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Abstract
Functional magnetic resonance imaging (fMRI) studies have demonstrated alterations dur-

ing task-induced brain activation in spinal cord injury (SCI) patients. The interruption to

structural integrity of the spinal cord and the resultant disrupted flow of bidirectional commu-

nication between the brain and the spinal cord might contribute to the observed dynamic

reorganization (neural plasticity). However, the effect of SCI on brain resting-state connec-

tivity patterns remains unclear. We undertook a prospective resting-state fMRI (rs-fMRI)

study to explore changes to cortical activation patterns following SCI. With institutional

review board approval, rs-fMRI data was obtained in eleven patients with complete cervical

SCI (>2 years post injury) and nine age-matched controls. The data was processed using

the Analysis of Functional Neuroimages software. Region of interest (ROI) based analysis

was performed to study changes in the sensorimotor network using pre- and post-central

gyri as seed regions. Two-sampled t-test was carried out to check for significant differences

between the two groups. SCI patients showed decreased functional connectivity in motor

and sensory cortical regions when compared to controls. The decrease was noted in ipsilat-

eral, contralateral, and interhemispheric regions for left and right precentral ROIs. Addition-

ally, the left postcentral ROI demonstrated increased connectivity with the thalamus

bilaterally in SCI patients. Our results suggest that cortical activation patterns in the sensori-

motor network undergo dynamic reorganization following SCI. The presence of these

changes in chronic spinal cord injury patients is suggestive of the inherent neural plasticity

within the central nervous system.
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Introduction
Spinal cord injury (SCI) is a serious problem in the United States and worldwide. The global
incidence is 40–80 cases per million population with up to 90% of the cases caused by a trau-
matic event. The estimates for the annual incidence and the total number of people living with
SCI in US are approximately 12,500 and 276,000 respectively. The most common cause for the
traumatic episode is motor vehicle collisions, implicated as the cause in over a third of the
reported cases. Lifetime costs associated with SCI based on 2013 calculations range from 1.1
million– 4.7 million USD depending on factors like patient age, time since injury, level and
severity of injury [1].

The spinal cord as part of the central nervous system (CNS) connects the brain and the
peripheral nervous system (PNS). SCI interrupts this relationship by damaging sensory and
motor nerve bundles functioning as conduits for afferent and efferent impulses respectively.
Dysfunction ensues below the spinal cord lesion following the neural disconnect which results
in loss of functioning efferent response and generation of appropriate afferent feedback. The
intact rostral cortical structures also suffer from loss of afferent feedback and consequently gen-
erate impaired efferent response [2–5]. The distortion to input/output balance of neural
impulses is transmitted throughout the neuraxis with subsequent structural and functional
implications [6–12].

A number of task-induced fMRI studies have demonstrated rearrangement of cortical acti-
vation patterns in the form of spatial shifts of activation maps towards secondary brain areas in
SCI patients [6, 7, 13–18]. However, task-based fMRI studies lack standardized protocols for
application of motor tasks across different SCI injury grades [19]. Resting-state fMRI (rs-
fMRI) is unaffected by differences in task protocols as it detects spontaneous low-frequency
fluctuations in the blood oxygenation level-dependent (BOLD) contrast signal in the absence
of a voluntary activity i.e when the patient is at rest [20]. The demonstration of altered resting-
state functional cortical circuitry in conditions like Alzheimer's disease [21, 22], multiple scle-
rosis [23], amyotrophic lateral sclerosis [24] and stroke [25, 26], further points towards the util-
ity of using rs-fMRI for the functional mapping of the cortical regions in SCI patients.

Animal studies on resting-state connectivity in SCI have demonstrated changes between dif-
ferent regions of sensorimotor cortex [27, 28]. However, how these alterations in activation
patterns of the sensorimotor network affect the overall resting state connectivity in SCI patients
is not yet understood In humans, studies looking at changes in cortex have been focused on
more acute timeframes and have studied multiple spinal cord injury grades [29–31]. To our
knowledge, no one has studied the application of rs-fMRI in chronic SCI subset exclusively,
with focus on cervical SCI cases. Therefore, we propose a prospective seed-based rs-fMRI study
to investigate how the cortical sensorimotor networks are reorganized through neuronal plas-
ticity after complete SCI.

Methods

Subjects
Eleven subjects with chronic cervical SCI having injury duration of more than 2 years with no
history of associated traumatic brain injury (TBI) and nine age and sex matched, motor and
sensory intact, healthy volunteers took part in the study. SCI subjects were recruited at the
Froedtert Hospital, Milwaukee, Wisconsin. All participants were scanned at the Center for
Imaging Research, Medical College of Wisconsin after signing written consent forms. All pro-
cedures were approved by the Institutional Review Boards of the Medical College of Wisconsin
and the VA health system. Table 1 provides demographic details about the study participants.
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SCI subjects with American Spinal Injury Association (ASIA) Impairment Scale A (AIS A),
corresponding to complete spinal cord injury were selected from a chart review. Inclusion cri-
teria for spinal cord injury patients included: age 18–75 years old, cervical spinal cord injury
level and greater than 24 months from time of injury to participation in study. Exclusion crite-
ria included presence of associated traumatic brain injury, decreased cognition and inability to
comprehend commands, active bladder or other infection, severe contractures, cardiac
arrhythmias on pacemakers or other implanted materials, history of gunshot wounds, eye inju-
ries or any implanted materials not on the approved list for MR compatibility, subjects with
metal plates implanted in the head, deformities of the skull or seizure disorders, and inability
to consent for procedures. Table 2 summarizes the inclusion and exclusion criteria used for the
study.

