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ABSTRACT

Objectives: The spinal cord injury (SCI) patient population is overwhelmingly affected by neuropathic pain (NP), a secondary
condition for which therapeutic options are limited and have a low degree of efficacy. The objective of this study was to iden-
tify novel deep brain stimulation (DBS) targets that may theoretically benefit those with NP in the SCI patient population. We
hypothesize that localized changes in white matter identified in SCI subjects with NP compared to those without NP could be
used to develop an evidence-based approach to DBS target identification.

Materials and Methods: To classify localized neurostructural changes associated with NP in the SCI population, we compared
white matter fiber density (FD) and cross-section (FC) between SCI subjects with NP (N = 17) and SCI subjects without NP
(N = 15) using diffusion-weighted magnetic resonance imaging (MRI). We then identified theoretical target locations for DBS
using fiber bundles connected to significantly altered regions of white matter. Finally, we used computational models of DBS
to determine if our theoretical target locations could be used to feasibly activate our fiber bundles of interest.

Results: We identified significant increases in FC in the splenium of the corpus callosum in pain subjects when compared to
controls. We then isolated five fiber bundles that were directly connected to the affected region of white matter. Our models
were able to predict that our fiber bundles of interest can be feasibly activated with DBS at reasonable stimulation amplitudes
and with clinically relevant implantation approaches.

Conclusions: Altogether, we identified neuroarchitectural changes associated with NP in the SCI cohort and implemented a novel,
evidence-driven target selection approach for DBS to guide future research in neuromodulation treatment of NP after SCI.
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INTRODUCTION
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Neuropathic pain (NP) is formally classified as pain caused by a USA. Email: butson@sci.utah.edu

primary lesion or dysfunction of the somatosensory system (1). Of

the estimated 294,000 people in the United States currently living
with chronic spinal cord injury (SCI) (2), approximately 80% are
reported to be affected by this debilitating condition (3). Despite
this high prevalence, scientific understanding of the neurological
mechanisms of NP in the SClI population is not well understood
and effective treatment approaches remain elusive. Previous stud-
ies have shown that sensorimotor and emotional processing
regions of the brain, including cingulate, prefrontal cortex, thala-
mus, and insula, are associated with the perception and persis-
tence of symptoms in other NP populations; and that the patterns
of neurological change are specific to the primary diagnosis that
results in NP (4-9). Further, neurostructural changes in the limbic
system have been hypothesized to be particularly promising in
the identification of population-specific biomarkers (10). The
expression and perception of pain is known to be, in part, driven
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by emotional responses specifically within the limbic system
(11,12). Changes within limbic circuitry as they relate to specific
pain causes and qualities have been further hypothesized to be
key to the identification of targets for therapeutic intervention to
improve the outcomes of patients with NP (10).

Currently, less than 35% of NP patients receive notable benefit
from first-line therapies (13). NP is also known to be resistant to
opioids and anti-inflammatory pharmacological treatments (13),
which further highlights the need for the development of novel
treatment strategies. Deep brain stimulation (DBS) is a
neuromodulation therapy that has been used to effectively treat a
range of movement disorders and psychiatric conditions (14). The
potential for DBS therapy to improve outcomes for patients with
other neurological conditions is promising, but is limited by the
identification of condition-specific stimulation targets (14). DBS
has been used in the past to improve chronic NP symptoms,
suggesting that it may be a viable option for treatment (15,16).
However, results have been mixed in those with central NP (16),
warranting additional research into condition-specific targeting
approaches. Previous attempts to treat NP after SCI using DBS
have been largely unsuccessful (17). However, the targeting
approach for these prior studies has been limited to a very small
number of targets based on traditional pain related circuitry
(17,18), further highlighting the need for additional research and
new, evidence-based, and population-specific approaches to iden-
tifying DBS targets for the treatment of NP.

