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Abstract

Emerging evidence suggests mild traumatic brain injury related headache (MTBI-HA) is a form of neuropathic pain state.
Previous supraspinal mechanistic studies indicate patients with MTBI-HA demonstrate a dissociative state with diminished
levels of supraspinal prefrontal pain modulatory functions and enhanced supraspinal sensory response to pain in comparison
to healthy controls. However, the relationship between supraspinal pain modulatory functional deficit and severity of MTBI-
HA is largely unknown. Understanding this relationship may provide enhanced levels of insight about MTBI-HA and facilitate
the development of treatments. This study assessed pain related supraspinal resting states among MTBI-HA patients with
various headache intensity phenotypes with comparisons to controls via functional magnetic resonance imaging (fMRI).
Resting state fMRI data was analyzed with self-organizing-group-independent-component-analysis in three MTBI-HA inten-
sity groups (mild, moderate, and severe) and one control group (n= 16 per group) within a pre-defined supraspinal pain
network based on prior studies. In the mild-headache group, significant increases in supraspinal function were observed in
the right premotor cortex (T =3.53, p < 0.001) and the left premotor cortex (T =3.99, p <0.0001) when compared to the
control group. In the moderate-headache group, a significant (T =—3.05, p < 0.01) decrease in resting state activity was
observed in the left superior parietal cortex when compared to the mild-headache group. In the severe-headache group,
significant decreases in resting state supraspinal activities in the right insula (T = —3.46, p < 0.001), right premotor cortex
(T=-3.30, p<0.01), left premotor cortex (T = —3.84, p < 0.001), and left parietal cortex (T =—3.94, p <0.0001), and an
increase in activity in the right secondary somatosensory cortex (T =4.05, p < 0.0001) were observed when compared to
the moderate-headache group. The results of the study suggest that the increase in MTBI-HA severity may be associated
with an imbalance in the supraspinal pain network with decline in supraspinal pain modulatory function and enhancement of
sensory/pain decoding.
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neuropathic pain state.'”” The supraspinal pain process-
ing network is known to involve the thalamus and pons,
which relay sensory afferent signs to other supraspinal
regions including: 1) sensory discriminatory regions such
as the primary and secondary somatosensory cortices
and the inferior parietal lobe; 2) affective regions such
as the anterior cingulate cortex and the insula; and 3)
modulatory regions involving various regions of the pre-
frontal cortices.® Decreases of medial prefrontal cortical
activities and other motor cortical functions are known
to be associated with central hyperalgesia.” As pain per-
ception and relief relies heavily on the balance between
the affective and modulatory/adaptive functions of the
pain network, a disruption in the intra-dynamic of the
network, such as diminished modulatory/adaptive func-
tion as demonstrated in previously conducted experi-
mental pain model and chronic pain studies by others,
can often lead to the development of maladaptive central
pain states with associated neurological symptoms
(chronic headache), and neuropsychological dysfunction
(attention deficit and depression).'®'? In the area of
neurophysiological assessments, MTBI patients appear
to suffer from long lasting elevation of resting motor
threshold, suggesting a deficiency in cortical excitability
and connectivity with brain areas associated with pain
modulation/adaptation in this patient population.'* In
addition, previous supraspinal mechanistic studies indi-
cate patients with MTBI-HA demonstrate a diminished
level of supraspinal prefrontal pain modulatory func-
tions and an enhanced supraspinal sensory response to
pain in comparison to healthy controls.'* These previ-
ous findings highly support the notion that MTBI-HA is
a neuropathic pain state and suggests MTBI-HA may
result in a similar maladaptive central pain state.
Though there is evidence indicating that supraspinal
maladaptation/imbalance can lead to the development
of persistent MTBI-HA, no study has been conducted
to assess how the maladaptive state may vary with dif-
ferent headache severity phenotypes. Understanding the
differences in supraspinal maladaptive states in various
headache severity-based phenotypes can provide an
enhanced level of insight on the underlying mechanisms
leading to the various MTBI-HA presentations, and thus
facilitate the development of treatment options. Here,
we hypothesized that headache severity phenotype is
associated with the degree of impairment in supraspinal
pain modulatory functions, with the severe MTBI-HA
phenotype demonstrating the highest degree of impair-
ment. To test this hypothesis, the current study aims to
compare supraspinal resting state pain sensory discrim-
inatory, affective, and modulatory functions among
MTBI-HA patients with various headache intensity phe-
notypes (mild, moderate, and severe) and controls.