MR Imaging and Functional MR Imaging
All SCI subjects were scanned using a whole-body 3.0 T Signa GE scanner (Waukesha, Wis-
consin) with a multi channel head and neck coil. For imaging, participants were positioned
supine on the gantry of the scanner with the head in a midline location in a purpose built
multi-channel head coil and stabilized by clamps to reduce motion related artifact during

Table 2. Recruitment Criteria.

Inclusion

Age 18–75 years

Cervical spinal cord injury

ASIA impairment grade A

Disease duration greater than 24 months

Exclusion

Associated TBI, Seizure disorder

Decreased Cognition, Inability to consent

Active Infection

Severe contractures

Cardiac arrhythmias with pacemaker

Hx of gun shot wound

Hx of non MR approved implanted materials

TBI: traumatic brain injury; Hx: history; MR: magnetic resonance.

doi:10.1371/journal.pone.0150351.t002

Table 1. Demographic and clinical characteristics of study participants.

Characteristics SCI Patients Controls

Participants 11 9

Mean age (years) 41.3 ± 15.3 41.6 ± 20.0

Gender (male: female) 11: 0 9: 0

Mean disease duration (years) 11.8 ± 9.1 -

Level of injury (# of participants) C4(1), C5(1), C6(4), C7(5) Neurologic intact

Mechanism (# of participants) MVA(4), Diving(3), Machine(1), Fall(1), MCC(2) -

SCI: spinal cord injury; MVA: motor vehicle accident; MCC: motorcycle crash.

Unless otherwise indicated, data are presented as mean ± standard deviation.

doi:10.1371/journal.pone.0150351.t001
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scanning. During the resting-state acquisitions the study participants were instructed to close
their eyes, relax, and stay awake.

High-resolution anatomical images of the brain were obtained using T1-weighted spoiled
gradient-recalled (SPGR) pulse sequence with TR = 8.2 ms, TE = 3.2 ms, FOV = 24 cm2, image
matix = 256 x 192, NEX = 1, slice thickness = 1 mm with no gaps and one excitation-per-phase
encoding step for a scan time of 8.5 min. Next, functional imaging was collected, using gradi-
ent-echo echo-planar imaging (EPI) pulse sequence with TR = 2000 ms, TE = 25 ms, FOV = 24
cm2, image matrix = 64 x 64, bandwidth = 250 kz, slice thickness = 3.5 mm with no gaps,
image orientation = sagittal and repetitions (time points) = 300 for a scan time of 8 min. A
total of 8640 images were obtained with voxel resolution of 3.75 x 3.75 x 4 mm3.

Preprocessing of scanner data
The preprocessing of MR scanner DICOM data was carried out offline using Analysis of Func-
tional Neuroimaging (AFNI) software (http://afni.nimh.nih.gov.afni) and MATLAB programs
(The MathWorks Inc., Natick, MA) as summarized in Fig 1. Preprocessing was initiated by the
creation of 3D basic datasets from raw scanner 2D image data files for anatomical (SPGR) and
functional data (to3d, AFNI). The parameters required for 3d conversion include number of
slices = 41, number of volumes = 240 and repetition time = 2 secs with slices acquired in an
interleaved fashion in the z-direction. Signal spike artifacts are then removed from the 3D data-
set time series by interpolating data from neighboring time points with spikes defined as data
points greater than 4 standard deviations from the mean of the time series (3dDespike, AFNI).
The first five volumes of the time series were discarded to accommodate for fluctuations
induced while longitudinal magnetization became stabilized.

Subsequent to removal of signal outliers and initial volumes, rigid body correction is per-
formed for head motion along the three translational (x, y, and z) and the three rotational
parameters (roll, pitch, and yaw). The motion correction involves default iterated least-square
minimization using the higher-order Fourier interpolation with co registration of all functional
volumes to base volume 10 of the given datatset (3dvolreg, AFNI). Further, detrending is done
to remove mean, linear and quadratic trends to focus the data analysis on signal fluctuation
present in the dataset (3dDetrend, AFNI).

The next step is removal of physiological artifacts as they impact detection of brain activa-
tion. Independent measurements of cardiac and respiratory variables followed by removal of
changes in the image intensity in phase with the physiological cycle is done as part of retrospec-
tive image correction (RETROICOR) (3dretroicor, AFNI) [32]. Another source of artifacts is
signals from the white matter (WM) and the cerebrospinal fluid (CSF). The removal of WM
and CSF signals involves the masks using segmentation done with Statistical Parametric Map-
ping (SPM) software package for Matlab. The masks created for the WM and the CSF are con-
verted to the resolution of the functional dataset (3dfractionize, AFNI) and the average
timecourses within these masks are estimated and regressed out from the rs-fMRI data (3dmas-
kave and 3dDeconvolve, AFNI). The six-motion vectors were regressed out from each voxel
time series (3dDeconvolve, AFNI). Finally, a temporal band-pass filter is applied to allow for
low-frequency fluctuations within 0.015–0.1 Hz frequency range and the data was smoothed
spatially (FWHM = 6 mm) [33–35].