Localized changes in white matter have been shown to be spe-
cifically indicative of alterations in pain perception and the chro-
nification of pain in other patient populations (19-21). Identifying
and targeting population-specific microstructural changes in
white matter may therefore be beneficial in the treatment of NP
and improve patient outcomes. In this study, we implement a
novel and robust method using magnetic resonance imaging
(MRI) to identify localized, fiber-specific changes in white matter
structure associated with NP in subjects with SCI compared to SCI
subjects without NP symptoms. We then use tractography and
white matter connectivity to identify potential DBS targets based
on the spatial distribution of changes in white matter associated
with NP. Finally, we assess the feasibility of DBS at each of these
target locations using computational models. By using this
evidence-driven approach to DBS target selection, we can better
inform the development of clinical research and therapeutic
methods and increase our understanding of the neu-
roarchitectural correlates of NP in the SCI. Through the examina-
tion of the theoretical activation patterns resultant of stimulation
at these target locations, we provide insight for future DBS
research that could better treat NP symptoms in patients with SCI.

MATERIALS AND METHODS

Subject Selection

We selected subjects via medical record review based on the
following inclusion and exclusion criteria: 1) individuals must have
sustained a traumatic SCI at least one year prior to enrollment; 2)
individuals must be between 18 and 45 years of age at the time
of enrollment; 3) medical records must show that individuals have
an American Spinal Cord Injury Association Impairment Scale (AIS)
classification of either A or B, indicating that they do not have
motor function below their level of SCI; 4) individuals cannot have
any medical history of diabetes, cancer, amputation, brain injury,
stroke, or any neurological injury or condition other than SCI; 5)

individuals do not report any pain condition, such as arthritis,
other than NP; 6) individuals do not have any conditions with
which an MRI would be unsafe. The cohort in this study is a sub-
set of those reported in prior publications (S.R. Black et al,
unpublished data ). For this work, we included subjects for whom
the diffusion weighted imaging (DWI) was of sufficient quality for
fiber specific white matter analysis.

We collected demographic information, a verified medical history,
and a series of patient reported outcomes from all participants. Out-
comes included maximum subscores from the Neuropathic Pain
Symptom Inventory (NPSI) (22), severity and interference scores
from the Brief Pain Inventory (BPI) (23), and anxiety and depression
scores from the Hospital Anxiety and Depression Scale (HADS) (24).
All subjects also provided a pain rating on an 11 point (0-10)
numeric pain rating scale (NPRS) at the time they underwent MRI
study procedures. Responses to the pain rating scales—NPSI, BPI,
and NPRS—determined whether subjects were categorized as part
of the pain group or control group.

There were 32 subjects (25 male) included in this study.
Seventeen (12 male) were categorized into the pain group and
15 (13 male) lacked pain symptoms and were categorized into
the control group. We used independent t-tests to compare
groupwise demographic information, and anxiety, depression,
and pain outcomes. Table 1 shows the demographic and SCI
information as well as the average pain, anxiety, and depression
outcome scores for the pain and control groups. All subjects pro-
vided informed consent to undergo study procedures and the full
study protocol was approved of by the University of Utah Institu-
tional Review Board.

Image Acquisition and Analysis

All subjects in this study underwent imaging procedures in the
same Siemens PRISMA 3T system in the Utah Center for Advanced
Imaging Research (UCAIR) at the University of Utah. We used a
64-channel head coil to obtain structural MRl and DWI. T1
weighted structural imaging was obtained using an MP2RAGE
sequence with isotropic 1 mm voxel resolution, 5000 ms

Table 1. Groupwise Summary of Demographics, SCl Statistics, and
Depression, Anxiety, and Pain Metrics.
Variable Pain group Control group
Sex (M/F) 12/5 12/3
Mean age (SD) 31.24 (8.76) 28.60 (5.98)
Tetraplegic 9 11
Paraplegic 8 4
Time since SCI in months (SD) 101.12 (88.42) 89.4 (62.08)
Method of injury
Vehicular 10 9
Fall 1 1
Sports 6 4
Other 0 1
Mean HADS Depression score (SD)’ 418 (2.87) 1.93 (1.69)
Mean HADS Anxiety score (SD) 6.12 (3.16) 1.93 (1.48)
Mean NPSI maximum subscore (SD) 5.26 (1.78) -
Mean NPRS at scan time (SD) 3.18 (1.60) -
Mean BPI Severity score (SD) 3.64 (1.78) -
Mean BPI Interference score (SD) 2.88 (2.33)
*Signiﬁcant difference between groups (p < 0.05).
TSignificant difference between groups (p < 0.0001).
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repetition time (TR), and 2.93 ms time to echo (TE). Multiband
multishell DWI was obtained with isotropic 1.5 mm resolution,
187 diffusion directions, 4870 ms TR, 92.4 ms TE, a multiband
acceleration factor of three, a flip angle of 78 degrees, and a max-
imum b-value of 3000 s/mm (2). We also acquired a baseline scan
with reverse polarity of the phase-encoding direction for each
subject to assist in distortion correction during image
preprocessing.

