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Abstract

The spinal cord is the first site of nociceptive processing in the central nervous system and has a 

role in the development and perpetuation of clinical pain states. Advancements in functional 

magnetic resonance imaging are providing a means to non-invasively measure spinal cord 

function, and functional magnetic resonance imaging may provide an objective method to study 

spinal cord nociceptive processing in humans. In this study, we tested the validity and reliability of 

functional magnetic resonance imaging using a selective field-of-view gradient-echo echo-planar-

imaging sequence to detect activity induced blood oxygenation level-dependent signal changes in 

the cervical spinal cord of healthy volunteers during warm and painful thermal stimulation across 

consecutive runs. At the group and subject level, the activity was localized more to the dorsal 

hemicord, the spatial extent and magnitude of the activity was greater for the painful stimulus than 

the warm stimulus, and the spatial extent and magnitude of the activity exceeded that of a control 

analysis. Furthermore, the spatial extent of the activity for the painful stimuli increased across the 

runs likely reflecting sensitization. Overall, the spatial localization of the activity varied 

considerably across the runs, but despite this variability, a machine-learning algorithm was able to 

successfully decode the stimuli in the spinal cord based on the distributed pattern of the activity. In 

conclusion, we were able to successfully detect and characterize cervical spinal cord activity 

during thermal stimulation at the group and subject level.
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1. Introduction

The central processing of nociceptive information begins in the spinal cord (SC) (Green, 

2004; Willis and Westlund, 1997). Through animal studies, we have gained extensive 

knowledge about SC nociceptive processing including the central projections of primary 

afferents (Light and Perl, 1979; Sugiura et al., 1986), the SC circuitry that integrates and 

relays nociceptive signals to other central targets (Apkarian and Hodge, 1989; Willis et al., 

1979), and the descending supraspinal control systems that modulate nociceptive processing 

in the SC (Carstens et al., 1979; Lin et al., 1994). This knowledge has provided the 

neurophysiological grounds for many clinical pain phenomena (e.g., hyperalgesia, allodynia, 

referred pain, etc.) and new targets for treatment (Latremoliere and Woolf, 2009). Overall, 

animal studies have expanded our understanding of the SC pathophysiology in clinical pain 

states; however, there are limitations in the ability to translate animal research findings to 

humans (Hackam and Redelmeier, 2006; van der Worp et al., 2010), and an objective 

method to study SC nociceptive processing in humans would allow for the direct study of 

the SC pathophysiology in clinical pain states and advance clinical pain research.

A major advancement in pain research has been the application of functional magnetic 

resonance imaging (fMRI), allowing for the non-invasive, high-spatial resolution mapping of 

pain-related neural activity. fMRI research has enhanced our understanding of supraspinal 

nociceptive processing, pain perception, clinical pain states, and the functional changes in 

the brain underlying the transition from acute to chronic pain (Apkarian et al., 2005; 

Mansour et al., 2014). Furthermore, the non-invasiveness of fMRI makes it well suited for 

longitudinal pain research, and the ability to use fMRI in both animal and human studies 

supports the forward translation of animal findings to clinical research and the reverse 

translation of clinical findings to animal models (Mao, 2009).

Over the last two decades, a growing base of researchers have been developing increasingly 

sophisticated methods for SC fMRI, and the means to objectively measure SC nociceptive 

processing in humans has become more and more practical (for review see (Kolesar et al., 

2015; Stroman et al., 2014; Wheeler-Kingshott et al., 2014)). To date, several independent 

groups have used fMRI to study SC processing in both animals and humans using thermal 

(Brooks et al., 2012; Cadotte et al., 2012; Cahill and Stroman, 2011; Khan and Stroman, 

2015; Nash et al., 2013; Summers et al., 2010; Yang et al., 2015), chemical (Malisza and 

Stroman, 2002; Porszasz et al., 1997), and electrical (Endo et al., 2008; Lilja et al., 2006; 

Zhao et al., 2009) experimental pain paradigms. Moreover, some studies have even 

demonstrated supraspinal influences on SC nociceptive processing (Dobek et al., 2014; 

Eippert et al., 2009; Geuter and Buchel, 2013; Sprenger et al., 2012).

The purpose of this study was to test the validity of fMRI using a selective field-of-view 

gradient-echo echo-planar-imaging sequence to detect activity induced blood oxygenation 

level-dependent (BOLD) signal changes in the SC during warm and painful thermal 

stimulation. We hypothesized that the SC activity to thermal stimuli would be anatomically 

specific (located primarily to the ipsilateral dorsal quadrant of the SC), proportional to the 

stimulus temperature, and exceed a control analysis at both the group and subject level. 

Furthermore, because the reliability of the SC fMRI signal during noxious thermal 
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stimulation needs to be further assessed (Kolesar et al., 2015), we also evaluated the 

reliability of the signal across consecutive runs. Finally, in order to quantify the amount of 

pain-related information present in the SC, we utilized a machine-learning algorithm to 

decode the thermal stimuli based on the distributed patterns of SC activity.

2. Methods

2.1 Participants

Twelve healthy volunteers (9 male and 3 female; average age ± one standard deviation (SD) 

28.8 ± 2.5 years) were studied. Subjects reported no significant pain, neuromusculoskeletal 

diseases, or contraindications to MRI. The subjects were informed that the study aimed to 

investigate pain processing using thermal stimulation and fMRI. The entire study protocol 

was explained to the subjects, and the subjects provided written informed consent. 

Northwestern University’s Institutional Review Board approved this study.