Generation of seed-based correlation maps
A seed-based approach was employed to determine the resting-state functional connectivity
for selected regions of interest (ROI) [36]. Primary motor and sensory cortical areas were cho-
sen as the ROIs for data analsyis. Time course for each voxel inside any choses ROI is averaged
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Fig 1. Overview of Data Process. Top to bottom: Data acquisition, preprocessing to obtain individual sensorimotor network maps, and statistical analysis
for group-level comparisons. SCI, spinal cord injury; con, control; SPGR, spoiled gradient-recalled echo sequence; fmri, functional magnetic resonance
imaging; rsFMRI, resting state functional magnetic resonance imaging; WM, white matter; CSF, cerebrospinal fluid; SMN, sensory motor network.

doi:10.1371/journal.pone.0150351.g001
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and correlated with all the other voxels in the brain (3dDetrend, AFNI). The seed regions or
ROIs were based on Anatomical Automatic Labeling (AAL) template and included, individu-
ally, the left and right precentral and postcentral gyrus [37].

The SPGR and rs-fMRI data were spatially transformed to the Talairach template coordi-
nates, (adwarp, AFNI), and resampled to 2-mm isotropic voxels. Correlation maps based on
Pearson cross-correlation (r) coefficients were generated. These coefficients were converted to
z values via Fisher’s transformation for normal distribution and whole-brain functional con-
nectivity maps were generated for each subject. These individual functional connectivity maps
were averaged across both groups of subjects. The functional connectivity maps for every seed
were compared at the group level between the SCI patients and healthy volunteers using two-
sampled t-tests with p<0.05 considered statistically significant [34]. For determining the clus-
ter size, Monte-Carlo simulation based multiple comparison correction was performed using
3dClustSim program from AFNI (cluster size = 444 voxels).

Results
In the present study, correlating the average time course for each ROI with all the other brain
voxels generated functional connectivity maps for individual subjects. Subsequently, subject-
specific correlation maps, generated for each participant, were compared between both groups
to determine statistically significant altered connectivity. A two-sampled t-test comparison
revealed decreased connectivity in the SCI group across primary sensorimotor areas for both
the motor and sensory ROIs as shown in Fig 2 and Table 3.

The motor ROIs included the left and the right precentral gyrus. The left precentral gyrus
showed decreased connectivity with bilateral primary motor as well as sensory regions. The
same was found to hold true for the right precentral gyrus. Further, for both the motor ROIs, a
decrease was noted in the interhemispheric region that serves as a connection between the pri-
mary motor and sensory areas.

The sensory ROIs included the left and the right postcentral gyrus. The left postcentral ROI
produced similar results when compared with regions of sensorimotor cortex. Similar to motor
ROIs, a correlational decrease was noted with the interhemispheric region connecting the pri-
mary sensorimotor areas. However, the right postcentral gyrus failed to demonstrate increased
or decreased connectivity pattern with other sensorimotor regions. Changing the value to
p = 0.1 lead to similar findings in left postcentral gyrus as seen with the other ROIs. For the
purpose of our analysis, we have only included results that showed significance at p = 0.05.

In addition, both the left sensory ROI demonstrated altered connectivity with the thalamus.
The group comparison showed increased connectivity with thalami on both sides. However,
corresponding differences in connectivity with the thalami were not observed for the left or
right motor ROIs at the given level of significance (p = 0.5).

Discussion
The present study has analyzed the sensorimotor network activation patterns during the rest-
ing-state in the later stages of SCI. The neural damage in SCI results in structural and func-
tional alterations throughout the neuraxis [6–11, 19]. The present connectivity assessment is
based on scans conducted with patients awake yet resting with eyes closed. The data analysis
benefits from the absence of a task paradigm during data collection, thereby, removing a poten-
tial source of variability [19, 38]. The distinct connectivity patterns observed between the study
groups highlights the utility of rs-fMRI in visualizing changes to distant structures of the neur-
axis that do not suffer direct damage. The demonstration of altered resting state patterns and
the interdependence between task independent (resting) and dependent networks might
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improve our understanding of the relation between resting state reorganization of cortex and
modification of bodily function in patients with SCI [25, 39].

The sensorimotor cortex shows reduced functional connectivity in SCI patients compared
to controls in our study. The distortion to input/output signal transmission due to injury might
cause spatial shifts of cortical activation areas or reduction in intrinsic activations [40]. The
spatial shifts, inherent decreases or a combination of both might play a role in the patterns
observed in the present analysis. Evidence from task based functional studies in animals and
humans demonstrate the existence of spatial shifts in cortical activation patterns, which tend to
gravitate medially and posteriorly. The shifts occur due to expansion of the adjoining inner-
vated parts into deafferented regions of the cortex with expansion of intact areas shown to start

Fig 2. Changes in resting-state functional connectivity of sensorimotor network between SCI patients and controls with each row corresponding
to a specific ROI. Left column, Location of ROIs. Remaining columns, Clusters showing significant difference in functional connectivity. Color-coded
statistical t-value maps (corrected p<0.05) showing positive and negative correlation (coded in yellow to light blue). Blue colors signifying negative t-values
indicating SCI patients have lower connectivity to corresponding ROI compared to controls and vice versa (z-coordinates of cross sections are reported in
Talairach space). SCI, spinal cord injury; ROI, region of interest.

doi:10.1371/journal.pone.0150351.g002
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as early as days post injury [4, 14, 18, 41, 42]. The detection of modified BOLD signal correla-
tions in the sensorimotor network indicates that the brain undergoes dynamic functional
remolding subsequent to distant spinal cord injury.

The presence of altered activation patterns in chronic SCI patients several years post injury
shows that neural plasticity leads to lasting alterations to the resting state functional connec-
tions between discrete cortical and subcortical structures. The patient group comprises of
patients with injury duration of more than two years. The amount of time elapsed might have
an influence on the observed activation patterns [43].