Initial preprocessing of DWI data sets included motion, distortion,
and eddy current correction, which was done using the Functional
Magnetic Resonance Imaging of the Brain Software Library (FSL)
(25-28). We used MRtrix3 (29) for bias field corrections, intensity
normalization, and all other analysis steps. After preprocessing, we
performed a fixel-based analysis of fiber density (FD) and cross-
section (FC). A fixel is defined as a specific fiber population within a
voxel (30) and fixel-based analyses allow for identification, segmen-
tation, and analysis of white matter with multiple fiber directions
within each voxel.

In order to compute the spatial distribution of fibers within our
cohort, we used a robust and fully automated method, developed
by Dhollander et al. (31), to obtain response functions representing
single-fiber white matter, gray matter, and cerebrospinal fluid from
an average of all subjects from this study. We then used multishell,
three-tissue, constrained spherical deconvolution to generate fiber
orientation distribution (FOD) maps for each subject. These subject-
specific FOD maps were then used to create a study-specific FOD
template and fixel segmentation. Fixel segmentation is completed
by sampling the orientation and amplitude of each lobe in the
FOD map, segmenting fiber tracts relative to these lobes, and map-
ping the resultant streamlines to a voxel grid (32).

Subject-specific FOD maps were nonlinearly registered to the
study-specific FOD template and fixel segmentation to assess
group differences. We calculated the fixelwise FD for each subject
directly from this registration by comparing the fiber bundle den-
sity of corresponding fixels from subject imaging to the popula-
tion template. The FC is a relative metric indicating the cross-
sectional size of each fixel relative to the study population. We
calculated FC by measuring the magnitude of the warps required
to register each fixel to the FOD template. In order to ensure that
our data was normally distributed, we used the log of the FC met-
ric for all subsequent analyses. We also computed a combined
measure of fiber density and cross-section (FDC), which factors in
the effects of both FD and FC.

Using the FOD template, we also generated a whole brain, spher-
ical deconvolution informed filtered (SIFT) tractogram, which defines
the pairwise connectivity between fixels to generate streamlines
representing white matter fiber pathways within the brain (32).
Using the tractogram template, we performed statistical analysis
using connectivity-based fixel enhancement and nonparametric per-
mutation testing to compare FD, FC, and FDC between groups with
age, sex, and time since injury as nuisance covariates.

To better contextualize the results of the FD, FC, and FDC com-
parisons, we filtered the whole brain tractogram template to only
include fiber tracts that pass through statistically significant fixels
for each metric using a family-wise error (FWE) corrected alpha
threshold of p < 0.05. We then separated the fibers passing through
these fixels into distinct fiber bundles based on common conver-
gent pathways and laterality. Finally, to identify cortical and subcor-
tical endpoints of these fiber bundles, we converted each into a
connectome using the Desikan-Killiany cortical parcellation (33)
combined with a subcortical parcellation of gray matter nuclei to
define the nodes. These connectomes were used to provide

qualitative insight into downstream regions of the brain that are
directly connected to regions of significant, fiber-specific changes in
white matter via pathways that are common to the cohort in this
study.