2.2 Imaging protocol

Imaging was performed with a 3.0 Tesla Siemens Prisma (Erlangen, Germany) magnetic 

resonance (MR) scanner equipped with a 64-channel head/neck coil. Head coil elements 1–4 

were turned off during imaging to minimize motion and flow artifacts from the internal 

carotid arteries. Head coil elements 5–7 (inferior portion of the head coil) and neck coil 

elements anterior and posterior (24 channels total) were used to capture the MR signal. To 

increase the magnetic field homogeneity across the cervical spine and to reduce bulk motion 

during scanning, a SatPad™ cervical collar was used (Maehara et al., 2014). For the 

functional images, thirty-one transverse slices of the cervical SC were acquired with a T2* -

weighted gradient-echo echo-planar-imaging sequence using ZOOMit selective field-of-

view imaging (TR = 2500 ms, TE = 30 ms, flip angle = 80°, acquisition matrix = 128 × 44, 

field-of-view = 128 × 44 mm2, in-plane resolution = 1 × 1 mm2, slice thickness = 3 mm) 

(Pfeuffer et al., 2002; Rieseberg et al., 2002). The imaged volume spanned from the superior 

endplate of the third cervical vertebra to the superior endplate of the first thoracic vertebra 

(Figure 1). For registration of the functional images to template space, a high-resolution T2-

weighted structural image of the entire cervical spine and upper thoracic spine was acquired 

using a single slab three-dimensional turbo spin echo sequence with a slab selective, variable 

excitation pulse (SPACE, TR = 1500 ms, TEeff = 115 ms, echo train length = 78, flip angle = 

90°/140°, effective resolution = 0.8 × 0.8 × 0.8 mm3, interpolated resolution = 0.8 × 0.4 × 

0.4 mm3) (Lichy et al., 2005; Mugler et al., 2000). The imaging protocol was the same as 

used in our previous study exploring SC activity during an upper extremity motor task 

(Weber et al., 2016).

2.3 Thermal stimulation protocol

Prior to scanning and outside of the scanner room, subjects were familiarized to the thermal 

stimulation protocol, and pain threshold temperatures and temperature-pain response 

functions were calculated. Thermal stimuli were applied to the lateral aspect of the ventral 

proximal right forearm (Advanced Thermal Stimulator with fMRI filter, 900 mm2 square 

activation area, Pathway Pain and Sensory Evaluation System, Medoc Ltd., Ramat Yishai, 

Israel). To familiarize subjects, a range of thermal stimuli were applied in 1.0°C increments 
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from 43.0°C up to 50.0°C as tolerated. For each stimulus, the thermode temperature was 

increased from a baseline temperature of 30°C at a rate of 5.0°C/s to the destination 

temperature, held for a duration of 7.5 s, and then decreased at a rate of 5.0°C/s back to a 

baseline temperature of 30.0°C. After each stimulus, the subjects were asked to practice 

rating their pain experience using a 101-point verbal numerical rating scale (NRS) with 

anchors of “no pain” (0) and “worst imaginable pain” (100) (Hawker et al., 2011).

For the pain threshold temperatures, the thermode temperature was increased from a 

baseline temperature of 30.0°C at a rate of 0.5°C/s. When the sensory experience changed 

from warmth to pain, the subjects were instructed to press a button, and then the thermode 

temperature returned to baseline at a rate of 5.0°C/s. The temperature at the time of the 

button press was recorded, the procedure was repeated an additional three times, and the last 

three temperatures were averaged to determine the pain threshold temperature.

Temperature-pain response functions were then calculated. Thermal stimuli were applied 

with destination temperatures in 1.0°C increments from the pain threshold temperature 

− 1.0°C up to the pain threshold temperature + 4.0°C as tolerated (baseline temperature = 

30.0°C, destination rate = 5.0°C/s, duration = 7.5 s, return rate 5.0°C/s). Two thermal stimuli 

at each destination temperature were applied, and the order of the thermal stimuli was 

randomized. Following each stimulus, the subjects verbally rated their pain experience. The 

stimulus temperatures and pain ratings were then modeled with a linear function (extreme 

pain ratings of 0 and 100 were ignored), and the stimulation temperature that provided a 

pain experience of 65 was calculated.

Subjects were then moved to the scanner room and positioned supine on the scanner bed. 

The thermode was reattached to the lateral aspect of the ventral proximal right forearm and 

remained in position for the entire scanning session. For each functional imaging run, ten 

warm (43.0°C) and ten painful (temperature producing a moderate pain experience of 65) 

thermal stimuli were delivered (baseline temperature = 30.0°C, destination rate = 5.0°C/s, 

duration = 7.5 s, return rate 5.0°C/s) in a randomized order with a varying interstimulus 

interval (range = 2.5–10.0 s) over a period of 400 s, and each subject completed six runs. No 

feedback was provided to the subjects for the thermal stimuli, and throughout the imaging 

session, the subjects were instructed to remain still and not produce any movements. As a 

safeguard, subjects were able to stop the thermal stimulator at any time during the study if 

the thermal stimulation became intolerable. Following each run, the study personnel 

assessed the comfort level of the subjects.

2.4 Image processing

2.4.1 Motion correction—The Oxford Center for fMRI of the Brain’s (FMRIB) Software 

Library (FSL) and the Spinal Cord Toolbox were used for image preprocessing and 

statistical analyses (Cohen-Adad et al., 2014; Jenkinson et al., 2012; Smith et al., 2004). 

Motion correction was performed using FMRIB’s Linear Image Registration Tool with 

spline interpolation and a normalized correlation cost function (Jenkinson et al., 2002). To 

exclude areas of non-rigid motion outside of the vertebral column, a manually drawn binary 

mask of the vertebral column was used to weight the reference image. For the first phase of 

motion correction, the images across the runs were realigned to the first image of the first 
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run with three-dimensional rigid body realignment. To correct for slice independent motion 

due to the non-rigid motion of the cervical spine and physiological motion from swallowing 

and the respiratory cycle, a second phase of motion correction was performed in which a 

two-dimensional rigid realignment was performed independently for each axial slice using 

the mean image from the first phase of motion correction as the reference image (Cohen-

Adad et al., 2009; Weber II et al., 2014). The average temporal signal to noise ratio (TSNR) 

across the SC was calculated for each phase of motion correction and compared using two-

tailed paired t-tests. Finally, FSL’s motion outlier detection tool was used to identify suspect 

outlier volumes using DVARS (root mean square variance of the temporal derivative of the 

time courses) as the metric and the default threshold (box-plot cutoff = 75th percentile + 1.5 

× interquartile range (IQR)) (Power et al., 2012).