Methodology

A total of 118 subjects (83 with MTBI-HA and 35
Veteran controls) were screened and enrolled according
to the study protocol approved by the human subject
protection committee. The patients in the MTBI-HA
groups were enrolled if they met the MTBI diagnosis
based on the published criteria from both the 1993
American Congress of Rehabilitation Medicine and
recent (2009) recommendations from the Department
of Defense and presented with headaches due to their
brain injury. All MTBI-HA subjects must have persis-
tent headache symptom for >3 months since the most
recent injury. Controls were healthy subjects who did
not have a history of MTBI or persistent headaches.
All subjects were between the ages of 18-50.

Exclusion criteria for both MTBI-HA subjects and
controls included: history of pacemaker implant; preg-
nancy; ferromagnetic material such as shrapnel, bullet
fragments, or implanted devices in the body, incompat-
ible with magnetic resonance imaging (MRI) procedures;
history of life-threatening diseases, dementia, or serious
psychiatric illnesses; history of suicidality; presence of
any other chronic neuropathic pain states or neurologi-
cal diseases such as seizure; involvement of litigation;
inability to understand the study instruction or commu-
nicate in English; and history of ongoing substance
abuse.

Headache intensity grouping

Subjects from the pool of 83 MTBI Veterans (72 males)
were organized into three different headache intensity
(mild, moderate, and severe) groups based on their head-
ache severity rating on the Neurobehavioral Symptom
Inventory (NSI) and Numerical Rating Scale and a total
of 48 subjects (n=16 in each group) were selected to
allow for age and gender matching. In addition, 16 sub-
jects with similar age and gender were selected from the
pool of 35 Veterans (24 males) with no prior history of
headache and TBI as controls.

Demographic information and headache history

Both MTBI-HA and control subjects’ demographic
information (age, gender, ethnicity, education) were
recorded. MTBI injury type (blast or non-blast), dura-
tion of headaches in months, and medication usage were
also recorded. In addition, information regarding
depressive symptomatology was assessed via the Beck
Depression Inventory-I1I1 (BDI-II) and Hamilton Rating
Scale for Depression (HAMD), with the HAMD scores
converted to BDI-II for subsequent data analysis,'* and
presence of a clinical Post-traumatic Stress Disorder
(PTSD) diagnosis (based off of clinical diagnosis in med-
ical charts) were gathered.
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Data analyses for demographics and headache history

A univariate analysis of variance (ANOVA) with
Bonferroni corrections was conducted for age, educa-
tion, and duration of headaches since MTBI.
Pearson’s-Chi ~ Squared  Test with  Bonferroni
Corrections were utilized for ethnicity, MTBI type,
depression, PTSD, and medication comparisons. A
two-sided Fisher’s Exact Test with Bonferroni correc-
tions was used for data where appropriate (e.g., small
sample sizes).

Imagining acquisition

Head movements during scanning were minimized by
instructing the subjects to hold their head still during
the scanning, applying padding between the subjects’
head and the head-coil, or having subjects wear a cervi-
cal collar to minimize both lateral and axial head move-
ments.'>'® A 5 to 6-minute resting state functional MRI
(fMRI) scan was conducted in a 3T GE scanner with
T2*-weighted EPI-sequences (TE=30ms, TR=2.0s,
a=90°, TH=4.0mm, 31-32 slices, FOV =220x220-
240%240mm?). Anatomical brain scans were obtained
with fast spoiled gradient echo sampling: 168-176
slices T1, 256x256 and 1 mm-1.2 mm slice thickness.