DBS Targeting and Simulation

To assess the feasibility of using the significant changes in
white matter that we had identified in our pain group subjects as
a means for DBS target selection, we implemented a DBS model-
ing pipeline developed by Janson and Butson (34). We used
SCIRun5 software (https://sci.utah.edu/software/scirun.html) to
generate finite element models (FEMs) and simulate the effects of
DBS on the fiber bundles that were isolated from our fiber specific
white matter results. For a full description and details of our FEM
and simulation parameters, see Supplementary Material Section 1,
Supplementary Methods. Briefly, we generated a whole brain FEM
mesh that consisted of the brain surface from the study-specific
FOD template, each of the fiber bundles generated in “Image
Acquisition and Analysis” section, and a model of a DBS electrode,
which included the electrode contacts and shaft of the DBS lead.
The DBS electrode model was manually placed for each simula-
tion based on regions of convergent fibers within each of the
bundles. We also consulted with a neurosurgeon specializing in
DBS implantation in order to identify lead trajectories that would
be clinically realistic. The voltage distribution across the brain was
then calculated at each node in the mesh to determine whether
fibers within each bundle were activated for a given simulation.

For each simulation, we either tried to stimulate a substantial
proportion of one bundle individually or all of the bundles
together within one hemisphere of the brain. The DBS electrodes
were placed such that the most distal contact on the lead was
central to the fiber bundle(s) and was used as the active contact
for monopolar stimulation. For each simulated DBS target loca-
tion, we calculated the voltage distribution for stimulation ampli-
tudes ranging from —1 V to —5 V. Although the stimulator has the
capability to apply up to —10 V, it is typically preferable to limit
power consumption in order to preserve battery life. We therefore
evaluated this lower range of amplitudes under the assumption
that a well-placed lead will require lower amplitudes to achieve
therapeutic effects and minimize activation of irrelevant brain
structures. To predict the percentage of each fiber bundle acti-
vated, we calculated the maximum activating function, defined as
the second spatial derivative of extracellular voltage, along the
length of each white matter fiber. All activating function and per-
cent activation calculation and interpolation was completed using
MATLAB 2016b.

RESULTS

Fiber-Specific White Matter

We examined fixelwise changes in white matter between pain
and control groups using FD, FC, and FDC as metrics. There were
no significant differences in FD between groups. There was, how-
ever, significantly increased FC (p < 0.05 FWE corrected) in a local-
ized region of the splenium of the corpus callosum seen in pain
patients when compared to controls. Decreasing the alpha thresh-
old to p < 0.1 (FWE corrected), elucidated FC increase in a distinct
commissural pathway from the splenium to the major forceps of
the corpus callosum that borders the retrosplenial complex, pos-
terior cingulate cortex (PCC), and fusiform. A similar pattern of
increased FDC in pain subjects is also evident at this alpha level
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Figure 1. Increased FC in NP subjects compared to controls. Map of fixels showing increased white matter FC in NP subjects compared to control subjects. Sig-
nificant increases in FC (p < 0.05 FWE corrected) were seen in the splenium of the corpus callosum primarily in a small region even with the anterior commis-
sure/posterior commissure(AC/PC) plane. Fixels with significantly increased FC (p < 0.05 FWE corrected) are yellow and are outlined in black. The pattern of
increased FC extended bilaterally through the corpus callosum, this extended pattern is thresholded at p < 0.1 FWE for display purposes and is shown in magenta.
Z values are in millimeters and are relative to the AC/PCplane. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. Increased FDC in NP subjects compared to controls. Map of fixels showing increased white matter FDC (p < 0.1 FWE corrected) in NP subjects com-
pared to controls. Small clusters of increased FDC were seen in bilaterally in parietal regions. Increased FDC also was seen in the splenium of the corpus callosum
in a similar pattern to that seen in groupwise comparisons of white matter FC. Fixels with increased FDC are shown in magenta and outlined in black. Z values
are in millimeters and are relative to the AC/PC plane. [Color figure can be viewed at wileyonlinelibrary.com]

www.neuromodulationjournal.com © 2021 International Neuromodulation Society. Neuromodulation 2021; «e: se—ee


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

DBS TARGETING FOR NP AFTER SCI USING WM

(p < 0.1 FWE corrected) in the corpus callosum. Additionally, FDC
was increased bilaterally in small superior parietal areas. Maps of
FC and FDC increase in the pain group are shown in Figures 1
and 2, respectively. None of the white matter metrics showed any
region of decrease in the pain group compared to controls.