Previously, positive correlation has been observed between the severity of spinal cord injury
and derangement in measures of structural connectivity like fractional anisotropy (FA) at dis-
tant cord regions, indicating severity of the injury influences structural connectivity at distant
sites [6]. It is observed that the more severe the spinal cord injury, the greater the distortion in
afferent and efferent signal transmission. Our dataset is limited to the complete SCI patients
(ASIA A), the most severely injured group. The seed regions used in the analysis are not

Table 3. Brain regions showing significantly altered functional connectivity in SCI patients.

Seed ROI (gyrus) SMN Connected Region Side Talairach coordinate
(RAI)

Cluster size (mm3) Peak t value

x y z

SCI patients < controls
R Precentral Precentral gyrus R -47 16 43 15392 -4.16

Postcentral gyrus R -24 51 48 -4.29

SMA R -10 22 67 -2.31

Superior parietal lobule R -23 53 48 -4.33

Paracentral lobule R -10 36 68 -2.81

Postcentral gyrus L 17 37 71 -3.55

Paracentral lobule L 10 42 68 -3.91

L Precentral Precentral gyrus L 31 25 66 4664 -3.92

Postcentral gyrus L 19 35 71 -3.75

Superior parietal lobule L 17 49 61 -3.34

Paracentral lobule L 9 41 64 -3.38

Precentral gyrus R -35 21 63 6928 -3.43

Postcentral gyrus R -14 41 55 -3.65

Superior parietal lobule R -25 59 62 -4.35

Paracentral lobule R -11 41 57 -3.54

L Postcentral Precentral gyrus L 25 21 51 9968 -3.94

Postcentral gyrus L 27 39 47 -3.27

Superior parietal lobule L 19 57 29 -3.99

Paracentral lobule L 8 38 64 -2.71

Precentral gyrus R -35 30 52 6840 -3.35

Postcentral gyrus R -35 30 49 -3.51

Superior parietal lobule R -25 61 60 -4.58

SCI patients > controls
L Postcentral Thalamus L 12 31 4 6008 3.50

Thalamus R -13 29 6 3.90

SCI: spinal cord injury; ROI: region of interest; SMN: sensorimotor network; RAI: right-anterior-inferior; SMA: supplementary motor area; p < 0.05,

corrected by 3dClustSim.

doi:10.1371/journal.pone.0150351.t003
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directly connected to the cord, unlike the structure connectivity example mentioned above.
However, we believe that the severity of the injury might have an influence on the resulting
change in connectivity patterns observed. Further, all patients had cervical spine injuries,
which destroy a greater fraction of the afferent/efferent axons in comparison to injuries to the
thoracic cord with subsequent greater effects on the brain.

The ROIs (as per AAL template) chosen to represent the motor cortex included the left and
the right precentral gyrus. These ROIs represent primary motor areas. The patient population
contained subjects with complete cervical cord injury. This meant that all patients had com-
plete paralysis of lower limbs with varying degrees of function in the upper extremities. It is
theorized that the complete lack of inputs and subsequent outputs would manifest as a distinct
change on account of the neural plasticity of the human brain and expansion of intact cortical
areas to compensate for denervated areas. Hence, measurement of resting correlations of pri-
mary motor areas in such a population would yield data with a high probability of measuring
significant alterations. The individual precentral gyrus or primary motor area (M1) showed
decrease connectivity with their own self, the contralateral precentral gyrus, the inter hemi-
spheric area connecting the two primary motor areas and with the primary sensory areas (S1)
on both sides. Our data is supported by demonstration of similar results in acute SCI, pointing
to a decline in motor output early in the process. [31]. This might be due to a change in the
responsiveness of cortical circuits of inhibitory nature with an increase causing a reduction in
the excitation of motor efferents [44].

The ROIs for somatosensory cortex were left and right postcentral gyri, representative of
primary sensory cortex (S1). The left postcentral gyrus showed decreased connectivity with pri-
mary sensorimotor areas in SCI patients similar to that seen with motor ROIs. There was also a
decrease in interhemispheric connectivity between the two primary sensory areas. These find-
ings coupled with the results of both the motor ROIs point to possible decreased interhemi-
spheric communication in the resting state. The decrease is possibly due to loss of
synchronization between sensorimotor areas of both the cerebral hemispheres consequent to
input/output imbalance. The right postcentral ROI did not show any significant finding at
p = 0.05 but showed similar findings at p = 0.1, which could mean that right sensory ROI
might be showing the same effects as observed with other ROIs and might benefit from a larger
sample size. More importantly, the trend for both sensory ROIs points towards decreased con-
nectivity with sensory and motor areas. Interestingly, the left sensory ROI showed increased
connectivity with bilateral thalami. This might be the result of thalami overcompensating for
the decrease in input received from caudal structures and could be influenced by factors such
as disinhibition of latent synapses or sprouting of new synapses. Furthermore, many SCI
patients complain of neuropathic pain, which might have a resultant effect on functional con-
nectivity at rest [45].

