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Abstract

Neuropathic pain is one of the most difficult consequences of spinal cord injury (SCI). The 

clinical correlates of the underlying mechanisms responsible for neuropathic pain are not well 

understood, although methods such as quantitative somatosensory testing (QST) or brain imaging 

have been used to further a mechanism-based understanding of pain. Our previous SCI study 

demonstrated a significantly lower glutamate-glutamine/myo-inositol ratio (Glx/Ins) in the 

anterior cingulate cortex in persons with severe neuropathic pain compared with those with less 

severe neuropathic pain or pain-free, able-bodied controls, suggesting that a combination of 

decreased glutamatergic metabolism and glial activation may contribute to the development of 

severe neuropathic pain after SCI. The present study aimed to determine the relationships between 

somatosensory function below the level of injury and low thalamic Glx/Ins in persons with intense 

neuropathic pain after SCI. Participants underwent QST and a 3 Tesla proton magnetic resonance 

spectroscopy. A cluster analysis including SCI participants resulted in 1 group (n = 19) with 

significantly (P < 0.001) greater pain intensity (6.43 ± 1.63; high neuropathic pain [HNP], and 

lower Glx/Ins [1.22 ± 0.16]) and another group (n = 35) with lower pain intensity ratings (1.59 ± 

1.52, low neuropathic pain [LNP], and higher Glx/Ins [1.47 ± 0.26]). After correcting for age, 

QST indicated significantly greater somatosensory function in the HNP group compared with the 
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LNP group. Our results are consistent with research suggesting that damage to, but not abolition 

of, the spinothalamic tract contributes to development of neuropathic pain after SCI and that 

secondary inflammatory processes may amplify residual spinothalamic tract signals by facilitation, 

disinhibition, or sensitization.
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1. Introduction

Persistent pain has been reported as one of the most difficult long-term consequences to deal 

with after a spinal cord injury (SCI).84 Unfortunately, the mechanisms underlying 

neuropathic pain associated with SCI are multiple and their clinical correlates are not well 

defined.18,43,88

Development of mechanism-based understanding of pain is dependent on reliable clinical 

phenotypes and/or surrogate biomarkers of spinal and supraspinal mechanisms. For 

example, brain-imaging studies in persons with SCI have demonstrated structural and 

functional abnormalities in brain regions significantly associated with persistent neuropathic 

pain.30,85,87,89 Noninvasive magnetic resonance spectroscopy (MRS) measures metabolite 

concentrations in the brain28 that may serve as biomarkers and lead to further understanding 

of pain mechanisms (for a recent review, see Ref. 9). For example, lower thalamic 

concentrations of N-acetylaspartate (NAA) have been found in persons with heterogeneous 

chronic pain,2 heterogeneous neuropathic pain,24 and in neuropathic pain associated with 

diabetes69 and SCI.57 N-acetylaspartate is primarily located in neurons,68 and a decrease in 

concentration may indicate loss of neurons or neuronal dysfunction.28 Another metabolite, 

myo-inositol (Ins), is considered a glial marker with a major role in the volume and 

osmoregulation of astrocytes,44 and high concentrations may indicate gliosis, glial 

activation, or increased cell volumes.9 Indeed, high thalamic concentrations of Ins have been 

associated with neuropathic pain after SCI.57 Because astrocytic and microglial activation 

can significantly influence transmitter, cytokine, and glutamatergic systems, and has been 

shown to contribute to the development of neuropathic pain behaviors in animals,35,37,42 

decreased Glx (a composite glutamate and glutamine concentration) in combination with Ins 

may serve as a surrogate marker of these mechanisms. Indeed, a recent study in people with 

SCI demonstrated that Glx/Ins measured in the anterior cingulate cortex (ACC) was 

significantly lower in persons with severe neuropathic pain with high psychosocial impact 

compared to SCI subjects with less severe or no neuropathic pain, and to pain-free, able-

bodied (AB) controls.85

Another method, quantitative sensory testing (QST), has been used extensively to facilitate a 

mechanism-based understanding of pain.3 Results from human QST studies have 

consistently suggested that injury involving the spinothalamic tract (STT) is related to the 

presence and/or severity of neuropathic pain after SCI.12,17,19,20,78 Human SCI research also 

shows that greater residual STT function is significantly related to more intense neuropathic 
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pain.12,17,78 To the best of our knowledge, no previous study has examined to what extent 

somatosensory function is associated with thalamic Glx/Ins in persons with neuropathic 

SCI-related pain. Because the thalamus is a brain area critical to the processing, integration, 

and modulation of sensory nociceptive information,58,91 we hypothesized that lower 

thalamic Glx/Ins ratios (suggesting decreased glutamatergic metabolism in combination with 

glial proliferation or activation) and more intense neuropathic pain would be associated with 

a sensory phenotype with more residual STT function. Thus, the primary purposes of this 

study were to identify subgroups in persons with SCI based on Glx/Ins and pain intensity 

and to compare these with respect to somatosensory function.