Anatomical MRI data preprocessing

Anatomical data was processed using BrainVoyager’s
(BV) software (Masstricht, Netherlands) for homoge-
nous processing.!”'® Subject scans were iso-voxeled to
I mm resolution and underwent intensity inhomogeneity
correction before being transformed to AC-PC
Talairach standard space.

Resting state fMRI preprocessing

Resting state fMRI data was also processed using BV
software. Subject scans were preprocessed with cubic
spline slice scan time correction, trilinear/sinc-
interpolation for 3D motion correction, a 4mm
Gaussian filter for spatial smoothening, and a 2-cycle
high-pass (GLM-Fourier) temporal filtering. Each sub-
ject’s resting state fMRI was co-registered to its corre-
sponding anatomical scan and then transformed into
Talairach space, resulting in a normalized 4 D volume
time course data set.'>?

Resting state fMRI between-group comparison

Independent component analysis (ICA) was conducted
on each individual subject using BV’s FastICA algo-
rithm with deflation approach and a Tanh nonlinearity
function to produce 30 components per subject. BV’s
self-organizing group ICA (SOGICA) plugin was then
run using the individual subject ICAs and guided by our

previous study’s volume of interest (VOI) of cortical
regions known to be associated with pain processing.>!”
The SOGICA settings were as follows: group
components = 30, absolute threshold before similarity
processing=0, and a degree of temporal similarity in
the clustering=0. A two-factor (cluster x within/
between HA Severity group) ANOVA was then con-
ducted to determine the interaction and followed with
a student’s T-test to evaluate the differences in function-
al connectivity among the VOI between each group. Any
supraspinal regions with significant (p < 0.01 and cluster
threshold > 150voxels) activation or deactivation differ-
ence in activity were recorded while the other regions
were filtered out.? The spatial coordinates of the signif-
icant clusters were identified and named via Talairach
Client and confirmed using BrainVoyager Tutor’s prob-
abilistic anatomical map (see Figure 1).

Results

Demographic

The average ages (years old+SD) of the subjects were
32.06 +5.86, 32.75 £ 5.56, 33.06 + 6.10, 32.63 + 5.74, for
control, mild, moderate, and severe groups (all males),
respectively (Table 1). Overall, there were no significant
age, ethnicity, or headache duration differences among
the groups (Table 2). No female Veterans were included
in the analyses due to difficulty in group age matching
for the same gender. There was a significant (p =0.036)
difference in the years of education between the control
and moderate headache intensity groups (Table 2).
There was a significant difference (p=0.004) in MTBI
type between moderate and severe headache groups
(Table 2), such that the severe headache group contained
significant more subjects that had suffered a TBI from a
combined blast/non-blast mechanism, and significantly
less subjects who experienced a non-blast only TBI. For
clinical PTSD diagnosis, a significant (p =0.001) overall
difference was found among all groups and subsequent
corrected pair-wise comparisons demonstrated signifi-
cant differences in control vs. severe (p=0.002), and
mild vs. severe (p=0.007) groups (Table 2). While a
significant (p=0.031) overall difference was found in
the prevalence of depression subtypes among all head-
ache intensity groups and control, secondary pair-wise
comparisons demonstrated no significant differences in
all comparisons (Table 2). There were no significant dif-
ferences in medication use among the headache groups
(Table 3).

Resting state fMRI

Control vs mild headache group resting state comparison. In
the mild-headache group, a T-test demonstrated
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Figure 1. Imaging data acquisition, processing and analysis flow chart. ACPC: Anterior Commissure-Posterior Commissure; fMRI:

functional magnetic resonance imaging; GLM: general linear model; VOI: volume of interest; ANOVA: analysis of variance.

Table I. Group demographics.