A number of factors warrant consideration in furthering our understanding of the neural
plasticity in chronic SCI. The present study is constrained by the relatively few number of sub-
jects in both groups. The small sample size raises the issue of statistical power for which power
analysis using the bootstrap method was performed (S1 File). The result showed that approxi-
mately 10 subjects per group are required to achieve a power of 0.80 for detection of group dif-
ference (for detailed explanation of power analysis refer to S1 File). The sample size in this
study is roughly equivalent to the number calculated by power analysis. However, the study
could benefit form having a larger sample size. Further, the severity and the level of injury
could impact the progression of connectivity alterations at supra spinal levels post SCI [6]. The
present analysis was limited to cervical cases but comparing a larger dataset of SCI patients
across different levels with varying ASIA grades would help to better understand the effect of
these variables. The time since injury also has implications in the reorganization of activation
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maps [43]. This study did not account for neuropathic pain experienced by SCI patients. Since,
pain pathways involve thalamus as an important conduit, subsequent resting data analysis
might need to explore this phenomena [45]. This study solely looks at the plasticity of the brain
without analyzing the reorganization of the spinal cord post SCI. The functional changes in
cord might have a role in play in the resultant lasting reorganization in chronic patients. Also,
mood alterations have been known to affect cortical connectivity maps and might be an influ-
ence in SCI patient cohort. Lastly, we have not included handedness data in the present study.
We recognized that handedness could potentially influence resting state sensorimotor connec-
tivity and feel this data would be valuable in additional studies moving forward. In continua-
tion of our work with SCI patients, some of the above mentioned concerns would be included
to improve upon the understanding of the cortical reorganization and the underlying patho-
physiologic mechanism behind observed activation changes.

Conclusion
The current study has compared the resting-state functional data between chronic cervical SCI
patients and healthy controls. We show alterations in spontaneous cortical activation patterns
suggesting a possible SCI-induced reorganization on account of neural plasticity. The demon-
stration of the cortical response to SCI highlights the potential of rs-fMRI for studying neuro-
plasticity in the brain subsequent to injuries to distal elements of the central nervous system.

Supporting Information
S1 File. Power Analysis.
(PDF)

Acknowledgments
The authors thank Moriah Iverson, MS, Judeen Richlen, RN, (research coordination), Dana
Seslija, MD, MS, WilliamWaring, MD, and Merle Orr, MD, (patient recruitment support), Yu
Liu, MS (MRI technical support), the Falk Foundation, and the Bryon Riesch Paralysis
Foundation.

Author Contributions
Conceived and designed the experiments: SK VM SL BS MB AV. Performed the experiments:
AOMK JL BK VM. Analyzed the data: AOMKWL BW. Contributed reagents/materials/anal-
ysis tools: BK MB BS SL. Wrote the paper: AOMKWL BS SK.

References
1. NSCIS. National Spinal Cord Injury Statistical Center Annual Statistical Report for the Spinal Cord

Injury Model Systems- Complete Public Version. University of Alabama at Birmingham: Birmingham,
Alabama https://http://www.nscisc.uab.edu. 2015.

2. Wrigley PJ, Gustin SM, Macey PM, Nash PG, Gandevia SC, Macefield VG, et al. Anatomical Changes
in Human Motor Cortex and Motor Pathways following Complete Thoracic Spinal Cord Injury. Cerebral
Cortex. 2009 January 1, 2009; 19(1):224–32. doi: 10.1093/cercor/bhn072 PMID: 18483004

3. Raineteau O, SchwabME. Plasticity of motor systems after incomplete spinal cord injury. Nature
reviews Neuroscience. 2001 Apr; 2(4):263–73. PMID: 11283749. Epub 2001/04/03. eng.

4. Jurkiewicz MT, Mikulis DJ, McIlroyWE, Fehlings MG, Verrier MC. Sensorimotor Cortical Plasticity Dur-
ing Recovery Following Spinal Cord Injury: A Longitudinal fMRI Study. Neurorehabilitation and Neural
Repair. 2007 November 1, 2007; 21(6):527–38. PMID: 17507643

5. Dietz V, Curt A. Neurological aspects of spinal-cord repair: promises and challenges. The Lancet Neu-
rology. 2006 Aug; 5(8):688–94. PMID: 16857574. Epub 2006/07/22. eng.

Functional Connectivity in Human Spinal Cord Injury

PLOS ONE | DOI:10.1371/journal.pone.0150351 March 8, 2016 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150351.s001
https://http://www.nscisc.uab.edu
http://dx.doi.org/10.1093/cercor/bhn072
http://www.ncbi.nlm.nih.gov/pubmed/18483004
http://www.ncbi.nlm.nih.gov/pubmed/11283749
http://www.ncbi.nlm.nih.gov/pubmed/17507643
http://www.ncbi.nlm.nih.gov/pubmed/16857574


6. Freund P, Weiskopf N, Ward NS, Hutton C, Gall A, Ciccarelli O, et al. Disability, atrophy and cortical
reorganization following spinal cord injury. Brain: a journal of neurology. 2011 Jun; 134(Pt 6):1610–22.
PMID: 21586596. Pubmed Central PMCID: Pmc3102242. Epub 2011/05/19. eng.

7. Oudega M, Perez MA. Corticospinal reorganization after spinal cord injury. The Journal of physiology.
2012 Aug 15; 590(Pt 16):3647–63. PMID: 22586214. Pubmed Central PMCID: Pmc3476625. Epub
2012/05/16. eng.

8. Buss A, Brook GA, Kakulas B, Martin D, Franzen R, Schoenen J, et al. Gradual loss of myelin and for-
mation of an astrocytic scar duringWallerian degeneration in the human spinal cord. Brain: a journal of
neurology. 2004 Jan; 127(Pt 1):34–44. PMID: 14534158. Epub 2003/10/10. eng.