2. Methods

2.1. Study procedures

All study procedures were approved by the Miami Veterans Affairs Medical Center and the 

University of Miami, Miller School of Medicine, Institutional Review Boards according to 

the Declaration of Helsinki. Persons with a complete or incomplete traumatic SCI occurring 

at least 1 year before study enrollment and pain-free, able-bodied control subjects were 

recruited through the University of Miami and the Miami Veterans Affairs Medical Center. 

The first study session consisted of informed consent and screening procedures. Screening 

was conducted using the Mini-Mental State Examination,23 the Structured Clinical 

Interview for DSM-IV-TR Axis I Disorders—Non-patient Edition,22 an MRI 

contraindications checklist, and a brief health questionnaire. Additionally, a neurological 

examination was performed on subjects with SCI. During the second session, subjects first 

underwent a questionnaire-based interview regarding demographics, psychosocial factors, 

and health history, including current use of pain medication and a detailed pain history when 

appropriate. Subjects with SCI completed additional questions regarding their injury (eg, 

mode and date of injury). Quantitative sensory testing was also conducted during the second 

session, followed by an MRS brain scan. A subgroup of SCI subjects completed a third 

session, approximately 2 to 4 weeks after the second session, which included a repeat of the 

MRS brain scan. The data used in the present analyses were obtained from a larger set of 

data obtained from people with SCI with and without neuropathic pain and able-bodied 

controls. A subset of the larger data set included MRS measurements from the ACC and 

affective pain measures, the results of which were previously published.85 Our previous 

publication focused on metabolite concentrations in an area of the brain previously 

associated with affective factors, the ACC, and the relationship with psychosocial pain 

impact.

In this study, we analyzed a different set of data points from this sample (eg, thalamic MRS-

derived metabolites, comprehensive QST, and pain intensity ratings during MRS) to 

determine to what extent somatosensory function or sensory pain phenotype differ in 

individuals with a combination of greater pain ratings and lower thalamic Glx/Ins ratio 

compared with those with less intense pain and greater thalamic Glx/Ins ratio. We analyzed 

this relationship using thalamic data because the thalamus is the termination of the 

spinothalamic tract and is therefore more likely to be directly related to somatosensory 

function than other brain areas.
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2.2. Participants

Subjects were at least 18 years old and able to speak and understand English. Subjects were 

excluded if they had cognitive impairment (score of <25 on the Mini-Mental State 

Examination), diagnosis of DSM-IV Axis I disorders, including major depression, current or 

previous drug or alcohol abuse, and MRI contraindications (eg, metal implants/fragments, 

pacemaker). Persons with SCI were recruited to include subjects with and without chronic 

neuropathic pain. Able-bodied (AB) subjects were excluded if they had a chronic pain 

condition.

2.3. Magnetic resonance imaging and spectroscopy

All participants were scanned on a 3 Tesla Siemens TIM TRIO MRI System (Erlangen, 

Germany). An 8-channel, phased-array coil was used to provide optimum signal-to-noise for 

magnetic resonance imaging and spectroscopy data. Axial, sagittal, and coronal localizer 

images were acquired using true fast imaging with steady-state precession localizer. T1-

weighted sagittal images were acquired using a spin-echo sequence through the midline. The 

T1-weighted 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, which provided isotropic voxel resolution of 1 mm3. The 3-dimensional axial 

images were used to generate sagittal and coronal images using a multiplanar reconstruction 

routine provided by the manufacturer. Axial turbo fluid-attenuated inversion recovery 

(FLAIR) with fat saturation images was acquired. 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 using a turbo factor of 15.

The spectroscopy was performed using a 2-dimensional chemical shift imaging method 

using a point-resolved spectroscopy sequence (repetition time 5 2000 ms, echo time = 30 

ms) with 4 signal averages in the central 8 cm × 8 cm voxel (Fig. 1: within the white 

outlined square) and 1 signal average in the outer voxels (field of view = 160 mm, slice 

thickness = 1.5 mm, sampling points = 1024, and bandwidth 5 = kHz). The slice was 

positioned on the axial image that visualized the thalamus using MP-RAGE images, as well 

as T2-weighted and FLAIR images (Fig. 1). The offset relative to the center slice that was 

aligned to the anterior commissure–posterior commissure line was noted for the placement 

of the chemical shift imaging of the repeat study. A typical spectrum that was obtained with 

our chemical shift imaging method is shown in Fig. 2, which is from 1 subvoxel. The 

analysis of the spectral data was performed using the linear combination model (LC Model) 

software60 from 4.0 ppm to 0.2 ppm. To account for subject-to-subject variability in coil 

loading, the results were analyzed using ratios of metabolite concentrations relative to 

creatine (Cr) for: N-acetylaspartate (NAA), choline (Cho), myo-inositol (Ins), and the 

glutamate–glutamine composite (Glx).