2.4.2 Physiological noise modeling—In SC fMRI, the cardiac and respiratory cycles 

are significant sources of noise and can confound signal detection (Brooks et al., 2008; Kong 

et al., 2012). Therefore, respiratory signals, cardiac signals, and MRI triggers were collected 

during scanning (sampling rate = 400 Hz, PowerLab 8/30, ADInstruments Inc., Colorado 

Springs, CO, USA), and slice specific noise regressors were generated using FSL’s 

physiological noise modeling (PNM) tool, which uses a model-based approach similar to the 

retrospective correction of physiological motion effects (RETROICOR) as described by 

Glover et al. (Brooks et al., 2008; Glover et al., 2000). In brief, a cardiac phase and 

respiratory phase were assigned to each slice, and the cardiac and respiratory signals were 

then modeled using a Fourier series (sine and cosine terms) with the principal frequency and 

the next three harmonics (16 regressors). Multiplicative terms were included to account for 

the interaction of the cardiac and respiratory cycles (16 additional regressors). A 

cerebrospinal fluid (CSF) regressor was also generated from the raw CSF signal surrounding 

the SC using a manually drawn CSF mask from the mean functional image generated across 

the six runs. In total, the physiological noise was modeled with 33 regressors, which has 

been recommended for SC fMRI (Kong et al., 2012).

2.4.3 Spatial normalization—For spatial normalization, the T2-weighted structural 

image of the cervical spine was first cropped to include the C2 to T1 vertebrae. The C2 and 

T1 vertebrae were manually identified, and a vertebral landmark mask was generated. The 

structural image was then straightened along the SC using a binary mask of the SC, and then 

non-rigid registration to the MNI-Poly-AMU T2-weighted SC template (resolution = 0.5 × 

0.5 × 0.5 mm3) was performed using the vertebral landmarks mask (structural to template 

registration) (Fonov et al., 2014). The functional images were then registered to the 

structural image using a non-rigid deformation that was constrained to the axial plane 

(functional to structural registration). The deformation fields were then concatenated 

allowing for the forward transformation of the functional images to template space and the 

inverse transformation of region of interest masks in template space to native space. The 

transformed images at each step were visually inspected for quality control. The MNI-Poly-

AMU SC template was generated from the average of the images from 16 healthy volunteers 

and covers the C1 to the T6 vertebral levels with the origin at the right dorsal inferior corner 

(Fonov et al., 2014). All reported coordinates are in the MNI-Poly-AMU SC template space. 

The Spinal Cord Toolbox also contains maps for the vertebral levels and probability maps 
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for the SC segments, which were used to summarize the location of the activity (Cadotte et 

al., 2015).

2.4.4 Subject and group level analyses—Slice-timing correction was performed and 

followed by spatial smoothing along the centerline of the SC. For spatial smoothing, the 

images were first straightened along the SC using a manually drawn SC mask, a 2 × 2 × 6 

mm3 full width half maximum (FWHM) Gaussian smoothing kernel was applied, and the 

images were then de-straightened as original. High pass temporal filtering was then 

performed (sigma = 90 s), and statistical maps of the preprocessed times series for each run 

were generated using FMRIB’s Improved Linear Model (FILM) with prewhitening 

(Woolrich et al., 2001; Worsley, 2001). The design matrix included the standard 

hemodynamic response function (gamma, phase 0 s, standard deviation 3 s, average lag 6 s) 

convolved thermal stimulation vectors (from the thermode temperature output) for the warm 

and painful stimuli as explanatory variables; and the temporal derivatives of the task vectors, 

the physiological noise vectors, the six motion parameters from the first phase of motion 

correction, the derivatives of the motion parameters, and the temporal masks of any outlier 

volumes were included as covariates of no interest. Four contrasts were defined: two for the 

warm and painful stimuli relative to baseline (warm and painful stimuli) and two for the 

difference between the warm and painful stimuli (warm > painful and painful > warm 

contrasts). Average subject level activation maps were then calculated across the six runs for 

each contrast using a fixed-effects model. Voxels with a p < 0.05 (uncorrected) were 

considered active at the subject level. No correction for multiple comparisons was performed 

at the subject level due to the restricted volume of interrogation as the SC contains a much 

smaller number of voxels. Furthermore, the presence of false positives was explored through 

a control analysis (see Control analysis).

For the group analysis, spatial normalization of the statistical images from the subject level 

analyses to the SC template was performed, and average group activation maps for each 

contrast were generated using FMRIB’s Local Analysis of Mixed Effects (FLAME) stages 1 

and 2 (Beckmann et al., 2003; Woolrich, 2008; Woolrich et al., 2004). Significant activations 

at the group level were identified by using a cluster-level, family-wise error (FWE) corrected 

threshold of p < 0.05 (cluster defining threshold p < 0.05, cluster size = 2179 voxels in 

template space, volume = 272.4 mm3) to correct for multiple comparisons (Worsley, 2001).

2.5 Additional analyses

In addition to the detection of group and subject level activity, the following analyses were 

performed to characterize the results:

2.5.1 Spatial analysis—The number of active voxels in the left, right, dorsal, and ventral 

hemicords and at the C3, C4, C5, C6, and C7 vertebral levels was calculated for each 

contrast. Left-right (LR) and dorsal-ventral (DV) indices were calculated at the subject level 

(Seghier, 2008). The indices were calculated by dividing the difference in the number of 

active voxels between the respective hemicords by the sum (number of active voxels in the 

entire SC). For the LR index, a value of +1.0 indicates that all active voxels were located in 

the left hemicord while a value of −1.0 indicates that all active voxels were located in the 
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right hemicord. For the DV index, a value of +1.0 indicates that all active voxels were 

located in the dorsal hemicord while a value of −1.0 indicates that all active voxels were 

located in the ventral hemicord. A Wilcoxon signed-rank test with a hypothesized median of 

0 was performed to test for significant localization of the active voxels.