Fiber Bundle Connectivity

By filtering a whole-brain tractogram generated from an FOD
template made using this study population, we identified five dis-
tinct fiber bundles that pass through fixels with significantly
increased FC in pain subjects compared to controls. These five
fiber bundles consisted of bilateral superior bundles (Fig. 3a,b)
that travel anteriorly through cingulum and the superior longitu-
dinal fasciculus; bilateral inferior bundles (Fig. 3¢,d) that converge
in the splenium of the corpus callosum, but travel anteriorly in a
dispersed pattern through the inferior longitudinal fasciculus; and
a posterior bundle (Fig. 3e) that projects posteriorly in both
hemispheres.

The left superior bundle (Fig. 3a) showed connectivity primarily
between the left hippocampus and regions within ipsilateral pre-
frontal, orbitofrontal, and cingulate cortices. There were a smaller
number of left ipsilateral connections between the cingulate and
prefrontal cortices, thalamus and prefrontal cortex, and occipital
and prefrontal cortices. The right superior bundle had a substan-
tial proportion of connections between the right cingulate isth-
mus and regions within ipsilateral prefrontal cortex and PCC.
Other connections within the right superior bundle included right
ipsilateral connections between the cingulate isthmus and the
accumbens, anterior cingulate cortex, and orbitofrontal cortex.
There were also commissural connections between left parietal
cortex and the right cingulate and prefrontal cortices, and
between left occipital and right prefrontal and orbitofrontal cor-
tices. The left inferior bundle primarily showed connections ipsi-
laterally between left parietal cortex and entorhinal cortex, left
parietal cortex and temporal cortex, and left occipital and tem-
poral cortex. There were also a substantial number of contralat-
eral connections between right superior cortex and left temporal
cortex. The right inferior bundle connected regions of the left
occipital and parietal cortices with right fusiform, temporal cor-
tex, thalamus, caudate, and hippocampus. Finally, the posterior
bundle consisted of commissural connections between left and
right parietal and occipital cortices. Detailed information on all
of the connected nodes within each of the connectomes gener-
ated for each bundle can be found in Supplementary Material
Table S1.

DBS Activation

We used computational models to predict the percentage of acti-
vation for each of the five bundles identified in “Fiber Bundle Con-
nectivity” section for six different DBS target locations (Fig. 4). For
each target, the location of the active contact is indicated with a
magenta dot on an axial slice view of the study-specific FOD tem-
plate in the top row of Fig. 4a-f, with the resultant percentage acti-
vation of each bundle plotted on the bottom row. A volume
rendering of all of the DBS target locations is shown in Fig. 4g-i.

First, we attempted to isolate each fiber bundle. The goal of
this was to activate a substantial proportion of a single bundle
without spread into any of the other bundles. In the case that
stimulation of one or more of our bundles of interest resulted in
unwanted side-effects with clinical application, we were

interested in identifying feasible targets that could theoretically
stimulate the other bundles individually. We were able to achieve
reasonable separability in this regard with the target locations
identified to isolate the left and right superior fiber bundles

Figure 3. White matter fiber bundles passing through fixels with increased
FC in NP subjects compared to controls. Fixels showing significantly increased
FC (p < 0.05 FWE corrected) in NP subjects compared to controls were used
as seeds in order to filter a whole brain tractogram generated from a tem-
plate FOD map of this study population. The remaining fibers were separated
into bundles based upon common endpoints, providing five fiber bundles
common to this cohort (shown together in f); left (@) and right (b) superior
bundles, traveling through cingulate to prefrontal, orbitofrontal, and subcorti-
cal regions; left (c) and right (d) inferior bundles traveling in a more dispersed
pattern to temporal, orbitofrontal, and subcortical regions; and a dense com-
missural bundle (e) traveling between bilateral occipital and inferior parietal
regions. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Simulated fiber bundle activation with varied voltage and DBS electrode location. Electrodes were manually placed and FEM-based simulations of DBS
were performed in order to identify realistic target locations in which a substantial proportion of each fiber bundle could be activated with bilateral or unilateral
implantation. a—f. The location of the active contact is shown (top) along with the predicted total fiber bundle activation for stimulation amplitudes —1 V to =5 V
(bottom) using the contact with the maximum activation for each electrode location. In (a-d), DBS electrodes were placed in order to activate each fiber bundle
or group—Ileft superior (a), right superior (b), bilateral inferior (c), posterior(d)—individually. In (e, f), DBS electrodes were placed in an attempt to activate a sub-
stantial proportion of all of the fiber bundles in either the left (e) or right (f) hemisphere. g-i. Left (g), superior (h), and right (i) views of the final DBS lead trajecto-
ries for each of the six electrode locations. L = left; R = right. Z values are in millimeters and are relative to the AC/PC plane. [Color figure can be viewed at