2.4. Neurological examination

For each subject with SCI, a trained examiner conducted a standard neurological 

examination for SCI and classified their neurological level of injury (LOI) per the guidelines 

in the reference manual for the International Standards for Neurological Classification of 
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Spinal Cord Injury.1 Per this standard, the LOI is defined as the most caudal segment of the 

spinal cord with normal sensory and motor function findings on both sides of the body.

2.5. Quantitative sensory testing

Somatosensory function below the level of injury was evaluated with QST. For each subject, 

a site was selected that was at least 3 dermatomes below the defined LOI. For most subjects, 

this included a standard site or sites on the medial abdomen (level of the umbilicus), anterior 

mid-thigh, medial calf, or dorsal foot. To standardize the data, we used data from a database 

including 50 pain-free, AB subjects (age 34.8 ± 10.9, 37 males [74.0%] and 13 [26.0%] 

females) to construct normal distributions for each test site and converted threshold values 

from SCI subjects to z-scores based on these distributions according to the procedures 

described by Rolke et al.62 Subjects' sensory function was assessed using vibration detection 

thresholds (VDT), cool detection thresholds (CDT), warm detection thresholds (WDT), cold 

pain thresholds (CPT), and hot pain thresholds (HPT). Standard instructions were read and a 

demonstration of procedures was performed for each threshold testing method ahead of 

actual testing.

The VDT was calculated as the average of 3 trials performed using the ascending method of 

limits, delivered through the VSA-3000 accessory for the TSA-II (Medoc Ltd, Ramat 

Yishai, Israel). The VSA-3000 is a hand-held vibratory probe with a 1.22-cm2 tip that can 

deliver a range of stimulus amplitude from 0 to 130 μm at 100 Hz frequency. The increase in 

stimulus amplitude was set to 0.5 μm/s using the software accompanying the TSA-II. At 

least 15 seconds elapsed between each of the 3 trials.

The CDT and WDT were measured using the 1.6- × 1.6-cm square thermal probe 

(thermode) attached to the TSA-II. Each thermal detection threshold was calculated as the 

average of 4 trials performed with a stimulus interval of at least 15 seconds. Each trial began 

with the temperature of the thermode at 32°C (an adaptation temperature approximating skin 

temperature) and decreased (for CDT) or increased (for WDT) at a rate of 1°C per second. 

The CPT and HPT were similarly measured using 3 trials, a stimulus interval of at least 30 

seconds, and a temperature change of 1.5°C per second. Greater detail regarding all 

performed QST procedures can be found in the studies of Felix and Widerström-Noga17 and 

Cruz-Almeida et al.12

2.6. Assessment of pain and associated psychosocial factors

2.6.1. Pain diagnosis—All SCI subjects who reported having any pain condition that was 

persistent over the past 6 months or more completed a structured pain history interview,79 

which included questions regarding the location, onset, duration, and quality of each pain 

condition the subject reported, as well as factors affecting the severity of pain (eg, 

movement, specific treatments). Based on these responses and information gathered in the 

neurological examination,1 SCI subjects were classified as having “neuropathic pain” 

according to the criteria set forth in Siddall et al.67: (1) pain present for a minimum of 6 

months; (2) pain in an area with neurological deficits (ie, below the LOI) described as sharp, 

shooting, burning, or electric. Subjects who did not report persistent pain or whose pain did 

not meet the above criteria were classified as having “no neuropathic pain.”
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2.6.2. Pain intensity—All participants were asked to report their pain intensity just 

before, at the approximate mid-point, and just after the spectroscopy portion of the study 

using a 0-to-10 numerical rating scale. The average of these 3 measurements was used in the 

cluster analysis.

2.6.3. Pain Severity—The Pain Severity subscale of the Multidimensional Pain 

Inventory-SCI version (MPI-SCI82,83) was used to determine the relationship between 

Glx/Ins and overall pain severity. This subscale consists of 3 items: (1) level of pain at the 

present moment, (2) average severity of pain during the past week, and (3) suffering because 

of pain. The Pain Severity subscore is an average of the 3 item responses.

2.6.4. Spielberger State-Trait Anxiety Inventory—This inventory70 is a valid and 

reliable56 measure of a person's stable level of anxiety (trait) and their variable, or situation-

dependent, anxiety level (state). This measure was used to externally validate the clusters.

