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Abstract

The purpose of this study was to use an isometric upper extremity motor task to detect activity 

induced blood oxygen level dependent signal changes in the cervical spinal cord with functional 

magnetic resonance imaging. Eleven healthy volunteers performed six 5 minute runs of an 

alternating left- and right-sided isometric wrist flexion task, during which images of the cervical 

spinal cord were acquired with a reduced field-of-view T2*-weighted gradient-echo echo-planar-

imaging sequence. Spatial normalization to a standard spinal cord template was performed, and 

average group activation maps were generated in a mixed-effects analysis. The task activity 

significantly exceeded that of the control analyses. The activity was lateralized to the hemicord 

ipsilateral to the task and reliable across the runs at the group and subject level. Finally, a multi-

voxel pattern analysis was able to successfully decode the left and right tasks at the C6 and C7 

vertebral levels.
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1. Introduction

In humans, the execution of skilled voluntary movements results primarily from descending 

excitatory inputs from the contralateral cortical motor areas through the crossing fibers of 

the corticospinal tract to the motoneurons in the anterior horn of the spinal cord ipsilateral to 

the movement (Jenny and Inukai, 1983; Lemon and Griffiths, 2005). Shortly after the 

introduction of the blood oxygen level dependent contrast (BOLD), studies demonstrating 
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the feasibility of using functional magnetic resonance imaging (fMRI) to non-invasively 

detect motor-related brain activity were published (Bandettini et al., 1992; Joliot et al., 1999; 

Kim et al., 1993; Kwong et al., 1992; van Gelderen et al., 1995). The characteristic finding 

from these studies was the robust lateralization of the activity to the contralateral motor and 

sensory cortices, which is consistent with our understanding of the brain regions involved in 

the execution of voluntary skilled movements (Cincotta and Ziemann, 2008).

Following the success of the early brain fMRI studies, several independent groups have 

attempted to use fMRI to detect motor-related spinal cord activity. The development of 

spinal cord fMRI, however, has been slower than brain fMRI due to several technical 

difficulties with the imaging of the spinal cord and the analysis of functional spinal cord 

images (Fratini et al., 2014; Stroman et al., 2014). Despite these challenges, the field has 

continued to progress, and spinal cord fMRI has been used to detect motor-related activity 

during several different motor tasks including repetitive finger flexion and extension 

(Bouwman et al., 2008; Yoshizawa et al., 1996), repetitive squeezing of a ball (Giulietti et 

al., 2008; Stroman et al., 2001; Stroman et al., 1999; Stroman and Ryner, 2001), repetitive 

fist clenching (Backes et al., 2001; Ng et al., 2006), repetitive elbow flexion and extension 

(Madi et al., 2001), repetitive wrist extension and flexion (Madi et al., 2001), repetitive 

finger abduction and adduction (Madi et al., 2001), holding weights in a flexed arm position 

(Madi et al., 2001), repetitive tongue movements to activate the infrahyoid muscles 

(Komisaruk et al., 2002), pedaling (Kornelsen and Stroman, 2004, 2007), repetitive thumb 

to finger apposition (Maieron et al., 2007; Ng et al., 2008; Vahdat et al., 2015), and 

repetitive finger tapping (Govers et al., 2007; Xie et al., 2009).

As in the brain, lateralization of the activity to the ipsilateral motor (anterior horn) and 

sensory (posterior horn) areas of the spinal cord during the execution of skilled voluntary 

movements should be expected with spinal cord fMRI. However, the lateralization of spinal 

cord activity has not been reliably shown in the previous motor studies. In fact, only a few of 

the spinal cord fMRI motor studies quantitatively assessed the laterality of the activity 

(Bouwman et al., 2008; Govers et al., 2007; Maieron et al., 2007; Ng et al., 2008; Stroman et 

al., 1999; Xie et al., 2009; Yoshizawa et al., 1996). Of these studies, only three statistically 

assessed the degree of laterality across the subjects, and only Maieron et al. 2007 detected 

significant lateralization of the activity to the ipsilateral hemicord across the subjects 

(Bouwman et al., 2008; Maieron et al., 2007; Ng et al., 2008).