wileyonlinelibrary.com]

(shown in Fig. 4a,b, respectively). At the left target location with
an applied voltage of —1 V to —5 V, we predicted 67-97% activa-
tion of the left superior bundle, 16-20% activation of the left infe-
rior bundle, and less than 1.5% activation of the other three
bundles. Similarly, at the right target location we predicted
77-99% activation of the right superior bundle, 8-30% of the
right inferior bundle, 1-10% of the posterior bundle, and less than
2.25% of the left superior and inferior bundles.

Both of the inferior bundles and the posterior bundle proved to
be inseparable, due to their common pathways through the
splenium and diffuse distribution outside this area. We were
therefore unable to identify a target location that could substan-
tially activate one of the three bundles in isolation. Instead, we
identified a target location at which we could activate both infe-
rior bundles at the same time using a single DBS electrode with
minimal activation of either of the superior bundles. At this target
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location, we were able to predict 52-76% activation of the right
inferior bundle, 47-58% activation of the left inferior bundle, 37—
71% of the posterior bundle, 5-9% of the right superior bundle,
and no activation of the left superior bundle with =1 V to =5 V
stimulation amplitude (Fig. 4c). We then identified a target loca-
tion in an attempt to activate the greatest proportion of the pos-
terior bundle, again with little activation of either superior bundle.
With this target, we predicted 66-86% activation of the posterior
bundle, 43-84% of the right inferior bundle, 16-24% of the left
inferior bundle, 13-24% of the right superior bundle, and 5-12%
of the left superior bundle. These results indicate that although
the inferior and posterior bundles were inseparable, they can be
stimulated with a reasonable degree of isolation from the superior
fiber bundles.

Finally, we identified target locations in an attempt to activate a
large proportion of all of the fiber bundles at the same time. There
were not any locations in which a majority of all five fiber bundles
could be activated with a single DBS lead. We therefore identified
unilateral targets that could activate the fiber bundles within each
hemisphere. In an attempt to activate the left superior and inferior
bundles along with the posterior bundle (Fig. 4e), again with —1 V
to —5 V stimulation amplitudes, we predicted 73-96% activation of
the left superior bundle, 18-40% of the left inferior bundle, 10-68%
of the posterior bundle, 8-65% of the right inferior bundle, and
8-18% of the right superior bundle. On the right side (Fig. 4f), we
were able to identify a target location with predicted activations of
74-88% of the right superior bundle, 27-54% of the right inferior
bundle, 17-66% of the posterior bundle, 13-27% of the left inferior
bundle, and 5-12% of the left superior bundle. These two target
locations were determined using the percent activation of each
fiber bundle on the left or right hemisphere of the brain along with
the posterior bundle (e.g., for the left target location, we looked at
the percent activation of the left superior bundle, the left inferior
bundle, and the posterior bundle). The two targets identified were
those in which the largest proportion of all three bundles together
were activated with the range of applied amplitudes that we tested.

DISCUSSION

Fiber-Specific White Matter

In this study, we identified localized regions of significant, fiber-
specific white matter FC increase associated with NP after SCI
near the midline of the splenium of the corpus callosum. This is a
highly connected commissural pathway with fiber tracts
projecting to regions responsible for a wide range of visual, emo-
tional, and sensorimotor processes (35,36). Previous work has
identified correlations between structural changes near the mid-
line of the splenium and sensorimotor or pain related clinical find-
ings including ataxia, headache, fatigue, hemiparesis, age-related
mobility decline, and chronic musculoskeletal pain (37-39).