2.6.5. Beck Depression Inventory—This amended version4 of the original inventory5 

assesses symptoms associated with depression, and has been validated for use in a number 

of populations, including healthy individuals,49 those with SCI,64 and those with 

neuropathic pain.36 This measure was used to externally validate the clusters.

2.6.6. Satisfaction with life scale—This measure15 has been used extensively as a self-

report measure of overall satisfaction with life. It has been validated in a number of patient 

groups, including those with SCI.16 This measure was used to externally validate the 

clusters.

2.7. Statistical analysis

2.7.1. Reliability analysis—The thalamic MRS measurements were obtained in 3 voxels 

on each side of the thalamus (Fig. 1). We examined the internal consistency among the 6 

voxels using Cronbach alpha to determine the appropriateness of averaging them.

For measures to be useful for clinical and research purposes, they should have a certain level 

of repeatability when they are measured in the same individuals under the same conditions 

at different time points. Test-retest reliability is a measure of repeatability, and the intraclass 

correlation coefficient can provide a metric for this purpose, with coefficients ranging from 

0.41 to 0.60 considered “fair”, 0.61 to 0.80 “moderate”, and 0.81 to 1.0 “substantial” 

reliability.66 We calculated 1-way random effect coefficients for each of the thalamic 

metabolite concentration ratios to determine test–retest reliability between 2 identical study 

sessions in 30 individuals with SCI and neuropathic pain. To the best of our knowledge, the 

test–retest reliability of metabolite ratios in the thalamus of persons with SCI has not been 

previously reported.

2.7.2. Cluster analysis—A 2-step cluster procedure was used to define homogeneous 

subgroups or “clusters” inherent in the data set based on the thalamic Glx/Ins ratio and 

average pain intensity. The 2-step clustering procedure has been previously used and 

described in more detail in our previous work.85 We determined the number of clusters by 

using the automatic IBM SPSS Statistics 21 for Windows default criterion (Schwarz 
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criterion65). Once the number of clusters was determined, we compared the pain intensity 

ratings and Glx/Ins ratios to determine the appropriateness of the clusters. After this step, the 

clusters were statistically compared with regard to other thalamic metabolite concentration 

ratios of interest, somatosensory function, and demographic and psychosocial factors, using 

1-way analysis of variance (ANOVA) with Tukey post hoc adjustments.63 We also 

performed analysis of covariance (ANCOVA) to compare the clusters on metabolite 

concentration ratios while controlling for age (with Sidak post hoc adjustments). The 

nonparametric Kruskal-Wallis and Mann- Whitney tests were used to determine statistically 

significant differences between the clusters when analyzing dichotomous variables. 

Independent t test and x2 were used to determine pairwise differences. A probability of less 

than 0.05 was considered statistically significant.

3. Results

3.1. Reliability analysis of metabolites

3.1.1. Internal consistency—For all individuals, MRS data were acquired from 3 voxels 

of the left and right thalami. The intervoxel Cronbach alpha coefficients among the 6 voxels 

for each metabolite concentration ratio were in the moderate range (ie, NAA/Cr = 0.68, 

Cho/Cr = 0.79, Ins/Cr = 0.65, Glx/Cr = 0.75, Glx/Ins = 0.79, and NAA/Ins = 0.76), with the 

greatest intervoxel reliability for Glx/Ins. Based on this analysis, the average values for the 6 

voxels were calculated for each metabolite concentration ratio and used in the subsequent 

analyses.

3.1.2. Test–retest reliability—For 30 SCI participants for whom repeat MRS scans were 

conducted, the intraclass correlation coefficients for the metabolite concentration ratios were 

in the high-moderate to substantial range (Table 1) indicating adequate test–retest reliability 

between 2 sessions. The intraclass correlation coefficient for the Glx/Ins ratio was 0.89, 

indicating excellent test–retest reliability.

3.2. Cluster analysis based on Glx/Ins and average pain intensity

The cluster analysis included all subjects with SCI and resulted in 2 distinctly different 

clusters. The pain intensity ratings during the brain scans were used to ensure pain relevant 

clusters. Another consideration was that these ratings were available for all subjects in the 

study regardless of pain status. Importantly, the average pain intensity rating during the scan 

was highly correlated with MPI-SCI Pain Severity subscores in those with neuropathic pain 

(r = 0.60, P < 0.001).