The shortfall of reported lateralization of the spinal cord activity in the previous studies may 

be due to the complexity of the motor tasks employed (e.g., repetitive thumb to finger 

apposition). The motor tasks required the coordinated reciprocal activation and relaxation of 

multiple muscle groups and likely produced an influx of neural activity from multiple 

cutaneous, joint, and muscle afferents. Thus, the resulting fMRI signal in the spinal cord was 

likely a complex summation of multiple motor, interneuronal, and sensory processes, which 

may have impeded the detection of task-related signal changes and the localization of 

activity within the spinal cord. In contrast, a less complex isometric motor task may allow 

for more robust signal detection in the spinal cord as the motoneuron activity and sensory 

inputs should remain more stable over a block of activation.
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The purpose of this study was to use an isometric left- and right-sided wrist flexion task in 

order to minimize the complexity of the neural signal and robustly detect and localize the 

fMRI signal in the spinal cord. In order to determine that the signal being detected is 

physiological in origin and not artifactual, we test whether the activation rate exceeds the 

false positive rate, examine the anatomical specificity of the activity, and determine the 

reliability of the signal. Additional advancements with this study include the use of reduced 

field-of-view imaging and spatial normalization to a standard template (Cohen-Adad et al., 

2014; Rieseberg et al., 2002).

2. Material and methods

2.1 Participants

Eleven healthy volunteers (5 male and 6 female; average age ± one standard deviation (SD) 

27.7 ± 1.9 years) were studied. Subjects reported no neurological or musculoskeletal 

diseases or contraindications to MRI. Each subject provided written informed consent, and 

the entire study protocol was approved by Northwestern University’s Institutional Review 

Board.

2.2 Data acquisition

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

resonance (MR) scanner equipped with a 64-channel head/neck coil (anterior and posterior 

neck coils were used (24 channels) and head coils 1–4 were turned off). Subjects were 

placed supine on the scanner bed. A SatPad™ cervical collar was used to increase the 

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

scanning (Maehara et al., 2014). For the functional images, thirty-one transverse slices of the 

cervical spinal cord 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 × 128, field-of-view = 128 × 128 mm2, in-plane 

resolution = 1 × 1 mm2, slice thickness = 3 mm, discarded 2 dummy volumes) (Pfeuffer et 

al., 2002; Rieseberg et al., 2002). The imaged volume spanned from the inferior endplate of 

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

registration of the functional images to standard space, a high-resolution T2-weighted 

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

single slab 3D 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°, 

resolution = 0.4 × 0.4 × 0.8 mm3) (Lichy et al., 2005; Mugler et al., 2000).

During functional imaging, the subjects performed an alternating left- and right-sided upper 

extremity isometric motor task. Rigid plastic resting hand splints were used to immobilize 

the wrist and hand bilaterally. When prompted by visual instructions presented during 

scanning, the subjects were trained to produce and maintain a constant flexion force at the 

left or right wrist of about 50% of their maximum force output. The subjects performed six 

15 s trials of left wrist flexion and six 15 s trials of right wrist flexion per run. The order of 

the trials was pseudorandomized, each trial was separated by a varying duration rest period 

for a total time of 5 min per run, and each subject performed six runs. A 5 min task free 
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(resting state) run was also collected for control purposes. Throughout imaging, the subjects 

were instructed to remain still and not produce any other movements. Subject performance 

was observed by the study personnel throughout each run.

2.3 Motion correction

Image preprocessing and statistical analyses were performed using the Oxford Center for 

fMRI of the Brain’s (FMRIB) Software Library (FSL) (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 run with three-dimensional rigid body realignment. To correct for slice independent 

motion due to the non-rigidity 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 spinal cord was calculated for each phase of motion correction and 

compared using two-tailed paired t-tests.

2.4 Physiological noise modeling

The cardiac and respiratory cycles are significant sources of noise in spinal cord fMRI and 

can confound signal detection. To account for this noise, respiratory signals, cardiac signals, 

and MRI triggers were collected during scanning (sampling rate = 400 Hz, PowerLab 8/30, 

ADInstruments Inc., Colorado Springs, CO, US), and slice specific voxelwise noise 

regressors were generated using FSL’s physiological noise modeling (PNM) tool, which 

uses a model-based approach similar to the retrospective image correction (RETROICOR) 

of physiological motion effects 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 spinal cord using a manually drawn CSF 

mask. In total, the physiological noise was modeled with 33 regressors, which has been 

recommended for spinal cord fMRI (Kong et al., 2012). This model does not include the 

motion parameters as noise regressors, so the effect of including the motion parameters as 

noise regressors was also explored to control for task-related motion.

2.5 Spatial normalization

Spatial normalization from native space to standard space was performed using the open-

source Spinal Cord Toolbox (Cohen-Adad et al., 2014). The structural images of the cervical 

spine were cropped to include the C2 to T1 vertebrae. The C2 and T1 vertebrae were 

manually identified, and a vertebral landmarks mask was generated. The functional images 
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were registered to the structural image using a non-rigid deformation that was constrained to 

the axial plane (functional to structural registration). The structural images were then 

straightened along the spinal cord using a binary mask of the spinal cord, and then non-rigid 

registration to the MNI-Poly-AMU T2-weighted spinal cord template (resolution = 0.5 × 0.5 

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

registration) (Fonov et al., 2014). The deformation fields were then concatenated allowing 

for the forward transformation of the functional images to standard space and the inverse 

transformation of region of interest (ROI) masks in standard space to native space. The 

transformed images at each step were visually inspected for quality control. The Spinal Cord 

Toolbox also contains maps for the vertebral levels and probability maps for the spinal cord 

segments, which were used to summarize the location of the activity (Cadotte et al., 2015). 