Prior to this study, correlations between NP after SCl and struc-
tural changes in splenium have not been specifically identified.
However, alterations in visual areas connected to this region have
previously been associated with NP following limb amputation,
and are hypothesized to be a compensatory mechanism for
altered visuospatial feedback from the missing limb (40). Distor-
tions in visuospatial perception have been also been shown to be
associated with SCI patients who have NP (41). The distinction
between SCl-related effects and NP-related perceptual changes is
not well classified, however, and may be more responsive to SCl
completeness than to other factors (42). All of the subjects in this

study had sustained an SCI and there were no differences
between groups in the ratio of complete and incomplete injuries.
Therefore, it is more likely that the increased FC seen in our pain
subjects is reflective of changes more closely related to emotional
and sensorimotor processes connected through the splenium
than to visuospatial deficits.

White Matter Connectivity

Our tractography results indicate a direct connection between
increased FC in the splenium and limbic circuitry, which is
involved in emotional control and sensory-emotional integration
(43). Both the superior and inferior white matter bundles associ-
ated with regions of FC increase closely follow known limbic
pathways and a majority of the fiber tracts within each bundle
connect with at least one limbic structure directly. Corticolimbic
circuitry has been implicated in nociceptive sensitivity (44) and
the chronification of pain (10,45). These effects are particularly
evident in in prefrontal cortex, hippocampus, and cingulate cor-
tex (10), which were major components of our superior bundles.
Changes in white matter in these regions of the brain have been
shown to be correlated with increased pain severity, affect, and
predisposition to development of chronic symptoms (19-21). In
particular, white matter changes in dorsolateral prefrontal cortex
(DLPFC) were shown to be directly correlated with increases in
perceived pain severity and functional impact (21). Although the
role of the DLPFC in pain is not well understood, abnormalities
in this area have been shown to reverse with reduction of symp-
toms (46). Changes in medial prefrontal cortex are, on the other
hand, associated with pain chronification (19). Our superior bun-
dles were largely connected to these regions through the cingu-
late, which is widely known to be involved in perceptual and
emotional processing of pain (47). Nociceptive stimuli have also
been shown to decrease activity in the ventral PCC, which is
involved in self-referential cognition, and was again highly con-
nected in the superior bundles identified in this cohort (47). Fur-
ther, our previous work in this cohort showed increased white
matter and functional connectivity associated with NP in several
regions that are directly downstream of fiber-specific neuro-
structural changes identified here (S.R. Black et al., unpublished
data ). These clinical associations with the regions of the brain
identified in our results suggest that therapeutic intervention
targeted to our fiber bundles may be beneficial for treating NP
in the SCI cohort.

DBS Targeting for NP After SCI

Neurostructural changes in splenium associated with various
pathologies have been shown to reverse with symptom improve-
ment (38,48,49), indicating that the regions of increased white
matter FC associated with NP in this study may be responsive to
therapeutic intervention. DBS has been successfully used to treat
a variety of pain conditions for several decades (50). However,
attempts to treat NP with DBS in previously targeted regions has
proven to be largely ineffective and the need for the identifica-
tion of new targets specific to NP populations has been necessi-
tated (51). More recent work has hypothesized that classifying the
condition-specific neurological changes within the limbic system
due to NP may prove to be particularly important in the identifi-
cation of such therapeutic targets (10). Our results align well with
these hypotheses and we have identified a localized region
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specific to the SCI population with NP that may result in the
improvement of NP symptoms with DBS treatment.

We have implemented a novel, fiber-based strategy to identify
population-specific DBS targets within the limbic system for
future study in the effective treatment of NP after SCI. Surgically
induced lesions in the splenium have been successfully used for
the treatment of medically refractory epilepsy (52), indicating
that it is viable as an implantation target and may respond to
other forms of therapy. With this small feasibility study, we were
able to identify bilateral implantation targets that predicted a
substantial majority of activation in four out of five fiber bundles.
Although a majority of the left inferior bundle was not activated
by the left or right DBS electrode location, the distribution of
fibers was such that we expect the combined effects of bilateral
implantation would decrease this deficit substantially. The
splenium of the corpus callosum highly connected to visual cor-
tex and regions involved in memory and cognitive integration,
which may result in unwanted side-effects with the application
of DBS to all five fiber bundles. We therefore identified addi-
tional targets that could be predicted to activate each of our
identified fiber bundles in isolation. Based on these results, we
hypothesize that fiber-based targeting for DBS of limbic circuity
via the splenium of the corpus callosum is feasible and future
work is warranted to assess its efficacy in the treatment of NP
after SCI.