As expected, the groups were significantly different on the clustering variables Glx/Ins and 

pain intensity ratings. One group (n = 19) was characterized by significantly greater pain 

intensity (6.43 ± 1.63, ie, high neuropathic pain [HNP], P < 0.001) and lower Glx/Ins ratio 

(1.22 ± 0.16, P < 0.001) compared with a larger group (n = 35) composed of SCI individuals 

with lower neuropathic pain intensity ratings or no neuropathic pain (1.59 ± 1.52, ie, low 

neuropathic pain [LNP]) with a Glx/Ins of 1.47 ± 0.26. Two Pearson correlation analyses 

also showed pairwise relationships between the Glx/Ins ratio and the Pain Severity subscore 
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of the MPI-SCI (r = −0.45, p = 0.006), and average pain intensity (r = −0.47, p = 0.002) in 

participants with neuropathic pain (Figs. 3A and 3B, respectively).

3.3. Comparisons between the HNP, LNP, and AB groups

3.3.1. Demographic, injury, and psychosocial factors—There were highly 

significant differences between the HNP participants and the other 2 groups with respect to 

some demographic, injury, and psychosocial characteristics (Table 2). After correcting for 

multiple comparisons, the HNP participants were significantly older than the AB group (P < 

0.05), and a greater proportion of the HNP participants had neurologically incomplete cord 

injuries as compared with the LNP (P < 0.05) group. The HNP group had significantly 

higher scores on the Spielberger State-Trait Anxiety Inventory (STAI) and lower scores on 

the Satisfaction With Life Scale (SWLS) than the other 2 groups.

3.3.2. MRS metabolite concentration ratios—The 3 groups were compared on the 

NAA/Cr, Cho/Cr, Ins/Cr, Glx/Cr, NAA/Ins, and Glx/Ins ratios. The overall ANOVA 

indicated significant differences among the groups regarding Ins/Cr, Glx/Cr, NAA/Ins, and 

Glx/Ins. Because age was significantly different among groups and because brain 

metabolism may be affected by age, we statistically controlled for age (Fig. 4). When 

correcting for age, the Glx/Cr, NAA/Ins, and Glx/Ins remained significantly different 

between groups. Post hoc analyses revealed significantly lower NAA/Ins and Glx/Ins ratios 

in the HNP group compared with the other 2 groups. There were no significant differences 

in metabolite concentration ratios between the LNP and the AB control groups (P > 0.05).

3.3.3. Somatosensory function—Logarithmic transformation was used for VDT, CDT, 

and WDT data to better approach a normal distribution. Individual threshold values were 

normalized using data from a sample of 50 AB pain-free controls for each of the 

somatosensory modalities to create z-scores (see Refs. 12,17,62 for details). These z-scores 

were obtained from sites below the LOI and were subsequently compared between the HNP 

and the LNP participants. After correcting for age, we found highly significant differences 

between the SCI groups, with the HNP group showing greater levels of sensitivity to warm, 

cool, cold pain, hot pain, and vibratory stimuli compared with the LNP group (Fig. 5). 

Interestingly, the SDs were much larger for the HNP group compared with the LNP group 

for the STT-mediated modalities, suggesting sensory subgroups within the HNP group.

3.4. Relationship between average thermal pain sensitivity and Glx/Ins

Z-scores for pain threshold measures of hot and cold stimuli were highly intercorrelated (r = 

0.72, P < 0.001). Therefore, we averaged these 2 measurements of thermal pain sensitivity. 

The average thermal pain sensitivity was then correlated with the Glx/Ins ratio in people 

with SCI and neuropathic pain to determine the inter-relationship between these 2 factors. 

The Pearson correlation coefficient was −0.35, p = 0.031, which indicated a significant 

relationship between a low Glx/Ins ratio and a greater sensitivity to thermal pain stimuli 

among persons with SCI and neuropathic pain.
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3.5. Current use of pain medication

Although most SCI participants did not currently use pain medication, a greater number of 

individuals in the HNP group reported using pain medication compared with the LNP group. 

The current use of opioids was 7/19 (36.8%) in the HNP group and 5/35 (14.3%) in the LNP 

group; antidepressants was 6/19 (31.6%) in the HNP group and 3/35 (8.6%) in the LNP 

group; and anticonvulsants was 5/19 (26.3%) in the HNP group and 4/35 (11.4%) in the 

LNP group.

Because pain medication use was more prevalent in the HNP group, we performed a 

hierarchical linear regression analysis in 54 individuals with SCI with the purpose of 

controlling for the potential confounding effect of medication on the relationship between 

Glx/Ins and PS. The regression analysis with PS as the dependent variable and independent 

variables were entered in 2 steps—Step 1: current use of opioids, antidepressants, or 

anticonvulsants; and step 2: thalamic Glx/Ins. The final model including all variables was 

statistically significant (F = 4.540, P = 0.003). The only variable significantly contributing 

to the final model was Glx/Ins (t = −2.020, P = 0.049), whereas the other variables did not 

significantly contribute (opioids [t = 1.189, p = 0.240], antidepressants [t = 1.673, p = 

0.101], and anticonvulsants [t = 1.193, p = 0.239]). Thus, we do not expect the medication 

use to have significantly confounded our results.

