metabolites displayed ICC coefficients in the
moderate range, with the exception of Glx, which showed fair test-retest reliability. ICC
coefficients in the moderate range support the stability and utility of these measures in
people with SCI and neuropathic pain.

As shown in Table 3, all psychometric measures displayed ICC coefficients in the
substantial range, with the exception of PS, which showed moderate test-retest reliability.
These results support the stability and utility of these measures in the neuropathic pain SCI
population.
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3.2. Neuropathic pain subgroups

The cluster analysis resulted in 2 distinctly different clusters. The comparison of the MPI-
SCI PS, LI, and AD subscales showed that the scores were highly and significantly different
between the 2 clusters on all subscales: PS (t = 3.663; £=.001), LI (t = 5.552; £<.000),
and AD (t = 4.922; £<.000). Cluster 1 scored significantly higher on PS (4.05 + 0.75), LI
(2.66 + 1.39), and AD (2.95 + 1.48) compared with the other cluster. Therefore, this cluster
was labeled SCI High Pain Impact (SCI-HPI). The PS, LI, and AD scores of the SCI-HPI
group were similar to the Dysfunctional cluster in a previous study [58]. The SCI-HPI group
consisted of 19 subjects (38.0%) of the neuropathic pain sample. This proportion was also
similar to our previous study, in which 34.6% of SCI pain subjects were classified as
Dysfunctional [58]. The second cluster (n = 31) was characterized by significantly lower
levels of PS (3.06 = 1.03), LI (0.91 + 0.81), and AD (1.05 + 1.00) compared with the SCI-
HPI group, and was therefore labeled SCI Low Pain Impact (SCI-LPI).

3.3. Use of prescription pain medication

The SCI-HPI and SCI-LPI neuropathic pain subgroups were compared with respect to
current use of prescription pain medication. Overall, 23 (out of 50) subjects, or 47.9%, were
taking prescription medication for their pain. The 3 most common prescription pain
medications used by our participants were opioids (14 of 50; 28.0%), antidepressants (9 of
50; 18.0%), and anticonvulsants (13 of 50; 26.0%). Although the overall use of prescription
pain medication was somewhat higher in the SCI-HPI group (n = 10; 52.6%) compared with
the SCI-LPI group (n = 13; 41.9%), the frequency was not significantly different between
groups (x2 = 0.543, P=.461). There were no significant differences between the groups
regarding the use of: (1) opioids (SCI-HPI group [n = 5; 26.3%] vs the SCI-LPI group [n =
8; 25.8%], x2 = 0.195, P=.659); and (2) anticonvulsants (SCI-HPI group [n = 5; 26.3%] vs
the SCI-LPI group [n = 8; 25.8%], x2 = 0.002, P=.968). Although there was a small,
significant difference regarding the use of antidepressants (HPI group [n = 6; 31.6%] and
LPI group [n = 3; 9.7%], x2 = 3.828, P=.050), this was not significant when the Bonferroni
correction was used to adjust for multiple comparisons.

3.4. Demographics and injury characteristics

Demographic factors and injury characteristics were compared between the 4 groups, i.e.,
the A-B and the SCI-noNP and the SCI-HPI and SCI-LPI groups (Table 4). There were no
significant differences between groups on any of these characteristics.

3.5. Psychosocial factors

Psychosocial pain-relevant factors (depression [BDI], anxiety [STAI], and satisfaction with
life [SWLS]) were compared among control subjects (A-B and SCI-noNP) and SCI
neuropathic pain subjects (SCI-HPI and SCI-LPI) using an ANOVA to externally validate
the SCI neuropathic subgroups produced by the cluster analysis (Fig. 2). Post hoc analyses
examined the differences between the SCI-HPI group and the 3 other subgroups.
Specifically, the SCI-HPI group scored significantly higher on the BDI and STAI compared
with the A-B group (£ < .000), the SCI-noNP group (P < .000), and the SCI-LPI group (P<.
000). The SCI-HPI group also scored significantly lower on the SWLS than the A-B group
(P=.001), the SCI-noNP group (£ =.001), and the SCI-LPI group (£ =.044).