9. Petersen JA, Wilm BJ, von Meyenburg J, Schubert M, Seifert B, Najafi Y, et al. Chronic cervical spinal
cord injury: DTI correlates with clinical and electrophysiological measures. Journal of neurotrauma.
2012 May 20; 29(8):1556–66. PMID: 22150011. Epub 2011/12/14. eng. doi: 10.1089/neu.2011.2027

10. Curt A, Dietz V. Traumatic cervical spinal cord injury: relation between somatosensory evoked poten-
tials, neurological deficit, and hand function. Archives of physical medicine and rehabilitation. 1996 Jan;
77(1):48–53. PMID: 8554473. Epub 1996/01/01. eng.

11. Curt A, Dietz V. Ambulatory capacity in spinal cord injury: significance of somatosensory evoked poten-
tials and ASIA protocol in predicting outcome. Archives of physical medicine and rehabilitation. 1997
Jan; 78(1):39–43. PMID: 9014955. Epub 1997/01/01. eng.

12. Cohen-Adad J, El Mendili MM, Lehericy S, Pradat PF, Blancho S, Rossignol S, et al. Demyelination
and degeneration in the injured human spinal cord detected with diffusion and magnetization transfer
MRI. Neuroimage. 2011 Apr 1; 55(3):1024–33. PMID: 21232610. Epub 2011/01/15. eng. doi: 10.1016/
j.neuroimage.2010.11.089

13. Lundell H, Christensen MS, Barthélemy D, Willerslev-Olsen M, Biering-Sørensen F, Nielsen JB. Cere-
bral activation is correlated to regional atrophy of the spinal cord and functional motor disability in spinal
cord injured individuals. NeuroImage. 2011 1/15/; 54(2):1254–61. doi: 10.1016/j.neuroimage.2010.09.
009 PMID: 20851198

14. Hotz-Boendermaker S, Funk M, Summers P, Brugger P, Hepp-Reymond MC, Curt A, et al. Preserva-
tion of motor programs in paraplegics as demonstrated by attempted and imagined foot movements.
Neuroimage. 2008 Jan 1; 39(1):383–94. PMID: 17919932. Epub 2007/10/09. eng.

15. Jurkiewicz MT, Crawley AP, Verrier MC, Fehlings MG, Mikulis DJ. Somatosensory cortical atrophy
after spinal cord injury: a voxel-based morphometry study. Neurology. 2006 Mar 14; 66(5):762–4.
PMID: 16534122. Epub 2006/03/15. eng.

16. Turner JA, Lee JS, Schandler SL, Cohen MJ. An fMRI investigation of hand representation in paraple-
gic humans. Neurorehabil Neural Repair. 2003 Mar; 17(1):37–47. PMID: 12645444. Epub 2003/03/21.
eng.

17. Curt A, Alkadhi H, Crelier GR, Boendermaker SH, Hepp-Reymond MC, Kollias SS. Changes of non-
affected upper limb cortical representation in paraplegic patients as assessed by fMRI. Brain: a journal
of neurology. 2002 Nov; 125(Pt 11):2567–78. PMID: 12390981. Epub 2002/10/23. eng.

18. Cramer SC, Lastra L, Lacourse MG, CohenMJ. Brain motor system function after chronic, complete
spinal cord injury. Brain: a journal of neurology. 2005 Dec; 128(Pt 12):2941–50. PMID: 16246866.
Epub 2005/10/26. eng.

19. Kokotilo KJ, Eng JJ, Curt A. Reorganization and preservation of motor control of the brain in spinal cord
injury: a systematic review. Journal of neurotrauma. 2009 Nov; 26(11):2113–26. PMID: 19604097.
Pubmed Central PMCID: Pmc3167869. Epub 2009/07/17. eng. doi: 10.1089/neu.2008.0688

20. Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting
human brain using echo-planar MRI. Magnetic resonance in medicine. 1995 Oct; 34(4):537–41. PMID:
8524021. Epub 1995/10/01. eng.

21. Li SJ, Li Z, Wu G, Zhang MJ, Franczak M, Antuono PG. Alzheimer Disease: evaluation of a functional
MR imaging index as a marker. Radiology. 2002 Oct; 225(1):253–9. PMID: 12355013. Epub 2002/10/
02. eng.

22. Sorg C, Riedl V, Mühlau M, Calhoun VD, Eichele T, Läer L, et al. Selective changes of resting-state net-
works in individuals at risk for Alzheimer's disease. Proceedings of the National Academy of Sciences
of the United States of America. 2007 Nov 20; 104(47):18760–5. PMID: 18003904. Pubmed Central
PMCID: Pmc2141850. eng.

23. Rocca MA, Valsasina P, Absinta M, Riccitelli G, Rodegher ME, Misci P, et al. Default-mode network
dysfunction and cognitive impairment in progressive MS. Neurology. 2010 Apr 20; 74(16):1252–9.
PMID: 20404306. Epub 2010/04/21. eng. doi: 10.1212/WNL.0b013e3181d9ed91

24. Mohammadi B, Kollewe K, Samii A, Krampfl K, Dengler R, Munte TF. Changes of resting state brain
networks in amyotrophic lateral sclerosis. Experimental neurology. 2009 May; 217(1):147–53. PMID:
19416664. Epub 2009/05/07. eng. doi: 10.1016/j.expneurol.2009.01.025