2.5.2 Control analysis—As an additional control for false positives, the thermal 

stimulation results were compared to a control analysis in which the temperature vectors 

were shuffled across the subjects and the runs, and each run was then reanalyzed using the 

shuffled thermal stimulation vectors. Group average activation maps were generated for the 

control analysis, and the number of active voxels and the average Z-score of the active 

voxels were calculated and compared to thermal stimulation. For each subject, the number of 

active voxels in the control condition and the average Z-score of the active voxels were also 

calculated and compared to thermal stimulation using two-tailed paired t-tests.

2.5.3 Signal change—FSL’s results interrogation tool (FEATQuery) was used to 

calculate the average percent signal change of the active voxels. The number of active voxels 

and the average percent signal change of the active voxels was compared between the warm 

and painful stimuli using the subject level activation maps from the average of the six runs 

and two-tailed paired t-tests. To investigate how the signal changed over the runs, a repeated 

measures analysis of variance (ANOVA) with a linear contrast was performed to assess for a 

linear increase or decrease in the number of active voxels and the average percent signal 

change of the active voxels across the six runs for both the warm and painful stimuli.

2.5.4 Reliability analysis—To assess the reliability of the activity across the runs, 

average group activation maps from each run were generated for the warm and painful 

stimuli, and the spatial localization of the activity was assessed. For each run, the number of 

active voxels and the average Z-score of the active voxels were calculated, and Spearman’s 

correlations were performed to identify an increase or decrease in the number of active 

voxels and the average Z-score of the active voxels across the runs. To assess within subject 

variability in the spatial localization of the activity across the runs, the center-of-gravity 

(COG) of the active voxels along the x-, y-, and z-axes (in template space) was calculated 

for each run and compared to the COG of the active voxels from the average of the six runs 

for each subject. Finally, intraclass correlation coefficients (ICC(3,1)) were also calculated 

using the ICC Toolbox in SPM5 with MATLAB (Version R2013b, The Mathworks, Inc., 

Natick, MA, USA) to assess the agreement of the subject activations from run to run 

(Caceres et al., 2009). For the reliability analyses, the group average activation maps were 

thresholded at a p < 0.05 (uncorrected).

2.5.5 Power analysis—To investigate the effect of the number of runs on the activity, 

average group activation maps were generated with the addition of subsequent runs (Run 1, 

Runs 1–2, Runs 1–3, Runs 1–4, Runs 1–5, and Runs 1–6). For each analysis, the number of 

active voxels and the average Z-score of the active voxels were calculated, and a Spearman’s 

correlations were performed to identify a monotonic relationship between the number of 

runs and the number of active voxels and the average Z-score of the active voxels. For the 
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power analysis, the group average activation maps were thresholded at a p < 0.05 

(uncorrected).

2.5.6 Multi-voxel pattern analysis—A within subject run-wise multi-voxel pattern 

analysis (MVPA) using a linear support vector machine classifier and leave-one-run-out 

cross-validation was performed to decode the warm and painful stimuli based on the 

corresponding activity patterns (Chang and Lin, 2011). The MVPA was performed across 

the entire SC and within the left, right, dorsal, and ventral hemicords. The average accuracy 

across the subjects was compared to chance (50% accuracy) using one-sample two-tailed t-

tests with Bonferroni correction for multiple comparisons.

2.5.7 Statistical testing—For all non-imaging statistical tests, IBM SPSS Statistics for 

Windows Version 22.0 (IBM Corp., Armonk, NY) was used, and an α < 0.05 was used as 

the threshold for statistical significance.

3. Results

All subjects successfully completed each run of data collection. Motion correction improved 

the quality of the data as indicated by the increase in the average TSNR over the SC. The 

average TSNR ± one standard error (SE) significantly increased from 10.5 ± 0.6 arbitrary 

units (au) to 14.7 ± 0.2 au with the first phase of motion correction (t = 10.405, p < 0.001) 

and significantly increased from the first phase of motion correction to 15.5 ± 0.2 au with 

the second phase of motion correction (t = 8.071, p < 0.001). Following all preprocessing 

steps (motion correction, slice-timing correction, spatial smoothing, and temporal filtering), 

the average TSNR was 74.4 ± 3.2 au. The average percentage of the volumes identified as 

motion outlier volumes ± one SE was 1.5 ± 0.3%. Spatial normalization from native space to 

template space was successfully performed for each subject. The average pain threshold ± 

one SE was 45.2 ± 0.5°C (range = 42.1–48.3°C), and the average painful stimulus 

temperature was 46.6 ± 0.4°C (range = 44.3–49.1°C). One subject reported a mild pain 

experience (NRS < 35) at the warm stimulus temperature of 43.0°C (Hawker et al., 2011).

3.1 Group level activity

We hypothesized that the activity during thermal stimulation would be localized primarily to 

the ipsilateral dorsal quadrant and proportional to the stimulus temperature at the group and 

subject level. At the group level, activity was detected for the warm and painful stimuli and 

for the painful > warm contrasts while no activity was detected for the warm > painful 

contrast, demonstrating that the signal change was greater for the painful stimulus, as 

expected (Table 1). However, the activity was not lateralized to the ipsilateral hemicord for 

either the warm or painful stimuli. For the painful stimulus, the activity was more evenly 

distributed across the right and left hemicords while the activity for the warm stimulus was 

more localized to the left hemicord. Although lateralization of the activity was not present, 

both the warm and painful stimuli resulted in more active voxels in the dorsal hemicord. In 

comparison, the painful > warm contrast resulted in the opposite localization of the activity 

with more active voxels in the ventral hemicord. Thermal stimulation of the lateral aspect of 

the ventral proximal right forearm was expected to result in activity primarily localized to 
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the C6 SC segment. Instead, the activity detected was more distributed along the superior-

inferior axis with the activity expanding across the C3–C7 vertebral bodies corresponding to 

the C4 to C8 SC segments (Figure 2 and 3A–C). The removal of outliers using FSL’s 

automatic outlier de-weighting or the exclusion of the subject that experienced a mild pain 

experience with the warm stimulus had no appreciable effect on the group activity. Group 

average activation maps without correction for multiple comparisons (uncorrected p < 0.05) 

for the warm and painful stimuli have been provided for reference (Supplementary Figure 

1).