4. Discussion

Chronic pain after SCI is a serious problem that is often associated with depression, 

catastrophizing, and affective distress,40,45,54,81 significant psychosocial impact,46,61,72 and 

reduced quality of life.52,74,86 Unfortunately, many pharmacological and non-

pharmacological treatments are tried with only limited success.7,11,55,77,80 To improve the 

management of these refractory pain types, a better understanding of the mechanisms 

responsible for the development and maintenance of neuropathic pain is needed.

This study investigated the combination of 2 approaches that have been used in other studies 

to elucidate pain mechanisms in various chronic pain populations, ie, brain imaging and 

QST. The brain area of focus in this study, the thalamus, is a critical area associated with 

neuropathic pain,26 processing, and modulation of nociceptive information and is the 

termination for the spinothalamic tract. The thalamus has a significant role in pain 

modulation, and therefore thalamic hypoactivity and loss of inhibition,31 possibly due to 

sensory deafferentation, may be a factor important for the development and maintenance of 

neuropathic pain.25

The intraclass correlation coefficient of thalamic Glx/Ins was excellent, suggesting that this 

metabolite ratio may be useful to monitor metabolic thalamic changes in longitudinal studies 

and in clinical trials involving persons with SCI and neuropathic pain. The comparison 

among the HNP, LNP, and AB groups indicated that the HNP group had significantly lower 

Glx/Ins and NAA/Ins ratios compared with the LNP and AB groups. The Glx/Ins ratio was 

significantly and inversely associated with both momentary pain intensity ratings during the 

scan and average pain severity. These results support the idea that this metabolite ratio is 

primarily related to neuropathic pain and not to SCI itself. Our results are consistent with a 
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recent study of individuals with SCI and neuropathic pain31 suggesting that neuropathic pain 

after SCI (and not injury per se) was associated with both altered thalamic structure and 

function. In contrast to the study by Gustin et al.,31 we did not find thalamic NAA/Cr by 

itself to be significantly different among the groups. However, the low NAA/Ins ratio in the 

HNP group indicated that decline or dysfunction of thalamic neurons in combination with 

glial proliferation or activation is an underlying mechanism of severe neuropathic pain after 

SCI. Consistent with these observations, Pattany et al.57 found reduced NAA and NAA/Ins 

in the thalamus in those with neuropathic pain and SCI compared with those with SCI and 

no neuropathic pain. Similarly, neuronal dysfunction including a decrease in the gray matter 

has been observed in the thalamus and cortex of patients with chronic pain.24,29

Of great importance was the finding that the HNP group had a sensory phenotype 

significantly different from the LNP group, with more residual function of both the 

spinothalamic tract and dorsal column medial lemniscal pathway below the level of injury 

compared with the LNP group. Although both groups had greater loss of sensory function 

compared with the normative sample, the loss of sensory function was significantly larger in 

the LNP group. Interestingly, the large SDs in the HNP group suggest that sensory 

subgroups with gain of function exist within the HNP group. This is consistent with the 

findings of a recent study by Finnerup et al.,21 where sensory hypersensitivity to cold stimuli 

measured 1 month after SCI predicted the development of below-level neuropathic pain. Our 

results also concur with previous studies where severity of neuropathic pain symptoms in 

persons with SCI was associated with greater sensitivity to thermal nonpainful and painful 

stimuli below the level of injury.12,17

It is clear that damage to the STT by itself is not a significant predictor of neuropathic pain 

in persons with SCI13,19,20; however, residual STT function after SCI injury may be a factor 

contributing to severe neuropathic pain.90 For example, Wasner et al.78 showed that only 

persons with SCI and neuropathic pain (and not those with SCI without neuropathic pain) 

had residual STT transmission and Hari et al.38 found that enhanced spontaneous recovery 

of STT function was associated with the development of neuropathic pain. Thus, our results 

are consistent with previous research suggesting that damage to, but not abolition of, the 

STT is one of the factors contributing to the development of central neuropathic pain.78

The lower thalamic Glx/Ins ratio observed in those with more intense neuropathic pain 

suggests that lower glutamatergic metabolism, glial proliferation, glial hypertrophy, or 

activation may be factors significantly contributing to intense neuropathic pain after SCI. 