3.6. ACC metabolites and ratios

The ANOVA comparing the metabolite levels and ratios between the A-B, SCI-noNP, SCI-
LPI, and SCI-HPI groups indicated differences among the groups in the concentrations of
Ins (P<.000), Cr (P=.009), Cho (P=.039), NAA/Ins (P=.038), and GIx/Ins (P=.005)
(Table 5). Post hoc comparisons revealed that the SCI-HPI group had significantly higher
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ACC concentrations of Ins (P<.000), Cr (P=.007), Cho (P=.014), and significantly lower
NAA/Ins (P=.024) ratio compared with the SCI-LPI group. Only the GIx/Ins ratio
significantly discriminated between the SCI-HPI and the SCI-LPI (P=.003), the A-B (P=.
006), and SCI-noNP (£ =.026) groups. To confirm this a priori relationship, the correlation
between the GIx/Ins ratio and each of the PS, LI, and AD subscales was examined for all
individuals with SCI and neuropathic pain. Pearson correlation analyses (Fig. 3) showed
significant relationships between the GIx/Ins ratio and PS (r = -0.436; £=.006), LI (r =
-0.332; P=.041), and AD (r = -0.389; P=.016), indicating that a lower GIx/Ins ratio was
independently related to greater pain severity, life interference, and affective distress.

Because the use of antidepressant medication for relieving pain was slightly more common
(although not significantly so after adjustment for multiple comparisons) in the SCI-HPI
group than in the SCI-LPI group, we compared the GIx/Ins ratios between those who
reported current use of antidepressant medication (n = 8) with those who did not use this
medication (n = 32) to determine whether the difference in the GIx/Ins ratio between the HPI
and LPI groups was significantly influenced by antidepressant medication use. An
independent #test showed no significant differences (£= —0.895; £=.377) in GIx/Ins ratios
between people who were taking antidepressant medication and those who did not use this
medication.

The high-resolution T1-weighted structural images obtained using the MPRAGE method
were used to visually compare whether there were any signs of atrophy among the 3 groups
of subjects. We did not visually detect any changes in brain volume or gray/white matter in
the region of ACC where the voxel was placed. Quantitative analysis of percent gray matter,
white matter, and cerebro spinal fluid (CSF) high resolution based on segmentation of
MPRAGE images encompassing the spectroscopy voxel in the ACC was not performed in
this study.

4. Discussion

The results of the present study support the hypothesis that severe neuropathic pain with a
significant psychosocial impact is associated with a combination of neuronal and glial
dysfunction. The comparisons between the SCI-HPI group and the other subgroups showed
a significantly lower GIx/Ins ratio in the SCI-HPI group than in all other subgroups. The
GIx/Ins ratio was also significantly related to the severity of neuropathic pain and
psychosocial impact. The SCI-HPI group had a significantly lower NAA/Ins ratio and
significantly higher concentrations of Ins, Cr, and Cho than the SCI-LPI group. Collectively,
these results suggest that mechanisms including lower glutamatergic metabolism, glial
proliferation, glial hypertrophy, or activation [14,15,52] are involved in the development and
maintenance of severe neuropathic pain with high psychosocial impact.

Basic research studies strongly support glial activation as one important mechanism
underlying neuropathic pain after SCI [21- 23]. Elevated brain concentrations of Ins have
been found in neuropathic pain after SCI [34,48]. For example, Stanwell et al. [48] used a
classification scheme based on wavelet decomposition and statistical processing of MRS
data to determine which metabolites best discriminated between subjects with and without
neuropathic pain after SCI. They found that the ACC Ins concentration (in combination with
other metabolites) was one of the metabolites that best discriminated between the 2 groups.
Elevated levels of Ins in the ACC have also been measured in medication-free subjects who
previously suffered from depression [49]. This is consistent with the results of the present
study, in which elevated ACC concentrations of Ins, greater scores on the AD subscale of
the MPI-SCI and on the anxiety and depression scales were obtained in the SCI-HPI group
compared with the SCI-LPI group. The results from the present study partly concur with
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previous findings in that Ins concentrations were higher in those with severe neuropathic
pain with high psychosocial impact compared to those with less severe neuropathic pain.
However, in our study the Ins concentrations by themselves failed to differentiate between
the SCI-HPI and SCI-noNP groups. In fact, subjects with SCI but without neuropathic pain
had similar Ins concentrations as the SCI-HPI group. This finding is consistent with our
previous study in SCI [34], in which thalamic metabolite concentrations of Ins did not
significantly differ between subjects with and without neuropathic pain. However, when
combined with NAA, the NAA/Ins ratio was significantly lower in those with neuropathic
pain compared to those with no neuropathic pain after their SCI.