3.2 Subject level activity

As with the group level activity, the activity at the subject level was expected to be localized 

to the ipsilateral dorsal quadrant. Similar to the group level activity, no significant 

localization of the activity to the left or right hemicords was present for the warm (2/12 

subjects with LR index > 0, median LR index = −0.15, IQR = 0.36, z = −1.883, p = 0.060) or 

painful (5/12 subjects with LR index > 0, median LR index = −0.08, IQR = 0.47, z = −0.706, 

p = 0.480) stimuli (Figure 4A). Despite the absence of lateralization of the activity, the 

activity was significantly localized to the dorsal hemicord for both the warm (12/12 subjects 

with DV index > 0, median DV index = 0.41, IQR = 0.34, z = 3.059, p = 0.002) and painful 

(9/12 subjects with DV index > 0, median DV index = 0.24, IQR = 0.39, z = 1.961, p < 

0.050) stimuli (Figure 4B). In contrast, no significant localization of the activity to the left or 

right hemicords (7/12 subjects with LR index > 0, median LR index = 0.04, IQR = 0.24, z = 

0.000, p = 1.000) or the dorsal or ventral hemicords (4/12 subjects with DV index > 0, 

median DV index = −0.05, IQR = 0.24, z = −0.471, p = 0.638) was present for the painful > 

warm contrast (Figure 3D).

3.3 Control analysis

As an additional control for false positive activations, the thermal stimulation results were 

compared to a control analysis. As expected, the control analysis resulted in no group 

activity for either the warm or painful stimuli. Similar findings were also present at the 

subject level (Figure 5). The average number of active voxels ± one SE for thermal 

stimulation was 212.6 ± 50.7 for the warm stimulus, which tended to be greater than the 

control (114.7 ± 18.4, t = 1.986, p = 0.073). After removal of an outlier observation, the 

number of active voxels for the warm stimulus significantly exceeded that of the control 

(Supplementary Figure 2). The average Z-score of the active voxels ± one SE for thermal 

stimulation was 2.32 ± 0.07 for the warm stimulus, which was significantly greater than the 

control (2.03 ± 0.03, t = 3.715, p = 0.003). For the painful stimulus, the number of active 

voxels for thermal stimulation was 371.4 ± 70.3, which was significantly greater than the 

control (124.5 ± 18.3, t = 3.440, p = 0.006), and the average Z-score of the active voxels for 

thermal stimulation was 2.32 ± 0.07, which was significantly greater than the control (2.09 

± 0.03, t = 2.677, p = 0.022). Overall, the spatial extent and magnitude of the activity during 

thermal stimulation exceeded that of the control analysis at both the group and subject level.

3.4 Signal change

We expected the spatial extent and magnitude of the activity to be greater for the painful 

stimulus than the warm stimulus at the subject level. Across the subjects, the average 
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number of active voxels was 371.4 ± 70.3 for the painful stimulus, which was significantly 

greater than the warm stimulus (212.6 ± 50.7, t = 2.242, p = 0.047) (Figure 6A). The average 

percent signal change ± one SE was also significantly greater for the painful stimulus (0.38 

± 0.01%) compared to the warm stimulus (0.33 ± 0.02%, t = 2.385, p = 0.036) (Figure 6B). 

Additionally, we examined the change in the activity across the six runs at the subject level 

(Figure 7). No significant linear increase or decrease in the number of active voxels was 

present for the warm stimulus (F-score = 2.461, p = 0.145). The number of active voxels 

tended to increase across the six runs for the painful stimulus, but this trend was not 

significant (F-score = 3.831, p = 0.076). No linear increase or decrease in the average 

percent signal change of the active voxels across the runs was present for either the warm (F-

score = 0.050, p = 0.827) or painful (F-score = 0.488, p = 0.499) stimuli.

3.5 Multi-voxel pattern analysis

To assess the amount of pain-related information present in the SC, we utilized a MVPA to 

decode the thermal stimuli based on the distributed patterns of SC activity. MVPA was 

successfully able to decode the warm and painful stimuli better than chance across the entire 

SC (average percent accuracy ± one SE = 66.7 ± 2.9%, t = 5.745, p < 0.001). The MVPA 

was also able to successfully decode the warm and painful stimuli better than chance in the 

left (average percent accuracy = 61.8 ± 2.2%, t = 5.451, α/2 = 0.025, p < 0.001) and right 

(average percent accuracy = 66.0 ± 4.3%, t = 3.727, α/2 = 0.025, p = 0.003) hemicords and 

the dorsal (average percent accuracy = 65.3 ± 3.4%, t = 4.525, α/2 = 0.025, p < 0.001) and 

ventral (average percent accuracy = 66.7 ± 3.4%, t = 4.899, α/2 = 0.025, p < 0.001) 

hemicords (Figure 8C).

3.6 Reliability analysis

Despite several studies using fMRI to detect SC activity during noxious thermal stimulation, 

the reliability of SC fMRI for assessing nociceptive processing needs to be further 

established (Kolesar et al., 2015), and therefore, assessing the reliability of the activity 

across consecutive runs was a major aim of this study. At the group and subject level, 

activity was present for each run for both the warm and painful stimuli. However, no 

consistent localization of the activity across the runs was present at the group level 

(Supplementary Figure 3). Similarly, at the subject level, no consistent localization was 

present, but the activity was located more dorsally for each of the six runs (Supplementary 

Table 1). At the group level, no significant linear increase or decrease in the total number of 

active voxels (rho = 0.429, p = 0.397) or the average Z-score of the active voxels (rho = 

0.257, p = 0.623) was present across the runs for the warm stimulus (Supplementary Figure 

3C–D). In contrast, a significant increase in the total number of active voxels (rho = 0.886, p 

= 0.019) was present across the runs at the group level for the painful stimulus, but no 

significant change in the average Z-score of the active voxels (r = 0.543, p = 0.266) was 

present (Supplementary Figure 3E–F). Across subjects and runs, considerable variability 

was present with the COGs of the activation maps along the x-, y-, and z-axes 

(Supplementary Figure 4). The considerable spatial variability across the runs was 

characterized by low median ICCs ± one SE across the runs for the warm and painful 

stimuli, which were 0.067 ± 0.002 and 0.090 ± 0.001, respectively. Averaging across the first 

(runs 1–3) and second (runs 4–6) halves of the data reduced the variability and increased the 
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median ICC to 0.193 ± 0.004 and 0.258 ± 0.003 for the warm and painful stimuli, 

respectively.