Although it has been well established that glutamate is the major excitatory neurotransmitter 

of sensory and cortical inputs to the thalamus, glial modulation of glutamatergic 

neurotransmission is also important.71 As discussed in a recent review39 of the glutamate—

glutamine (GABA) cycle, the glia produces glutamine from glutamate, which transfers to 

neurons that release it as either transmitter glutamate (excitatory) or GABA (inhibitory). 

Decreased function of the glutamate—glutamine (GABA) cycle in the spinal cord after SCI 

is one of the hypothesized mechanisms leading to loss of inhibitory neurons and neuronal 

hyperexcitability.32
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Glial activation and central sensitization involving intracellular signaling processes in the 

injured spinal cord have been strongly implicated as mechanisms responsible for neuronal 

hyperexcit-ability and neuropathic pain.10,32,37,93 Although less evidence is available for 

thalamic glial involvement in neuropathic pain in animals14,73,92 and in humans after SCI,57 

it is likely that thalamic glial activation contributes to neuronal hyperexcitability in residual 

STT neurons and to neuropathic pain by similar mechanisms as those within the injured 

spinal cord. Wang and Thompson76 showed in a rodent model of central pain that lesioning 

of the STT results in hyperexcitability of thalamic neurons. These authors hypothesized that 

the thalamic hyperexcitability was caused by loss of normal STT inputs due to the SCI. 

Similarly, Lenz et al.48 observed that partial loss of thalamic input by deafferented STT 

neurons led to significant thalamic reorganization in humans. Consistent with these findings, 

animal SCI models of neuropathic pain demonstrate changes in supraspinal processing of 

somato-sensory information including changes in the functional properties of thalamic 

neurons.27,41,53,92 Because of the strong implications that neuroinflammatory mechanisms 

involving glia and/or astrocytes significantly contribute to the development and maintenance 

of neuropathic pain after SCI, there has been a growing interest in the development of 

treatments that target these mechanisms. For example, research in SCI animal models 

demonstrate that reducing glial activation after SCI also decreases hyperexcitability of 

dorsal horn neurons induced by either nonnoxious or noxious stimuli.32,33,34 Multiple 

approaches designed to reduce the neuroinflammation have been explored in SCI animal 

models (for a recent comprehensive review, see Ref. 75). One intervention that has shown to 

reduce pain-related behaviors by targeting neuroinflammation is the administration of IL-10 

either by systemic injection59 or through viral vectors.47 However, subsequent clinical trials 

including IL-10 have not been successful because of lack of effectiveness and impaired 

normal immune function.6 Other approaches that have shown benefit in animal models 

include minocycline, COX inhibitors, and approaches suppressing TNF-α and 

proinflammatory interleukins including IL-6.75 In addition, non-pharmacological 

interventions may reduce pain behaviors and glial activation. For example, a recent study in 

a mouse neuropathic pain model showed that early administration of transcutaneous 

electrical nerve stimulation (within a day of injury) reduced hyperalgesia and inhibited glial 

activation.51

A potential limitation of this study includes averaging the 6 thalamic metabolite ratios from 

3 different regions of both right and left thalami. However, this decision was based both on 

power considerations and on the fact that Cronbach alpha values suggested high 

intercorrelations between the different thalamus voxels. Although it is well known that 

different areas of the thalamus represent different functions, we did not evaluate this because 

of the reasons mentioned above.

In conclusion, our results suggest that intense neuropathic pain in persons with SCI is 

associated with thalamic neuronal dysfunction and glial activation and greater residual 

sparing of STT-mediated function compared with those with less intense neuropathic pain. 

Indeed, evidence in animals and humans suggests that thalamic dysfunction will 

significantly impact neurotransmission at several levels of the neural axis including 

somatosensory function.8,50
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Figure 1. 
Positioning of the 2-dimensional (chemical shift imaging) slice over the region of left and 

right thalamus is indicated in the yellow square. The central 8 × 8 voxels highlighted in the 

white square are processed, and 3 voxels (UL, upper lateral; UM, upper medial; LL, lower 

lateral) within the region of the right and left thalamus are indicated in the orange squares.
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Figure 2. 
Quality of the spectrum obtained from 1 subvoxel in the thalamus. Cho, choline; Cr, creatine 

(Cr 1–2); Glx, glutamate and glutamine (Glx 1–4); Ins, myo-inositol; NAA, N-acetyl-

aspartate.