All reported coordinates are in the MNI-Poly-AMU SC template space.

2.6 Data analysis

At the subject level, the motion-corrected images from each run were concatenated into one 

30 min time series, and the spinal cord was extracted from the data using a manually drawn 

spinal cord mask. Slice-timing correction was then performed, followed by spatial 

smoothing with a Gaussian kernel of 4 mm full width half maximum (FWHM) and high 

pass temporal filtering (sigma = 90 s). The task was modeled as a boxcar function with 

vectors for the left and right components of the task. Statistical maps of the preprocessed 

times series were generated using FMRIB's Improved Linear Model (FILM) with 

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

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

convolved task vectors as explanatory variables and the temporal derivatives of the task 

vectors and physiological noise vectors as covariates of no interest. Four contrasts were 

defined: two for the left and right tasks relative to baseline and two for the difference 

between the left and right tasks (left > right and right > left). Voxels with a Z-score > 1.65 (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 spinal cord contains a much smaller number of voxels. Furthermore, the presence of 

false positives was explored through two control analyses (see Control analyses).

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

analyses to the standard spinal cord 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). 

The group average activation maps were thresholded using a Z-score > 1.65 with a cluster 

significance threshold of p < 0.05 (cluster size = 3,669 voxels in standard space, volume = 

458.6 mm3) to correct for multiple comparisons.

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

performed:
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2.7 Spatial analysis

The number of active voxels in the anterior, posterior, left, and right hemicords at the C4, 

C5, C6, and C7 vertebral levels was calculated at both the group and subject level for each 

contrast. Left-right (LR) and anterior-posterior (AP) 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 spinal cord). 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 right hemicord. For the AP index, a value of +1.0 indicates that all active 

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

voxels were located in the posterior hemicord. To summarize the laterality of the activity 

across each pair of contrasts, laterality indices were also calculated by taking the median LR 

index for each pair of contrasts. For the laterality index, a value of +1.0 indicates that all 

active voxels were located in the hemicord ipsilateral to the task while a value of −1.0 

indicates that all active voxels were located in the hemicord contralateral to the task. A 

Wilcoxon signed-rank test with a hypothesized median of 0 was performed to test for 

significant localization of the active voxels.

2.8 Peristimulus signal change

Peristimulus time series in percent signal change were generated for the preprocessed data, 

partial model fit, full model fit, and residuals for the left and right contrasts. The subject 

level time series were baseline corrected and then averaged across the subjects. The peak 

signal change of the partial model fit was reported as the peak percent signal change. A two-

tailed paired t-test was performed to compare signal change between the left and right 

contrasts.

2.9 Control analyses

As an additional control for false positives, the task results were compared to two different 

controls: a task control and a task free control. For the task control, the same 30 minute time 

series was reanalyzed using randomly generated task vectors with the same constraints as 

the task (i.e., the same number and duration of the blocks but different order and onset 

times). For the task free control, the 5 min task free run was analyzed using the task vectors 

from the first run of the session. For each subject, the number of active voxels and the 

average Z-score of the active voxels were calculated for each contrast (in standard space), 

and then the average across each pair of contrasts was calculated. To allow for comparison 

to the task free control, each run of the task was analyzed separately. The average number of 

active voxels and the average Z-score of the active voxels for each run were calculated for 

each contrast, and then the average across the six runs for each pair of contrasts was 

calculated. Comparisons between the task and control analyses were performed using two-

tailed paired t-tests. Group average activation maps were also generated for the task control 

and the task free control and compared to the properly analyzed group task results.
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2.10 Reliability

To investigate the reliability of the activity, the concatenated time series was split, and the 

first three runs (15 min) and the last three runs (15 min) were analyzed separately. The 

spatial localization of the activity was assessed at the group and subject level. Intraclass 

correlation coefficients (ICC) were calculated using the ICC Toolbox to assess the 

agreement of subject activations from run to run (Caceres et al., 2009). Reliability was then 

assessed across each of the six runs. A repeated measures analysis of variance was 

performed to assess for a linear increase or decrease in the number of active voxels and the 

average Z-score of the active voxels across the runs. For the reliability analyses, the group 

average activation maps were thresholded at a Zscore > 1.65 with no cluster thresholding.

2.11 Power analysis

To investigate the effect of the length of the time series on the activity, group and subject 

level analyses were performed on 5, 10, 15, 20, 25, and 30 min of the time series. For each 

length of the times series, the spatial localization of the activity was assessed, and the 

number of active voxels and the average Z-score of the active voxels were calculated. 