3.7 Power analysis

Finally, to aid in the design of future studies, the effect that the number of runs had on the 

activity was assessed. Group and subject level activity was present for each analysis (Run 1, 

Runs 1–2, Runs 1–3, Runs 1–4, Runs 1–5, and Runs 1–6) (Supplementary Figure 5 A–B). 

The total number of active voxels significantly increased with the addition of subsequent 

runs for both the warm (rho = 1.000, p < 0.001) and painful (Spearman’s rho = 1.000, p < 

0.001) stimuli (Supplementary Figure 5C and E). However, the addition of subsequent runs 

had no significant effect on the average Z-score of the active voxels for either the warm (rho 

= 0.486, p = 0.329) or painful (rho = 0.314, p = 0.544) stimuli (Supplementary Figure 5D 

and F).

4. Discussion

Cervical SC activity was detected using fMRI during thermal stimulation with warm and 

painful stimuli. At the group and subject level, the spatial extent and magnitude of the 

activity exceeded that of the control analysis, the activity was localized more to the dorsal 

hemicord, and the spatial extent and magnitude of the activity was greater for the painful 

stimulus than the warm stimulus. Furthermore, we were able to use MVPA to decode the 

stimuli based on their activity patterns. Taken together, we were able to successfully detect 

and characterize cervical SC activity during thermal stimulation with fMRI.

In the present study, thermal stimuli were applied to the lateral aspect of the ventral proximal 

right forearm. Cutaneous thermal and thermal-pain sensations are mediated primarily by Aδ- 

and C-fiber thermoreceptors and temperature-sensitive nociceptors, which project mainly to 

neurons in the ipsilateral dorsal horn of the SC (Green, 2004; Willis and Westlund, 1997). 

As the first site of sensory processing, we hypothesized that the activity would be localized 

to the right dorsal quadrant of the SC. The activity was localized more dorsally at the group 

and subject level; however, the activity was not localized to the right hemicord. At the 

subject level, no significant localization of the activity to the left or right hemicord was 

present, and at the group level, the activity for the painful stimulus was more evenly 

distributed across the right and left hemicords while the activity for the warm stimulus was 

localized more to the left hemicord. The absence of lateralization of the activity to the 

ipsilateral hemicord has been reported in previous SC fMRI studies using noxious thermal 

stimulation in humans (Geuter and Buchel, 2013; Summers et al., 2010) and non-human 

primates (Yang et al., 2015) and likely reflects the underlying complexity of SC sensory 

processing. The interneuronal networks within the dorsal horn not only relay sensory 

information to higher centers (i.e., brainstem and thalamus) but also actively integrate and 

modulate the sensory signals within the SC (Willis and Westlund, 1997). This large network 

of intrinsic neurons has been shown to influence both sensory and motor processing not only 

within the same hemicord but also between hemicords (Chung and Coggeshall, 1983; 

Nathan and Smith, 1959; Petko and Antal, 2000; Petko et al., 2004; Pierrot-Deseilligny and 

Marchand-Pauvert, 2002; Soteropoulos et al., 2013). These networks also receive excitatory 
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and inhibitory inputs from higher centers, which further modulate SC processing (Heinricher 

et al., 2009; Yang and Gorassini, 2006). Recently, intrinsic resting state networks between 

the left and right dorsal horns and the left and right ventral horns were identified with fMRI 

in humans (Barry et al., 2016; Barry et al., 2014) and non-human primates (Kong et al., 

2014), and injury to the SC has been demonstrated to disrupt these networks (Chen et al., 

2015). Based on these findings, the coordinated activity between the hemicords may 

represent the state of normal sensory processing, explaining the absence of the lateralization 

of the activity detected in this study. In contrast, we previously demonstrated robust 

lateralization of SC activity with fMRI during a left- or right-sided upper extremity motor 

task (Weber et al., 2016). The lateralization in the previous study was most consistent when 

contrasting the left- and right-sided activity rather than modeling them individually to 

baseline. A similar experiment contrasting left- and right-sided thermal stimulation may 

have demonstrated lateralization of the activity; in the present study, however, we chose to 

manipulate the intensity of the stimulus not the location.

Although the activity was localized more dorsally, the activity extended into the ventral 

hemicord. In primates, the spinothalamic tract is the major pathway relaying thermal and 

nociceptive input from the SC to the thalamus (Willis and Westlund, 1997). While most 

spinothalamic neurons originate in the dorsal horn, sensory processing is not exclusively 

localized to the dorsal horn. Autoradiographic studies have demonstrated metabolic activity 

extending into the ipsilateral and contralateral ventral horns during innocuous and noxious 

thermal stimulation in rats (Coghill et al., 1993; Coghill et al., 1991), and in primates, 

between 8–17% of spinothalamic neurons originate in the intermediate zone and ventral 

horn (Apkarian and Hodge, 1989). Based on this, some ventral activity would be expected. 

The ventral activity may in part also be due to reflexive motor activity (Floeter et al., 1998). 