Limitations

Limitations of this study include the modest sample size, which
was a subset of a larger SCl sample with strict inclusion and exclu-
sion criteria, which allowed us to identify statistically significant
changes in white matter structure in a more highly controlled
cohort (for more in-depth discussions on this point, see S.R. Black
et al., unpublished data). Additional research with a larger cohort
of SCI subjects from multiple sites may be beneficial to confirm
the results presented here. Other than the presence or absence of
NP, the only significant difference between our subject groups
was anxiety and depression severity, which introduces a potential
confound. Both anxiety and depression, however, have been
shown to be significantly higher in chronic pain populations
(53,54). In SCI patients, it was shown that patients’ pain contrib-
uted significantly to these symptoms and suggested that chronic
pain has a cumulative impact on mood symptoms over time (54).
This suggests that neuroplastic changes over time may be resul-
tant of NP symptoms as well. We did not have the statistical
power to determine if the neurological changes may have been
correlated with anxiety and depression symptoms rather than
subjects’ pain. However, we mitigated this issue somewhat by sta-
tistically excluding temporal effects of NP and SCl in our
groupwise analysis. We still expect that targeting treatment-based
and/or mechanistic research to the neurological regions identified
would provide meaningful insight into NP in the SCI cohort.

We also recognize that the cluster of fixels with significant results
was small in size. However, the observed pattern of white matter FC
increase extended throughout the posterior-inferior corpus callosum
for both FC and FDC. Although this larger pattern did not meet the
criteria for statistical significance, we estimate that the observed
results are consistent with a real difference between pain and control
groups for three main reasons. The first is the small sample size used
in this study relative to the statistical power for analysis of approxi-
mately 500,000 fixels. The second is the clear evidence of an isolated
white matter pathway with a conservative increase in alpha

threshold. Finally, this pattern of increased white matter FC and FDC
is consistent with our previous results indicating significantly
increased white matter connectivity in pain subjects between medial
regions of the occipital and parietal cortices (). The fiber tracts associ-
ated with increased white matter connectivity largely traveled
through the posterior commissural pathway identified in this analysis,
further validating that changes in white matter structure in the
splenium of the corpus callosum are directly associated with NP in
this cohort.

Finally, the accuracy of our simulations was limited by the use
of population averaged tractography and the use of the activat-
ing function to determine fiber activation. The tractography that
we used to generate our fiber bundles only included fibers pre-
sent within all of our subjects, decreasing the density of fibers
within the bundle below physiological norms that would be
observed in an individual subject. However, use of the
tractogram template also ensured that our fiber bundles would
be reproducible in a patient-specific context, which was suffi-
cient for our objective to establish feasibility of DBS stimulation
of the bundles. Further, because we were trying to assess the
feasibility of a novel therapeutic approach in group atlas space,
rather than a patient specific approach, we chose to use the acti-
vating function as our model criteria for successful stimulation.
We anticipate that future, patient-specific work will incorporate
more detailed axon models to better classify voltage distribution
in individuals.

CONCLUSIONS

We have identified the splenium of the corpus callosum as a
localized region of structural change associated with NP after SCI.
White matter fiber pathways that are part of the limbic system
and travel directly through this region align with our previous
structural and functional neuroimaging studies and these fiber
bundles can be feasibly targeted and activated with DBS. Alto-
gether, the known anatomical and functional associations of lim-
bic circuitry with pain and the convergence of our results indicate
a need for additional research into this posterior commissural
pathway and/or directly connected fiber pathways as potential
therapeutic targets to improve neuromodulation treatments for
NP after SCI. We have also presented an evidence-based and
population-specific approach that may be used as a rationale for
the identification of DBS targets for NP in other populations to
improve patient outcomes and quality of life.
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