Additionally, for each length of data collection, the smallest sample size required for having 

80% power was calculated for the hemicord ipsilateral to the task at the C6 vertebral level 

using fMRI Power (Mumford and Nichols, 2008; Mumford et al., 2007). For the power 

analysis, the group average activation maps were thresholded at a Z-score > 1.65 with no 

cluster thresholding.

2.12 Multi-voxel pattern analysis

A trial-wise multi-voxel pattern analysis (MVPA) using a linear support vector machine 

classifier and leave-onerun- out cross-validation was performed to decode the left and right 

contrasts based on the activity patterns (Chang and Lin, 2011). The MVPA was performed 

at each vertebral level. 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.

2.13 Statistical testing

For all non-imaging statistical tests, an α < 0.05 was used as the threshold for statistical 

significance.

3. Results

All subjects successfully completed each run of data collection. No images were excluded 

due to motion artifacts. Motion correction improved the quality of the data as indicated by 

the increase in the average tSNR over the spinal cord. The average tSNR ± one SD 

significantly increased from 10.1 ± 1.7 arbitrary units (au) to 15.4 ± 2.1 au with the first 

phase of motion correction (t = 10.763, p < 0.001) and significantly increased from the first 

phase of motion correction to 16.2 ± 2.1 au with the second phase of motion correction (t = 

9.259, p < 0.001). Following all preprocessing steps (motion correction, slice-timing 

correction, temporal filtering, spatial smoothing), the average tSNR was 70.2 ± 12.2 au. 
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Spatial normalization from native space to standard space was successfully performed for 

each subject, and no data were excluded from the analyses.

3.1 Group level activity

Group spinal cord activity was detected for each of the contrasts as shown in Figure 1 while 

the task control resulted in no group activity. The left contrast resulted in activity primarily 

in the left hemicord, and the right contrast resulted in activity primarily in the right 

hemicord. Activity was more evenly distributed across the anterior and posterior hemicords, 

and the activity was localized primarily to the C6 vertebral level, which corresponds to the 

C7 spinal cord segment (Figures 1A and 2A). For the left > right and right > left contrasts, 

the activity was localized to the hemicord ipsilateral to the task with no activity in the 

contralateral hemicord. A broader superior-inferior distribution of the activity corresponding 

to the C5 to C8 spinal cord segments was present for the left > right and right > left contrasts 

(Figures 1B and 2B). Increasing the threshold to a Z-score > 2.58 (p < 0.005) for the left and 

right contrasts demonstrated activity localized to the ipsilateral anterior quadrant of the 

spinal cord (Figure 3). The inclusion of the motion parameters as noise regressors in the 

model (6 parameters or 6 parameters plus their derivatives) or the removal of outliers using 

FSL’s automatic outlier de-weighting had no appreciable effect on the group activity.

3.2 Subject level activity

Spinal cord activity was present for all subjects for each contrast. At the subject level, no 

significant localization of the activity to the left or right hemicord was present for the left 

contrast; however, for the right contrast, the activity was significantly localized to the right 

hemicord. For both the left > right and right > left contrasts, the activity was significantly 

localized to the hemicord ipsilateral to the task (Table 1A and Supplementary Figure 1A). 

No significant localization of the activity to the anterior or posterior hemicords was present 

for any of the contrasts (Table 1B and Supplementary Figure 1B). Increasing the Z-score 

threshold did not appreciably affect the localization of the activity at the subject level, and 

no lateralization of the activity was present for the task control or task free control (Table 1C 

and Supplementary Figure 2).

3.3 Peristimulus signal change

Across the subjects, the average peak signal change ± one between subject SD for the left 

and right contrasts was 0.49 ± 0.18% and 0.43 ± 0.14%, respectively, with the signal change 

for the left contrast being significantly higher than the right contrast (t = 2.259, p = 0.047). 

The average signal change across time for the remaining residuals was near zero (0.00 ± 

0.23% and 0.00 ± 0.15% for the left and right contrasts, respectively) (Supplementary Figure 

3).

3.4 Control analyses

3.4.1 Task control—Spinal cord activity was present for all subjects for each contrast for 

the task and task control (30 min concatenated time series). However, the average number of 

active voxels ± one SD for the left and right contrasts for the task was 267.1 ± 181.4, which 

was significantly greater than the task control (171.8 ± 114.2, t = 2.265, p = 0.047), and the 
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average Z-score of the active voxels ± one SD for the left and right contrasts for the task was 

2.23 ± 0.21, which was significantly greater than the task control (2.09 ± 0.11, t = 2.945, p = 

0.015). The number of active voxels for the left > right and right > left contrasts was 233.0 ± 

137.9, which was significantly greater than the task control (115.3 ± 39.4, t = 2.923, p = 

0.015), and the average Z-score of the active voxels for the left > right and right > left 

contrasts was 2.21 ± 0.25, which was significantly greater than the task control (2.00 ± 0.09, 

t = 2.926, p < 0.015). Overall, the spatial extent and magnitude of the activity of the task 

exceeded that of the task control (Figure 4A).