Functional Connectivity in Human Spinal Cord Injury

PLOS ONE | DOI:10.1371/journal.pone.0150351 March 8, 2016 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/21586596
http://www.ncbi.nlm.nih.gov/pubmed/22586214
http://www.ncbi.nlm.nih.gov/pubmed/14534158
http://www.ncbi.nlm.nih.gov/pubmed/22150011
http://dx.doi.org/10.1089/neu.2011.2027
http://www.ncbi.nlm.nih.gov/pubmed/8554473
http://www.ncbi.nlm.nih.gov/pubmed/9014955
http://www.ncbi.nlm.nih.gov/pubmed/21232610
http://dx.doi.org/10.1016/j.neuroimage.2010.11.089
http://dx.doi.org/10.1016/j.neuroimage.2010.11.089
http://dx.doi.org/10.1016/j.neuroimage.2010.09.009
http://dx.doi.org/10.1016/j.neuroimage.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/20851198
http://www.ncbi.nlm.nih.gov/pubmed/17919932
http://www.ncbi.nlm.nih.gov/pubmed/16534122
http://www.ncbi.nlm.nih.gov/pubmed/12645444
http://www.ncbi.nlm.nih.gov/pubmed/12390981
http://www.ncbi.nlm.nih.gov/pubmed/16246866
http://www.ncbi.nlm.nih.gov/pubmed/19604097
http://dx.doi.org/10.1089/neu.2008.0688
http://www.ncbi.nlm.nih.gov/pubmed/8524021
http://www.ncbi.nlm.nih.gov/pubmed/12355013
http://www.ncbi.nlm.nih.gov/pubmed/18003904
http://www.ncbi.nlm.nih.gov/pubmed/20404306
http://dx.doi.org/10.1212/WNL.0b013e3181d9ed91
http://www.ncbi.nlm.nih.gov/pubmed/19416664
http://dx.doi.org/10.1016/j.expneurol.2009.01.025


25. Grefkes C, Fink GR. Reorganization of cerebral networks after stroke: new insights from neuroimaging
with connectivity approaches. Brain: a journal of neurology. 2011 May; 134(Pt 5):1264–76. PMID:
21414995. Pubmed Central PMCID: Pmc3097886. Epub 2011/03/19. eng.

26. Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, Strube MJ, et al. Resting interhemispheric
functional magnetic resonance imaging connectivity predicts performance after stroke. Annals of neu-
rology. 2010 Mar; 67(3):365–75. PMID: 20373348. Pubmed Central PMCID: Pmc2927671. Epub 2010/
04/08. eng. doi: 10.1002/ana.21905

27. Rao JS, Ma M, Zhao C, Zhang AF, Yang ZY, Liu Z, et al. Fractional amplitude of low-frequency fluctua-
tion changes in monkeys with spinal cord injury: a resting-state fMRI study. Magnetic resonance imag-
ing. 2014 Jun; 32(5):482–6. PMID: 24629510. Epub 2014/03/19. eng. doi: 10.1016/j.mri.2014.02.001

28. Seminowicz DA, Jiang L, Ji Y, Xu S, Gullapalli RP, Masri R. Thalamocortical asynchrony in conditions
of spinal cord injury pain in rats. The Journal of neuroscience: the official journal of the Society for Neu-
roscience. 2012 Nov 7; 32(45):15843–8. PMID: 23136423. Pubmed Central PMCID: Pmc3500510.
Epub 2012/11/09. eng.

29. Choe AS, Belegu V, Yoshida S, Joel S, Sadowsky CL, Smith SA, et al. Extensive neurological recovery
from a complete spinal cord injury: a case report and hypothesis on the role of cortical plasticity. Fron-
tiers in Human Neuroscience. 2013; 7. PMID: 23805087. Pubmed Central PMCID: Pmc3691521. eng.

30. Min YS, Park JW, Jin SU, Jang KE, NamHU, Lee YS, et al. Alteration of Resting-State Brain Sensori-
motor Connectivity following Spinal Cord Injury: A Resting-State Functional Magnetic Resonance Imag-
ing Study. Journal of neurotrauma. 2015 Sep 15; 32(18):1422–7. PMID: 25945389. Epub 2015/05/07.
eng. doi: 10.1089/neu.2014.3661

31. Hou JM, Sun TS, Xiang ZM, Zhang JZ, Zhang ZC, Zhao M, et al. Alterations of resting-state regional
and network-level neural function after acute spinal cord injury. Neuroscience. 2014 Sep 26; 277:446–
54. PMID: 25086312. Epub 2014/08/03. eng. doi: 10.1016/j.neuroscience.2014.07.045

32. Glover GH, Li TQ, Ress D. Image-based method for retrospective correction of physiological motion
effects in fMRI: RETROICOR. Magnetic resonance in medicine. 2000 Jul; 44(1):162–7. PMID:
10893535. Epub 2000/07/14. eng.

33. Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance neuroimages.
Computers and biomedical research, an international journal. 1996 Jun; 29(3):162–73. PMID:
8812068. Epub 1996/06/01. eng.

34. Fox MD, Zhang D, Snyder AZ, Raichle ME. The global signal and observed anticorrelated resting state
brain networks. Journal of neurophysiology. 2009 Jun; 101(6):3270–83. PMID: 19339462. Pubmed
Central PMCID: Pmc2694109. Epub 2009/04/03. eng. doi: 10.1152/jn.90777.2008

35. Chen G, Chen G, Xie C, Ward BD, Li W, Antuono P, et al. A method to determine the necessity for
global signal regression in resting-state fMRI studies. Magnetic resonance in medicine. 2012 Dec; 68
(6):1828–35. PMID: 22334332. Pubmed Central PMCID: Pmc3382008. Epub 2012/02/16. eng. doi: 10.
1002/mrm.24201

36. Biswal BB, Mennes M, Zuo XN, Gohel S, Kelly C, Smith SM, et al. Toward discovery science of human
brain function. Proceedings of the National Academy of Sciences of the United States of America. 2010
Mar 9; 107(10):4734–9. PMID: 20176931. Pubmed Central PMCID: Pmc2842060. Epub 2010/02/24.
eng. doi: 10.1073/pnas.0911855107

37. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, et al. Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. Neuroimage. 2002 Jan; 15(1):273–89. PMID: 11771995. Epub 2002/01/05. eng.