Severity of MTBI-HA

Controls Mild Moderate Severe
(n=16) (n=16) (n=16) (n=16)
Demographic characteristics
Age (years) 32.06 (5.86) 32.75 (5.56) 33.06 (6.10) 32.63 (5.74)
Sex (N male) 16 16 16 16
Education (years) 14.81 (1.60) 14.19 (2.17) 13.16 (0.93) 14.06 (1.65)
Ethnicity
% Hispanic/Latino 19% 25% 25% 44%
% Not Hispanic/Latino 81% 75% 75% 56%
MTBI characteristics
Headache duration since most N/A 81.25 (53.57) 103.06 (59.71) 90.63 (53.80)
significant MTBI (months)
MTBI mechanism
% non-blast N/A 44% 50% 13%
% blast N/A 31% 50% 31%
% both N/A 25% 0% 56%
Mood
Depression
% minimal 56% 50% 13% 13%
% mild 19% 13% 19% 19%
% moderate 13% 31% 38% 19%
% severe 13% 6% 31% 50%
% clinical PTSD diagnosis 25% 31% 69% 88%

All variables reported means and standard deviations unless otherwise indicated; N = number.
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Table 2. Group demographic comparison P-values (all pair-wise comparisons were corrected).

Control Control Control Mild vs Mild vs Moderate
Overall vs mild vs moderate Vs severe moderate severe Vs severe
Demographic characteristics
Age 0.969 1.000 1.000 1.000 1.000 1.000 1.000
Education 0.050 1.000 0.036* 1.000 0.489 1.000 0.749
Ethnicity 0.426 1.000 1.000 0.763 1.000 1.000 1.000
MTBI characteristics
MTBI headache Duration 0.545 N/A N/A N/A 0.823 1.000 1.000
MTBI type 0.007* N/A N/A N/A 0.278 0.286 0.004*
Mood
Depression 0.031* 1.000 0.310 0.246 0.525 0.125 1.000
Clinical PTSD diagnosis 0.001* 1.000 0.079 0.002* 0.203 0.007* 1.000

* indicates the bold typed P value is less than 0.05.

N/A - Control subjects did not have TBI therefore statistical analysis was not conducted.

Table 3. Pairwise group medication comparison (P-values) between various MTBI-HA intensity groups.

Medication All MTBI-HA Mild vs moderate Mild vs severe Moderate vs severe
GABA 0.344 1.000 1.000 1.000
SSRI 0.102 0.304 1.000 1.000
TCA 0.102 1.000 1.000 0.304
ACET 0.344 1.000 1.000 1.000
NSAIDS 0.438 1.000 1.000 1.000
TeCA 0.148 1.000 1.000 0.677
TRIPTAN 0.106 0.998 0.249 1.000
TOP 0.360 * 1.000 1.000
AED 0.210 0.677 1.000 1.000
Benzo 0.344 1.000 1.000 1.000
OPIOID 0.593 1.000 1.000 1.000
NERI 0.124 * 1.000 1.000
AP 0.593 1.000 1.000 1.000
AMP 0.360 1.000 * 1.000

Values based on number of medications taken.
*No statistics computed because medication is a constant.
All medication measures were non-significant with p > 0.05.

p-values calculated with chi-square tests or Fisher’s exact test where appropriate.

GABA, gamma-Aminobutyric acid; SSRI, Selective serotonin reuptake inhibitors; TCA, Tricyclic antidepressants; ACET, Acetaminophen; NSAIDS,
Nonsteroidal anti-inflammatory drugs, TeCA, Tetracyclic antidepressants; TRIPTAN, Triptans; TOP, Topical Lidocaine: AED, Anti-epileptic drugs; Benzo,
Benzodiazepines; OPIOID, Opioids; NERI, norepinephrine reuptake inhibitor; AP, Antipsychotic; AMP, Amphetamine.

significant increases in activity in the right premotor
cortex (T=3.53, p<0.001) and the left premotor
cortex (T=3.99, p<0.0001) when compared to the con-
trol group at resting state (see Figure 2(a)).