3.4.2 Task free control—Spinal cord activity was present for all subjects for each 

contrast for each of the task runs and the task free control run (5 min runs). However, the 

average number of active voxels across the six runs for the left and right contrasts for the 

task was 225.2 ± 100.9, which was significantly greater than the task free control (143.7 ± 

38.7, t = 2.389, p = 0.038), and the average Z-score of the active voxels across the six runs 

for the left and right contrasts for the task was 2.17 ± 0.12, which was significantly greater 

than the task free control (2.08 ± 0.06, t = 2.316, p = 0.043). The average number of active 

voxels across the six runs for the left > right and right > left contrasts was 238.3 ± 65.9, 

which was significantly greater than the task free control (159.8 ± 56.3, t = 3.745, p = 

0.004), and the average Z-score of the active voxels across the six runs for the left > right 

and right > left contrasts was 2.22 ± 0.11, which was significantly greater than the task free 

control (2.08 ± 0.09, t = 2.95, p = 0.014). Overall, the spatial extent and magnitude of the 

activity of the task exceeded that of the task free control (Figure 4B).

3.5 Reliability

Group activity was present when analyzing the first three runs (15 min) and the last three 

runs (15 min) separately. At the group and subject level, consistent lateralization of the 

activity to the ipsilateral hemicord was present for the left > right and right > left contrasts 

for both 15 min time series (Supplementary Figure 4 and Supplementary Table 1A). The 

median ICC ± one standard error for the left > right and right > left contrasts were 0.264 ± 

0.004 and 0.343 ± 0.007, respectively. Group activity was present for each 5 min run, and 

consistent lateralization of the activity to the ipsilateral hemicord was present for the left > 

right and right > left contrasts at the group and subject level for each run (Figure 5A and 

Supplementary Table 1B). The median ICC across the 5 min runs for the left > right and 

right > left contrasts were 0.074 ± 0.001 and 0.101 ± 0.002, respectively. No significant 

linear increase or decrease in the number of active voxels across the runs was present for the 

left > right (F = 0.435, p = 0.524) or right > left (F = 0.024, p = 0.880) contrasts, and no 

significant linear increase or decrease in the average Z-score of the active voxels across the 

runs was present for the left > right (F = 0.791, p = 0.395) or right > left (F = 1.1501, p = 

0.347) contrasts.

3.6 Power analysis

Group activity was present for each of the 5, 10, 15, 20, 25, and 30 min time series. 

Lateralization of the activity was present at the group and subject level for each length of the 

time series (Figure 5B and Supplementary Table 1C). Based on the group activation maps, 

the activity appeared to remain consistent after 20 min of data collection. The number of 
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active voxels and the average Z-score of the active voxels tended to increase with increasing 

lengths of the time series (Supplementary Figure 5). The number of subjects required for 

80% power to detect activity in the ipsilateral hemicord at the C6 vertebral level tended to 

decrease with increasing lengths of the time series (Figure 5C). At 30 min, the left and right 

contrasts required 20 and 26 subjects, respectively, for 80% power, while the left > right and 

right > left contrasts required 13 and 30 subjects, respectively.

3.7 Multi-voxel pattern analysis

MVPA was able to successfully decode the left and right contrasts better than chance at the 

C6 (average percent accuracy ± one SD = 58.2 ± 6.9%, t = 3.960, α/4 = 0.013, p = 0.003) 

and C7 (average percent accuracy = 58.2 ± 8.3%, t = 3.271, α/4 = 0.013, p = 0.008) 

vertebral levels (Figure 6B). Across the C6 to C7 vertebral levels, MVPA was able to 

decode the left and right contrasts better than chance in the anterior hemicord (average 

percent accuracy = 58.6 ± 10.3%, t = 2.755, α/2 = 0.025 p = 0.020) and posterior hemicord 

(average percent accuracy = 57.8 ± 6.6%, t = 3.963, α/2 = 0.025, p = 0.003). MVPA was 

also able to decode the left and right contrasts better than chance in the left hemicord 

(average percent accuracy = 58.5 ± 7.2%, t = 3.910, α/2 = 0.025, p = 0.003) but not the right 

hemicord (average percent accuracy = 55.9 ± 8.3%, t = 2.361, α/2 = 0.025, p = 0.039) 

(Figure 6C).