38. van den Heuvel MP, Hulshoff Pol HE. Exploring the brain network: a review on resting-state fMRI func-
tional connectivity. European neuropsychopharmacology: the journal of the European College of Neu-
ropsychopharmacology. 2010 Aug; 20(8):519–34. PMID: 20471808. Epub 2010/05/18. eng.

39. Albert NB, Robertson EM, Miall RC. The resting human brain and motor learning. Current biology: CB.
2009 Jun 23; 19(12):1023–7. PMID: 19427210. Pubmed Central PMCID: Pmc2701987. Epub 2009/05/
12. eng. doi: 10.1016/j.cub.2009.04.028

40. Aguilar J, Humanes-Valera D, Alonso-Calvino E, Yague JG, Moxon KA, Oliviero A, et al. Spinal cord
injury immediately changes the state of the brain. The Journal of neuroscience: the official journal of the
Society for Neuroscience. 2010 Jun 2; 30(22):7528–37. PMID: 20519527. Pubmed Central PMCID:
Pmc3842476. Epub 2010/06/04. eng.

41. Lotze M, Laubis-Herrmann U, Topka H, Erb M, GroddW. Reorganization in the primary motor cortex
after spinal cord injury—A functional Magnetic Resonance (fMRI) study. Restorative neurology and
neuroscience. 1999; 14(2–3):183–7. PMID: 12671262. Epub 2003/04/03. Eng.

42. Bruehlmeier M, Dietz V, Leenders KL, Roelcke U, Missimer J, Curt A. How does the human brain deal
with a spinal cord injury? The European journal of neuroscience. 1998 Dec; 10(12):3918–22. PMID:
9875370. Epub 1999/01/06. eng.

Functional Connectivity in Human Spinal Cord Injury

PLOS ONE | DOI:10.1371/journal.pone.0150351 March 8, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/21414995
http://www.ncbi.nlm.nih.gov/pubmed/20373348
http://dx.doi.org/10.1002/ana.21905
http://www.ncbi.nlm.nih.gov/pubmed/24629510
http://dx.doi.org/10.1016/j.mri.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23136423
http://www.ncbi.nlm.nih.gov/pubmed/23805087
http://www.ncbi.nlm.nih.gov/pubmed/25945389
http://dx.doi.org/10.1089/neu.2014.3661
http://www.ncbi.nlm.nih.gov/pubmed/25086312
http://dx.doi.org/10.1016/j.neuroscience.2014.07.045
http://www.ncbi.nlm.nih.gov/pubmed/10893535
http://www.ncbi.nlm.nih.gov/pubmed/8812068
http://www.ncbi.nlm.nih.gov/pubmed/19339462
http://dx.doi.org/10.1152/jn.90777.2008
http://www.ncbi.nlm.nih.gov/pubmed/22334332
http://dx.doi.org/10.1002/mrm.24201
http://dx.doi.org/10.1002/mrm.24201
http://www.ncbi.nlm.nih.gov/pubmed/20176931
http://dx.doi.org/10.1073/pnas.0911855107
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://www.ncbi.nlm.nih.gov/pubmed/20471808
http://www.ncbi.nlm.nih.gov/pubmed/19427210
http://dx.doi.org/10.1016/j.cub.2009.04.028
http://www.ncbi.nlm.nih.gov/pubmed/20519527
http://www.ncbi.nlm.nih.gov/pubmed/12671262
http://www.ncbi.nlm.nih.gov/pubmed/9875370


43. Henderson LA, Gustin SM, Macey PM, Wrigley PJ, Siddall PJ. Functional reorganization of the brain in
humans following spinal cord injury: evidence for underlying changes in cortical anatomy. The Journal
of neuroscience: the official journal of the Society for Neuroscience. 2011 Feb 16; 31(7):2630–7. PMID:
21325531. Epub 2011/02/18. eng.

44. Lotze M, Laubis-Herrmann U, Topka H. Combination of TMS and fMRI reveals a specific pattern of
reorganization in M1 in patients after complete spinal cord injury. Restorative neurology and neurosci-
ence. 2006; 24(2):97–107. PMID: 16720945. Epub 2006/05/25. eng.

45. Wrigley PJ, Press SR, Gustin SM, Macefield VG, Gandevia SC, Cousins MJ, et al. Neuropathic pain
and primary somatosensory cortex reorganization following spinal cord injury. Pain. 2009 Jan; 141(1–
2):52–9. PMID: 19027233. Epub 2008/11/26. eng. doi: 10.1016/j.pain.2008.10.007

Functional Connectivity in Human Spinal Cord Injury

PLOS ONE | DOI:10.1371/journal.pone.0150351 March 8, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/21325531
http://www.ncbi.nlm.nih.gov/pubmed/16720945
http://www.ncbi.nlm.nih.gov/pubmed/19027233
http://dx.doi.org/10.1016/j.pain.2008.10.007