Our finding that the ACC concentrations of NAA were not significantly different between
the SCI-HPI and the other groups is consistent both with a previous study in SCI [48] and
with a study in diabetes neuropathy [45] in which ACC NAA concentrations were no
different in subjects with neuropathic pain compared with pain-free control subjects.
However, the combination of NAA and Ins (i.e., the NAA/Ins ratio) was significantly lower
in the SCI-HPI group compared with the SCI-LPI group, and lower, although not
significantly, than the other groups, possibly indicating that a combination of neuronal
dysfunction and gliosis is associated with severe neuropathic pain after SCI.

Glu is a major excitatory neurotransmitter in the human brain, and the conversion to Gln is
an important process in the brain’s energy metabolism [25]. The composite Glx signal (Glu
and GIn) is commonly used in research studies because it is difficult to reliably separate the
Glx and GlIn peaks at 3 T and lower field strengths [15]. In the present study, levels of GIx in
ACC of the SCI-HPI group were significantly lower compared with the SCI-noNP group. A
decrease in Glx concentration in the ACC may represent reduced synaptic activity or a
downregulation of the Glu-GlIn cycle. Indeed, data obtained in psychiatric samples suggest
that the glutamate-glutamine cycle is downregulated in major depression [31]. Although the
subjects of the present study did not experience major depression, the significantly greater
affective distress in the SCI-HPI group may possibly explain the lower levels of Glx in this
group.

A relationship between glia and glutamate neurotransmission has been suggested through
the glutamate-glutamine recycling process [6]. Basic research studies also support this
relationship in that the lower GABA inhibitory tone observed in neuropathic SCl-related
pain is proposed to be associated with hyperexcitable neurons and glial activation interfering
with dorsal horn glutamate and GABA concentrations [20,21]. Consistent with these ideas,
our analyses showed opposite relationships between Glx and Ins, respectively, and high
neuropathic pain impact, i.e., GIx concentrations in the ACC tended to be lower and Ins
concentrations were higher in the SCI-HPI compared with the SCI-LPI group. These results
concur with previous MRS literature, in which elevated Ins concentrations have primarily
been associated with chronic pain [16,34], whereas reduced Glx has been more associated
with affective factors [17,27,29].

MRS is considered to produce stable signals over time, and thus to be suitable for
longitudinal research in chronic conditions [3]. Our analyses support this claim because all
ACC metabolite concentrations and ratios had acceptable test-retest values in the moderate
range, with the exception of Glx, which showed fair test-retest reliability. However, when
Glx was combined with Ins, the GIx/Ins ratio showed the greatest level of stability of all
measured metabolites and ratios. As far as we know, this is the first study that has examined
these properties of MRS in this population.