4. Discussion

This study demonstrated the feasibility of using fMRI to measure motor-related activity in 

the cervical spinal cord of healthy subjects at the group and subject level using a left- and 

right-sided isometric wrist flexion task. The activity exceeded the spatial extent and 

magnitude of the control analyses, and the activity was anatomically specific and reliable 

across the runs. The average percent signal change was 0.49 ± 0.18% and 0.43 ± 0.14%, for 

the left and right contrasts, respectively, which is consistent with previous studies (Giulietti 

et al., 2008). Further, we were able to use MVPA to decode the left and right contrasts. 

Based on these reasons, the activity is likely representative of underlying physiological 

processes and not due to artifact.

Several muscle groups work synergistically to create flexion forces across the wrist. The 

main wrist flexors are flexor carpi radialis, which receives innervation from the ipsilateral 

C6 and C7 spinal cord segments, and flexor carpi ulnaris, which receives innervation from 

the ipsilateral C7 and C8 spinal cord segments. In addition, the tendons of flexor digitorum 

superficialis (innervation from the ipsilateral C7, C8, and T1 spinal cord segments), palmaris 

longus (innervation from the ipsilateral C7, C8, and T1 spinal cord segments), and flexor 

digitorum profundus (innervation from the ipsilateral C8 and T1 spinal cord segments) cross 

the wrist, and these muscles can also contribute to flexion forces across the wrist. Therefore, 

contributions from the C6 to T1 spinal cord segments were predicted to contribute to the 

wrist flexion task (Moore et al., 2014). For the left and right contrasts, the group activity was 

localized primarily to the C7 spinal cord segment. For the left > right and right > left 

contrasts, the group activity had a broader superior-inferior distribution extending across the 

C5 to C8 spinal cord segments. Activity in the C5 spinal cord segment was not expected and 
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may be due to some coactivation of the arm and shoulder muscles to stabilize the upper 

extremity during force production across the wrist (Osu and Gomi, 1999). The lack of 

activity in the T1 spinal cord segment suggests that the contribution from the T1 spinal cord 

segment was less or absent. Future studies could include multi-channel electromyography 

(EMG) measurements in order to disentangle the contributions of the different muscle 

groups to the activity in the different spinal cord segments. The broader superior-inferior 

distribution of the activity for the left > right and right > left contrasts may demonstrate that 

modeling the difference between the tasks was more sensitive than modeling the tasks 

relative to baseline. Previous spinal cord fMRI motor studies have only modeled the task 

relative to baseline.

The major finding was that the activity was lateralized to the hemicord ipsilateral to the task, 

which is consistent with the present understanding of the anatomy and function of the spinal 

cord. The ipsilateral anterior activity likely represents motoneuron activity. The motoneuron 

cell bodies responsible for wrist flexion are located in the ipsilateral anterior horn of the 

spinal cord within the C6 to T1 spinal cord segments (Moore et al., 2014), and their 

activation by descending inputs is required for voluntary force production across the wrist 

(Tansey and Botterman, 1996). The ipsilateral posterior activity likely represents task-

related sensory input into the cord. Muscle contraction and force production across the wrist 

results in the activation of cutaneous, joint, and muscle afferents, which largely synapse in 

the ipsilateral anterior and posterior horns of the spinal cord at the same spinal segments 

(Bessou et al., 1986). For the left and right contrasts, the group activity was localized 

primarily to the hemicord ipsilateral to the motor task. Some activity extended into the 

contralateral hemicord, and the overlap of activity was mainly in the intermediate zone of 

the spinal cord. The overlap of activity may represent areas of combined neural processing 

for both the left and right tasks as descending projections from the primary motor cortex 

have been shown to synapse in the intermediate zone of the ipsilateral and contralateral 

hemicords in primates (Kuypers and Brinkman, 1970). The overlap may also be an artifact 

as a result of spatial smoothing. In this study, a 4 mm FWHM 3D Gaussian kernel was used 

for smoothing. In a preliminary analysis, this level of smoothing was determined to be 

optimal to smooth across the slices (slice thickness = 3 mm). A future study will explore the 

effect of different smoothing parameters on the spatial extent, magnitude, and location of the 

activity in the spinal cord. For the left > right and right > left contrasts, the activity was 

localized entirely to the hemicord ipsilateral to the motor task with no activity in the 

contralateral hemicord. Based on this finding, the areas of overlap for the left and right 

contrasts were approximately equal in signal change when compared to baseline.