If this were the case, greater reflexive motor activity (ventral hemicord) would be expected 

from the painful stimulus (Chan and Dallaire, 1989). When modeling the difference between 

the stimuli (painful > warm), we found that the activity was no longer localized to the dorsal 

hemicord at the subject level, and the group activity was more localized to the ventral 

hemicord, which suggests that some of the ventral activity may be reflexive motor activity. 

As subjects were asked to remain still during scanning, the ventral activity could also reflect 

descending inhibition of reflexive motor activity. Electromyography could potentially be 

used to characterize any stimulus-related motor activity in future studies.

The stimulation site classically corresponds to the C6 dermatome, and therefore, we 

hypothesized that the activity should be located primarily within the C6 SC segment (Moore 

et al., 2014). However, a broader superior-inferior distribution of the activity extending 

across the C4–C8 SC segments was observed instead. The broader superior-inferior 

distribution may reflect the variability in the location of dermatomes across the subjects. The 

classic dermatome maps are largely inaccurate, show no overlap of innervation from 

adjacent SC segments, and fail to provide information on intersubject variability (Lee et al., 

2008). Therefore, consistent stimulation of only the C6 dermatome across the subjects was 

not likely. Additionally, the broader superior-inferior distribution of the activity may also be 

explained by the ascending and descending collaterals of Lissauer’s tract in which primary 

afferent fibers may ascend or descend several SC segments before even entering the SC gray 

matter (Coggeshall et al., 1981; Light and Perl, 1979; Sugiura et al., 1986). With this 

Weber et al. Page 12

Neuroimage. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understanding, even specific stimulation of the C6 dermatome would likely result in activity 

spanning several SC segments. Finally, the activity detected was not likely specifically 

sensory as the thermal stimuli probably resulted in some reflexive motor activity. Any 

reflexive motor activity in the upper arm, shoulder, or neck muscles could have also 

contributed to the activity in more superior SC segments (Moore et al., 2014).

Repeated noxious thermal stimuli can result in sensitization within the nociceptive pathways 

leading to a leftward shift in the temperature-pain response function causing painful stimuli 

to become more painful (i.e., hyperalgesia) and previously non-painful stimuli to become 

painful (i.e., allodynia) (Latremoliere and Woolf, 2009; Woolf, 1983). While pain ratings 

were not obtained during scanning, the subjects anecdotally reported an increase in their 

pain experience across the six runs, and temporary mild erythema was typically present over 

the stimulation site at the end of the study. Considering these findings and the stimulation 

protocol used in this study, some sensitization to the thermal stimuli across the runs likely 

occurred (Jurgens et al., 2014). To assess whether indicators of sensitization were present in 

the data, we looked for an increase in the number of active voxels and the average percent 

signal change of the active voxels across the runs. From this, we identified a significant 

increase in the number of active voxels across the runs for the painful stimuli at the group 

level, which may reflect sensitization. Based on the stimulation protocol, both peripheral and 

central sensitization may have occurred (Jurgens et al., 2014). The increase in the spatial 

extent of the activity may be due to decreased thresholds of peripheral receptors and their 

central targets, the unmasking of silent receptors, and/or greater reflexive motor activity 

(Chan and Dallaire, 1989; Latremoliere and Woolf, 2009). Sensitization would be expected 

to also lead to an increase in signal change; however, no increase in signal intensity across 

the runs was identified in this study. Similar findings have been previously reported using a 

temporal summation of second pain model (Bosma et al., 2015). However, additional studies 

with a larger sample size are needed to thoroughly investigate the fMRI correlates of spinal 

sensitization induced by noxious painful stimuli.

A major aim of this study was to investigate the reliability of the activity with thermal 

stimulation from run to run. Overall, the location of the activity across the runs was quite 

variable at the group and subject level (intrasubject and intersubject), which is reflected in 

the low ICCs across the runs. Despite this, the activity tended to be more dorsally localized 

(i.e., the DV index was positive for each of the runs and the COGs tended to be distributed 

dorsally). Greater consistency of the location of the activity was expected, and overall, the 

underlying reason for the variability is unknown. Sensitization to the repeated thermal 

stimuli may have contributed to some of the variability as the signal was likely not constant 

across the runs. Averaging across more than one run seems to reduce the spatial variability 

and is recommended for future studies.

Despite the substantial spatial variability across the runs, MVPA was able to successfully 

decode the warm and painful stimuli based on their activity patterns. Previous studies have 

applied machine-learning algorithms to distinguish between warm and painful stimuli in the 

brain (Brown et al., 2011; Wager et al., 2013). This is the first report in the SC. While the 

overall accuracy of the decoding model was low, the results demonstrated that sufficient 
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information was present in the pattern of the SC activity to successfully decode the 

experimental conditions.

A major limitation in this study was the absence of subject reported pain ratings throughout 

scanning. Pain ratings could have confirmed that sensitization occurred and may have 

provided additional insights into the nature of the activity. A second limitation is that the 

spatial normalization algorithm for the transformation from native to template space uses the 

vertebral levels and not the SC segments to register along the superior-inferior axis. Recent 

work suggests that the location of the SC segments in relation to the vertebral bodies varies 

appreciably across subjects (Cadotte et al., 2015). The effects that this variation has on the 

present results are unknown, but it prevents exact correspondence of the SC anatomy 

between subjects. Accounting for this variation with more advanced normalization 

algorithms should allow for even more robust and accurate group analyses (Cadotte et al., 

2014). Finally, the greater localization of the warm stimulus activity to the left hemicord at 

the group level using the a priori level of statistical significance was not expected and may 

indicate that the study was underpowered to adequately detect the signal change from the 

warm stimulus. The reported TSNR and signal change can be used to adequately power 

future studies to sufficiently characterize the spatial extent of the activity resulting from 

lower intensity stimuli.