Widerström-Noga et al. Page 18

Pain. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Correlations between the Glx/Ins ratio and (A) Pain Severity subscore of the MPI-SCI and 

(B) Average Momentary Pain Intensity ratings during the brain scan session, in persons with 

spinal cord injury and neuropathic pain (n = 39). Glx, glutamate and glutamine; Ins, myo-

inositol.
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Figure 4. 
Thalamic metabolite concentrations relative to Cr or Ins (mean and SD) for the AB (n = 24) 

and the 2 SCI subgroups, LNP (n = 35) and HNP (n = 19) groups. Age-adjusted ANCOVA, 

F and P values for: NAA/Cr (F = 3.05, P = 0.059); Cho/Cr (F = 2.55, P = 0.152); Ins/Cr (F = 

3.48, P = 0.054); Glx/Cra (F = 8.53, P = 0.005); NAA/Insb (F = 5.21, P = 0.008); Glx/Insc 

(F = 12.4, P = 0.001). Post hoc correction: aHNP significantly lower than AB, (P < 

0.01); bHNP significantly lower than AB (P < 0.05) and the LNP, (P < 0.05); cHNP 

significantly lower than AB (P < 0.001) and LNP (P < 0.01). AB, able-bodied controls; Cho, 

choline; Cr, creatine; Glx, glutamate and glutamine; HNP, high neuropathic pain; Ins, myo-

inositol; LNP, low or no neuropathic pain; NAA, N-acetylaspartate. *P < 0.05, **P < 0.01, 

***P < 0.001.
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Figure 5. 
Somatosensory function in the LNP (n = 35) and HNP (n = 19) SCI subgroups. Values are 

shown as z-scores relative to a normative pain-free sample. Negative values reflect a loss in 

sensitivity, and positive values reflect a gain in sensitivity, compared with the normative 

average. Age-adjusted ANCOVA, F, and P values for: vibratory detection (F = 5.06, P = 

0.029); warm detection (F = 10.4, P = 0.002); cool detection (F = 5.02, P = 0.029); heat pain 

detection (F = 8.87, P = 0.004); cold pain detection (F = 7.09, P = 0.010). HNP, high 

neuropathic pain; LNP, low or no neuropathic pain. *P < 0.05, **P <0.01.
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Table 1

Intraclass correlation analyses (1-way random effects) for thalamic metabolite concentration ratios in persons 

with spinal cord injury (n = 30).

Metabolite ratio Scan 1 (mean ± SD) Scan 2 (mean ± SD) Intraclass correlation F, P

NAA/Cr 1.40 ± 0.11 1.40 ± 0.10 0.78 4.63, <0.001

Cho/Cr 0.27 ± 0.03 0.27 ± 0.03 0.94 17.27, <0.001

Ins/Cr 0.80 ± 0.09 0.78 ± 0.10 0.85 6.56, <0.001

GIx/Cr 1.09 ± 0.15 1.09 ± 0.19 0.74 3.79, <0.001

GIx/Ins 1.40 ± 0.28 1.43 ± 0.33 0.89 8.98, <0.001

NAA/Ins 1.82 ± 0.27 1.85 ± 0.28 0.78 4.44, <0.001

Cho, choline; Cr, creatine; Glx, glutamate and glutamine; Ins, myo-inositol (Ins); NAA, N/-acetylaspartate.
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Table 2

Comparison of demographic, injury, and psychosocial characteristics between the bodied AB, LNP, and HNP 

groups.

AB (n = 24) LNP (n = 35) HNP (n = 19) Statistic; P

Age* (mean ± SD) 34.4 ± 8.6 35.7 ± 12.4 43.0 ± 12.5 F = 3.500; 0.035

Time since injury (mean ± SD) NA 13.1 ± 9.70 12.0 ± 9.66 F = 0.170; 0.682

Sex (n)

 Female 5 7 3 χ2 = 0.198; 0.91

 Male 19 28 16

Injury severity (n)

 Incomplete NA 11 13 χ2 = 6.825; 0.009

 Complete 24 6

STAI† (mean ± SD) 24.5 ± 4.71 29.9 ± 8.17 36.7 ±11.8 F = 10.657; 0.001

BDI‡ (mean ± SD) 1.12 ± 1.36 6.80 ± 6.86 11.3 ± 9.38 F = 12.788; 0.001

SWLS§ (mean ± SD) 28.4 ± 5.35 22.1 ± 7.36 16.9 ± 8.65 F = 13.882; 0.001

Tukey post hoc correction:

AB, able-bodied controls; BDI, beck depression inventory; HNP, high neuropathic pain; LNP, low or no neuropathic pain; STAI, State-Trait 
Anxiety Inventory; SWLS, Satisfaction With Life Scale.

*
HNP older than AB(P < 0.05).

†
HNP score significantly higher than AB (P < 0.001) and the LNP (P < 0.001), and LNP score significantly higher than AB (P < 0.05).

‡
HNP score significantly higher than AB (P < 0.001), LNP score significantly higher than AB (P < 0.01).

§
HNP score significantly lower than AB (P < 0.001) and the LNP (P < 0.05), LNP score significantly lower than AB (P < 0.01).
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