Chronic neuropathic pain can cause dysfunction and functional reorganization in supraspinal
structures such as the cortex and the thalamus. Indeed, a study by Apkarian et al. [4] showed
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significant atrophy of thalamic gray matter in subjects with chronic heterogeneous back pain
compared with control subjects. Similarly, other human studies in SCI show that greater
cortical reorganization is significantly associated with more severe neuropathic pain [58]. In
an fMRI study by Gustin et al. [18], subjects with complete thoracic SCI and below-level
neuropathic pain were asked to imagine foot movements. This procedure evoked pain in
nonpainful areas or caused significant increases in pain ratings within painful areas. fMRI
showed increases in activation of the primary motor cortex and the cerebellar cortex, and the
activation of the perigenual ACC and right dorsolateral prefrontal cortex was significantly
correlated with increases in pain intensity. Using diffusion tensor imaging, it has been
suggested that SCI can cause reductions in gray matter volume in the brain, including the
ACC, irrespective of pain [19]. Although no changes in brain volume or gray/white matter
in the region of the ACC was suggested by visual inspection of MPRAGE high resolution
T1-weighted structural images, no quantitative analysis of this was performed in the present
study.

Limitations of this study include the complexity of pain after SCI in combination with the
injury itself, which may confound the findings. In particular, the similar levels of Ins
concentrations observed in the SCI-HPI and SCI-noNP groups suggest that ACC Ins
concentrations by themselves are not useful in differentiating subjects with neuropathic pain
from those with no pain. It is possible that ACC Ins concentrations reflect changes related to
both neuropathic pain and to the SCI. The GIx/Ins ratio, however, differentiated the SCI-HPI
group from the SCI-LPI, the SCI-noNP, and the A-B control groups. Future studies should
examine Ins concentrations and GIx/Ins ratios in different brain areas and their ability to
differentiate between neuropathic pain, nonneuropathic pain, and no pain. It should be noted
that GlIx did not show adequate stability in the present study. However, when combined with
Ins, the GIx/Ins ratio showed excellent stability. Therefore, it seems that a metabolite ratio
may be a more reliable way to assess longitudinal changes. The lack of quantitative analyses
of changes in brain volume or gray/white matter is a limitation of the present study. Future
studies should include high-resolution MPRAGE images segmented for percent gray matter,
white matter, and CSF, and diffusion tensor imaging to conclusively rule out brain atrophy
as a contributing factor to neuropathic pain. The present study excluded participants with
moderate to major depression, which may limit the generalizability of our findings.
However, this exclusion criterion was adopted to control for possible confounding effects of
depression on ACC metabolites. Therefore, our study results may be specifically indicative
of pain and pain-related affective distress rather than affective distress related to other
factors.

In summary, the GIx/Ins ratio significantly discriminated the SCI-HPI group from the SCI-
LPI, A-B, and SCI-noNP groups. The reduced GIx/Ins ratio in the SCI-HPI group supports
the idea that the combination of lower glutamatergic metabolism and proliferation of glia
and glial activation are underlying mechanisms contributing to the development and
maintenance of severe neuropathic pain with a significant psychosocial impact after SCI.
This is consistent with basic research suggesting that neuropathic pain behaviors after SCI
are caused by astrocytic and microglial activation influencing various cellular processes,
including transmitter, cytokine, and glutamatergic systems [21]. The GIx/Ins ratio was
significantly correlated with greater pain severity, pain interference, and affective distress,
confirming its relevance for both neuropathic pain severity and psychosocial impact. Our
findings suggest that the GIx/Ins ratio may be a useful biomarker for severe SCl-related
neuropathic pain with significant psychosocial impact.
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Fig. 1.
Voxel placement over the anterior cingulate cortex.
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Fig. 2.

Comparisons between the A-B, SCI-noNP, SCI-LPI, and SCI-HPI groups with regard to
psychosocial factors: BDI, STAI, and SWLS. Analysis of variance with post hoc Dunnett
adjustment comparing the SCI-HPI with the A-B, SCI-noNP, and SCI-LPI showed that the
SCI-HPI group had significantly higher BDI and STAI scores than the A-B (£ < .000), SCI-
noNP (P<.000), and SCI-LPI (P< .000); and that the SCI-HPI group had significantly
lower SWLS scores than the A-B (P=.001), SCI-noNP (P=.001), and SCI-LPI (P=.044).
A-B = able-bodied control subject; BDI = Beck Depression Inventory; SCI-HPI = spinal
cord injury with high pain impact; SCI-LPI = spinal cord injury with low pain impact; SCI-
noNP = spinal cord injury without neuropathic pain; STAI = Spielberger Trait Anxiety
Inventory; SWLS = Satisfaction with Life Scale.
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Fig. 3.