With the a priori levels of significance, no significant localization of the activity to the 

anterior or posterior hemicord was present at the group or subject level. When increasing the 

significance threshold (decreasing the p-value) at the group level, the activity was localized 

to the ipsilateral anterior quadrant of the spinal cord, which suggests that the signal change 

from motoneuron activity was greater than that of the sensory input. At the subject level, 

increasing the significance threshold level resulted in some subjects having no significant 

activity and did not appreciably affect the AP localization of the signal.
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For the left > right and right > left contrasts, the lateralization of the activity to the ipsilateral 

hemicord was present for both 15 min time series and across each of the 5 min runs at both 

the group and subject level. Despite the reliability of the lateralization, the superior-inferior 

distribution of the group activity varied accounting for the low ICC between the 15 min time 

series and the even lower ICC across the 5 min runs. Greater consistency of the activity was 

expected, and overall, the underlying reason for the variability is unknown. The number of 

active voxels and the average Z-score of the active voxels did not significantly increase or 

decrease across the runs, and no subjects reported fatigue from the task. Perhaps, the 

subjects varied their flexion force or motor control strategy across the runs, as multiple 

muscles can produce flexion forces across the wrist. Considering this hypothesis, the boxcar 

model may be insufficient to account for the variability in the force output or motor control 

strategy across the runs, and possibly modeling the fMRI signal using the wrist flexion force 

or EMG signals from multiple muscles would account for this variability and result in more 

stable activation maps across the runs.

Our results support the findings of the study by Maerion et al. (Maieron et al., 2007). In this 

study, thirteen healthy subjects performed a left or right thumb to finger apposition task in a 

block design. The left or right tasks were compared to baseline, and the number of active 

voxels for the task was compared to a task free control similar to the current study. No 

spatial normalization of the subject level analyses was performed, so no group average 

activation maps were generated. The findings from the study demonstrated that the number 

of active voxels during the task significantly exceeded that of the control and the activity 

was lateralized to the hemicord ipsilateral to the task across the subjects. For the spatial 

analysis, the study used the total number of active voxels in each hemicord and made 

comparisons with paired t-tests. In comparison, the current study calculated LR indices, 

which normalized the location of the activity based on each subjects overall activity level. 

We found that the distribution of the LR indices was not normal so non-parametric tests 

were used in this study. The differences in methods may account for the lack of significant 

localization of the activity to the left hemicord for the left contrast in the current study.

The general linear model uses an encoding model to determine the pattern of activity given 

the experimental conditions (i.e., left- or right-sided motor task). In contrast, MVPA uses a 

decoding model to determine the likelihood of the experimental conditions given the pattern 

of activity (Naselaris et al., 2011). In this study, both encoding and decoding analyses were 

employed. Not only were we able to demonstrate the lateralization of the spinal cord activity 

using an encoding model, but we were also successfully able to use a decoding model to 

determine the likelihood of the experimental conditions given the pattern of activity. While 

the overall accuracy of the decoding model was low, the results demonstrated that sufficient 

information was present in the pattern of spinal cord activity to successfully decode the 

experimental conditions.

In this study, we used the ZOOMit selective field-of-view imaging sequence on a 3.0 T 

Siemens Prisma MR scanner. Specifically, the sequence uses a parallel transmit system to 

only excite the volume of interest. This allows the use of a reduced field-of-view while 

preventing aliasing. The reduced field-of-view decreases the number of phase encoding 
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steps, which allowed for high resolution imaging (1.0 × 1.0 × 3.0 mm3) of the entire cervical 

spinal cord enlargement with a sampling period of 2.5 s in this study.

Few spinal cord fMRI studies have spatially normalized the subject level analyses to a 

standard space template to allow for the generation of group activation maps (Brooks et al., 

2012; Cahill and Stroman, 2011; Eippert et al., 2009). In this study, the Spinal Cord Toolbox 

was used for spatial normalization; the Spinal Cord Toolbox is an open source software 

package specifically designed for spinal cord imaging (Cohen-Adad et al., 2014; Fonov et 

al., 2014). The toolbox allowed for robust normalization of the subject level analyses to a 

standard template, which likely had a major contribution to the significant group activity and 

spatial localization of the activity in this study. Despite the robust normalization to the 

template, much across subject variation exists in the location of the spinal cord segments in 

relation to the vertebral bodies (Cadotte et al., 2015). The effects of this variation on the 

present results are unknown. Accounting for this variation with more advanced 

normalization algorithms should allow for even more robust and accurate group analyses 

along the superior-inferior axis.

The majority of spinal cord fMRI studies have attempted to detect activity from sensory 

stimulation. While spinal cord fMRI has much potential for studying sensory processing, 

several factors can influence sensory processing in the spinal cord (e.g., adaptation and 

sensitization), and these factors could potentially complicate the fMRI signal in the spinal 

cord influencing its detection and interpretation (Andrew and Greenspan, 1999; Bensmaia et 

al., 2005). Motor studies on the other hand may provide a more optimal experimental 

paradigm for further characterizing the signal in spinal cord fMRI because the motoneuron 

activity can be measured noninvasively by taking force and EMG measures (De Luca et al., 

1982; Henneman et al., 1965; Lippold, 1952). Future studies could model the spinal cord 

signal using the force and EMG measures to more robustly detect motoneuron activity.