5. Conclusion

In conclusion, we were able to successfully detect cervical SC activity during warm and 

painful thermal stimulation with fMRI. Both stimuli resulted in activity at the group and 

subject level, and the activity was localized more to the dorsal hemicord. The spatial 

localization of the activity varied considerably from run to run, but despite this variability, a 

machine-learning algorithm was able to successfully decode the stimuli in the spinal cord 

based on the distributed pattern of the activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BOLD blood oxygen level dependent
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fMRI functional magnetic resonance imaging

SPACE sampling perfection with application optimized contrast using different flip 

angle evolutions

FMRIB Oxford Center for Functional MRI of the Brain

FSL FMRIB’s Software Library
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Highlights

• fMRI was used to detect sensory activity in the cervical spinal cord

• Warm and painful thermal stimuli were applied to the ventral right 

forearm

• The activity was localized to the dorsal hemicord at the group and 

subject level

• The spatial extent and magnitude of the activity was greater for painful 

stimuli

• A machine-learning algorithm decoded the stimuli based on the pattern 

of activity
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Figure 1. 
An example functional image (A), motion corrected mean image (B), and motion corrected 

temporal signal to noise ratio (TSNR) image (C) are shown. The images were generated 

from a randomly selected subject. L = left, R = right, D = dorsal, V = ventral, S = superior, I 

= inferior.
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Figure 2. 
Group activity for the warm and painful stimuli. A) Group average activation maps (2 

coronal, 2 sagittal, and 4 axial slices) for the warm stimulus. B) Group average activation 

maps (2 coronal, 2 sagittal, and 4 axial slices) for the painful stimulus. C) Legend showing 

orientation and location of the coronal (y = 58 and y = 64), sagittal (x = 54 and x = 64), and 

axial (z = 310, z = 330, z = 370, and z = 390) slices on the MNI-Poly-AMU spinal cord 

template with the corresponding vertebrae labeled. The location of the slices remains 

constant across all of the figures. The group mask generated from the intersection of the 

subject level functional images is shown in blue. D) Location of the group average activity 

shown in A and B in the left and right hemicords. E) Location of the group average activity 

shown in A and B in the dorsal and ventral hemicords. F) Location of the group average 

activity shown in A and B at the C3, C4, C5, C6, and C7 vertebral levels. The activation 

maps were thresholded at a p < 0.05 with a cluster-level corrected threshold of p < 0.05. The 

background image is the MNI-Poly-AMU spinal cord template. % = percentage of the active 
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voxels located in the corresponding hemicord or vertebral level. L = left, R = right, D = 

dorsal, V = ventral, S = superior, I = inferior.
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Figure 3. 
Group activity for the painful > warm contrast. A) Group average activation maps (2 

coronal, 2 sagittal, and 4 axial slices) for the painful > warm contrast. B) Location of the 

group average activity shown in A in the left (L), right (R), dorsal (D), and ventral (V) 

hemicords. C) Location of the group average activity shown in A at the C3, C4, C5, C6, and 

C7 vertebral levels. D) Box plots showing the distribution of the left-right (LR) and dorsal-

ventral (DV) indices across the subjects for the painful > warm contrast. No significant 

localization of the activity to any hemicord was present across the subjects. The activation 

maps were thresholded at a p < 0.05 with a cluster-level corrected threshold of p < 0.05. 

Refer to Figure 2C for the legend showing the orientation and location of the slices on the 

MNI-Poly-AMU spinal cord template. % = percentage of the active voxels located in the 

corresponding hemicord or vertebral level.
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Figure 4. 
Box plots showing the distribution of the left-right (LR) and dorsal-ventral (DV) indices 

across the subjects for the warm and painful stimuli. A) No significant localization of the 

activity to the left or right hemicord was present for either stimulus. B) For both stimuli, the 

activity was significantly localized to the dorsal hemicord. *p < 0.05, **p < 0.01.
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Figure 5. 
Number of active voxels and average Z-score of the active voxels for thermal stimulation 

compared to the control analysis. At the subject level, the number of active voxels for 

thermal stimulation tended to be greater than the control analysis for the warm stimulus but 

was not significantly greater. For the painful stimulus, the number of active voxels for 

thermal stimulation was significantly greater than the control analysis. For both the warm 

and painful stimuli, the average Z-score of the active voxels for thermal stimulation was 

significantly greater than the control analysis. At the group level, no activity was present for 

the control analysis. The average number of active voxels and the average Z-score of the 

active voxels across the subjects are shown in black. Error bars = ± one standard error. *p < 

0.05 and **p < 0.01.
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Figure 6. 
Number of active voxels and signal change for the warm stimulus compared to the painful 

stimulus. A) The number of active voxels was significantly greater for the painful stimulus 

than the warm stimulus. B) The average percent signal change for the warm and painful 

stimuli was also significantly greater for the painful stimulus than the warm stimulus. The 

average percent signal change was calculated using the subject level activation maps 

generated from the average of the six runs. Average in black. Error bars = ± one standard 

error. *p < 0.05.
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Figure 7. 
Number of active voxels and percent signal change of the active voxels across the subjects 

for each of the six runs. A) No linear increase or decrease in the number of active voxels was 

present for the warm stimulus. The number of active voxels tended to linearly increase for 

the painful stimulus, but this trend was not significant. B) No linear increase or decrease in 

the percent signal change of the active voxels was present for either the warm or painful 

stimuli. The average number of active voxels and the average percent signal change of the 

active voxels across the subjects are shown in black. The average percent signal change was 

calculated using the subject level activation maps generated from each run. Error bars = ± 

one standard error.
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Figure 8. 
Results of the run-wise multi-voxel pattern analysis (MVPA) are shown. Across subject run-

wise contingency maps for the warm (A) and painful (B) stimuli are shown (2 coronal 

slices). The consistency maps show the percentage across all runs and all subjects that a 

voxel was active. C) Percent accuracy of the run-wise MVPA across the whole spinal cord 

(SC) and within the left (L), right (R), dorsal (D), and ventral (V) hemicords is shown. 

MVPA was able to successfully decode the warm and painful stimuli better than chance 

across the whole spinal cord and within each hemicord. Refer to Figure 2C for the legend 

showing the orientation and location of the slices on the MNI-Poly-AMU spinal cord 

template. Error bars = ± one standard error. **p < 0.01 and ***p < 0.001.
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