Three scatter plot diagrams that illustrate the relationship between the Multidimensional
Pain Inventory—Spinal Cord Injury subscales Pain Severity, Life Interference, and Affective
Distress, and the GIx/Ins ratio. GIx/Ins = glutamate-glutamine/myoinositol.
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Table 1

Acronyms and abbreviations.

A-B
ACC
AD

AIS
ATP
BDI
Cho

Cr

DSM
GABA
Glu

Glx

ICC

Ins
ISNCSCI
LI
MMSE
MPI
MPI-SCI
NAA
MRS
PAG

PS
SCI-HPI
SCI-LPI
SCI-noNP
STAI
SWLS

Able-bodied pain-free control subjects

Anterior cingulate cortex

Affective Distress subscale of the MPI-SCI

ASIA Impairment Scale

Adenosine triphosphate

Beck Depression Inventory

Choline

Creatine

Diagnostic and Statistical Manual of Mental Disorders
Gamma-aminobutyric acid

Glutamate

Compound of glutamate and glutamine MRS signals
Intraclass correlations

Myoinositol

International Standards for Neurological Classification of Spinal Cord Injury
Life Interference subscale of the MPI-SCI

Folstein Mini-Mental State Examination
Multidimensional Pain Inventory

Multidimensional Pain Inventory-SCI version
N-acetyl aspartate

Magnetic resonance spectroscopy

Periaqueductal grey

Pain Severity subscale of the MPI-SCI

SCI high psychosocial impact

SCI low psychosocial impact

SCI no neuropathic pain

Spielberger State-Trait Anxiety Inventory

Satisfaction with Life Scale

SCI = spinal cord injury.
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Table 2

Page 19

Intraclass correlation analyses (1-way random effects) for the ACC metabolite concentrations in people with
SCI and neuropathic pain (n = 38).

Metabolite  Visit1 Mean+SD Visit2Mean+SD ICC F, Pvalue

NAA 6.08 +0.68 6.08 +0.60 0.63 4.37, P<.000
Cho 1.47£0.19 1.47+0.18 0.69 5.46, P<.000
Cr 5.12+0.45 5.09+0.34 0.65 4.69, P<.000
Ins 5.39 £ 0.57 5.33£0.56 0.70  5.62, P<.000
Glx 7.46 +1.06 7.49+1.34 0.41 238, P=.004
GlIx/Ins 1.41+0.23 1.42+0.26 0.74  3.78, P<.000
NAA/Ins 1.13+0.13 1.15+0.14 0.62 4.27, P<.000

ACC = xxx; Cho = choline; Cr = creatine; GIx = glutamate and glutamine; ICC = intraclass correlation coefficient; Ins = myoinositol; NAA = N-

acetyl aspartate; SCI = xxx.
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Table 3

Page 20

Intraclass correlation analyses (1-way random effects) for pain and psychosocial measures in people with SCI
and neuropathic pain (n = 48).

Measure  Visit1 Mean+SD  Visit2 Mean+SD ICC F, Pvalue

PS 3.45+1.06 322+1.14 0.71  3.45, P<.000
LI 1.72+1.37 153 +1.43 0.94 16.26, P<.000
AD 1.71+1.42 1.67 +1.39 0.83 6.01, P<.000
STAI 325+10.11 32.98 +11.36 0.92 1241, P<.000
BDI 8.31+8.14 8.41+7.98 0.95 18.50, P<.000
SWLS 19.5+7.53 20.8+7.74 0.87 7.68, P<.000

AD = MPI-SCI Affective Distress subscale; BDI = Beck Depression Inventory; ICC = intraclass correlation coefficient; LI = MPI-SCI Life
Interference subscale; PS = MPI-SCI Pain Severity subscale; SCI = spinal cord injury; STAI = Spielberger State-Trait Anxiety Inventory; SWLS =

Satisfaction with Life Scale.
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