5. Conclusion

We were able to robustly detect cervical spinal cord activity at the group and subject level. 

The activity was lateralized to the ipsilateral hemicord, and the activity was reliable.
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Highlights

fMRI was used to detect motor-related activity in the cervical spinal cord

Subjects performed a left- and right-sided isometric wrist flexion task

Significant activity was detected and exceeded the control analyses

Activity was lateralized to the ipsilateral hemicord at the group and subject level

The lateralization was reliable across the runs at the group and subject level
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Figure 1. 
A) Group average activation maps (1 coronal, 2 sagittal, and 3 axial slices) resulting from 

the left (red-yellow) and right (blue-light blue) contrasts (overlap in green). B) Group 

average activation maps (1 coronal, 2 sagittal, and 3 axial slices) for the left > right (red-

yellow) and right > left (blue-light blue) contrasts. For A and B, the average activation maps 

were thresholded at a Z-score > 1.65 with a cluster threshold of p < 0.05 to correct for 

multiple comparisons. The task control resulted in no group activity at this threshold. C) 

Legend showing location of the coronal, sagittal, and axial slices on the standard spinal cord 

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

constant across all figures. L = left, R = right, S = superior, I = inferior, A = anterior, P = 

posterior.
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Figure 2. 
Location of the group average activity shown in Figure 1. A) The left contrast resulted in 

activity primarily in the left hemicord, and the right contrast resulted in activity primarily in 

the right hemicord. Activity was more evenly distributed across the anterior and posterior 

hemicords. In the superior-inferior direction the activity was localized primarily to the C6 

vertebral level, which corresponds to the C7 spinal cord segment. B) For the left > right and 

right > left contrasts, the activity was localized to the hemicord ipsilateral to the task with no 

activity in the contralateral hemicord. A broader superior-inferior distribution of the activity 

was also present. % = percentage of the active voxels located in the corresponding hemicord 

or vertebral level.
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Figure 3. 
Increasing the threshold on the group average activation maps to a Z-score of 2.58 (p < 

0.005) resulted in activity localized to the ipsilateral anterior quadrant of the spinal cord.
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Figure 4. 
For the task, task control, and task free control, the number of active voxels and the average 

Z-score of the active voxels were calculated for each subject and compared as a control for 

false positives. The task resulted in more active voxels with a greater average Z-score than 

both the task control (A) and task free control (B). *p < 0.05 and **p < 0.01.
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Figure 5. 
A) Group average activation maps (coronal slices) for each run of the task for the left > right 

(yellow-red) and right > left (blue-light blue) contrasts. For each run of the task, the activity 

was primarily localized to the hemicord ipsilateral to the task. The average group activity 

and consistency maps across the six runs were calculated for comparison. The average group 

activity and consistency maps demonstrated lateralization of the activity to the 

corresponding hemicord. In comparison, the task free control resulted in areas of activity, 

but the activity was not localized to a specific region of the spinal cord. The activation maps 

were thresholded at a Zscore > 1.65 with no cluster thresholding. The task consistency map 

shows the percentage of the six task runs that a voxel was active. B) Group average 
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activation maps for increasing lengths of the time series are shown. Overall, the activity 

detected appears to remain consistent after 20 min of data collection. The group average 

activation maps were thresholded at a Z-score > 1.65 with no cluster thresholding. C) The 

number of subjects required for 80% power to detect activity in the ipsilateral hemicord at 

the C6 vertebral level was calculated for each time series length. The solid line represents 

the average of the contrasts. At 30 min, the left and right contrasts required 20 and 26 

subjects, respectively, for 80% power, while the left > right and right > left contrasts 

required 13 and 30 subjects, respectively.
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Figure 6. 
A) Across subject trialwise consistency maps (1 coronal, 2 sagittal, and 3 axial slices) for the 

left (yellow-red) and right (blue-light blue) contrasts (overlap in green). The consistency 

maps show the percentage across all trials and all subjects that a voxel was active (Zscore > 

1.65). Overall, the consistency maps demonstrate lateralization of the activity to the 

hemicord ipsilateral to the task at the trial level. B) Percent accuracy of the trialwise multi-

voxel pattern analysis (MVPA) at each vertebral level is shown. MVPA was able to decode 

the left and right contrasts at the C6 and C7 vertebral levels better than chance. C) Trialwise 
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MVPA was then performed across the C6 to C7 vertebral levels in the anterior, posterior, 

left, and right hemicords. At C6 to C7, MVPA was able to decode the left and right contrasts 

in the anterior, posterior, and left hemicords. *p < 0.05 and **p < 0.01. A = anterior, P = 

posterior, L = left, and R = right.
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