Mild vs moderate headache group resting state comparison. In
the moderate-headache group, a T-test demonstrated a
significant (T =—3.05, p<0.01) decrease in activity in
the left superior parietal cortex when compared to the
mild-headache group at resting state (see Figure 2(b)).

Moderate vs severe headache group resting state comparison.
In the severe-headache group, a T-test demonstrated sig-
nificant decreases in resting state activities in the right

insula (T=-3.46, p<0.001), right premotor cortex
(T=-3.30, p<0.01) , left premotor cortex (T =—3.84,
p<0.001), and left parietal cortex (T=-3.94,
p <0.0001), and an increase in activity in the right sec-
ondary somatosensory cortex (T=4.05, p<0.0001)
when compared to the moderate-headache group at rest-
ing state (see Figure 2(c)).

Discussion

While emerging evidence supports the notion that
MTBI-HA should be addressed as a neuropathic pain
state involving abnormality in central pain processing
and modulation functions, little is known about how
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Figure 2¢, Differences In Cortical Activity Between Moderate and Severe Groups.

Figure 2. Differences in cortical activity between headache severity groups. Glass brains illustrate areas of more activation in orange and
areas of less activation in blue. (a) The areas of activation in the mild vs. control headache severity with the control group as baseline for
comparison. (b) The areas of activation in the moderate vs. mild headache severity with the mild group as baseline for comparison. (c) The
areas of activation in the severe vs. moderate headache severity with the moderate group as baseline for comparison.

these functional abnormalities may vary with severity of
headache. Previous supraspinal mechanistic studies indi-
cated patients with MTBI-HA demonstrated a dimin-
ished level of supraspinal prefrontal pain modulatory
functions and enhanced supraspinal sensory response
to pain in comparison to healthy controls."? This func-
tional abnormality was found to be correlated with
structural (white matter) deficits vital to the functional
connectivity of these relevant regions.®> These structural-
ly related functional deficits were also found in a recent
blood perfusion study in which MTBI patients presented
with hypoperfusion in the basal ganglion, a key relay
center between the cortical areas (particularly the pre-
frontal cortical area and parietal cortices) and the hyper-
perfusion of the limbic system, suggesting a dissociative
state between the sensory discrimatory/affective (hyper-
active) and modulatory (hypoactive) aspects of supra-
spinal activities.”' Behaviorally, this dissociative state is
found to be associated with peripheral tactile sensitivity
known as allodynia in which non-noxious tactile stimu-
lus is perceived as painful in patients with correlated
peripheral sensory and supraspinal prefrontal cortical
modulatory dysfunction.*?

The current study further demonstrated that subjects
with mild severity MTBI-HA displayed enhanced resting
state supraspinal pain modulatory function in the pre-
motor area in the presence of headache in comparison
with the controls (Figure 2(a)). This observation sug-
gests when the intensity of headache is mild, the supra-
spinal modulatory function is reactively enhanced to
counteract the symptom. However, when the mild

headache severity group was compared to the moderate
headache severity group, the modulatory functions did
not appear to be improved accordingly suggesting that
the supraspinal modulatory response was unable to react
proportionally with an increase in headache severity
(Figure 1(b)). In addition, the somatosensory cortex
demonstrated a degree of hypoactivity in the moderate
headache intensity group in comparison with the mild
headache intensity group. This imbalance of resting state
pain modulatory functions became even more prominent
as the severe headache group demonstrated a significant
decrease in resting state activities in a wide area of supra-
spinal modulatory areas and an increase of activity in
areas of sensory discriminatory functions in the primary
somatosensory cortices when compared with their mod-
erate severity counterpart (Figure 2(c)). Furthermore,
the severe headache group also exhibited a decrease of
activity in the insula, a key related region for pain mod-
ulation in comparison with moderate headache group,
suggesting an added degree of impairment in pain mod-
ulation increased headache severity. Overall, the anterior
cingulate cortex which previously has been shown to
have an enhanced activity in patients with MTBI-HA
in comparison to healthy controls did not demonstrate
any significant differences in activities among the differ-
ent headache intensity groups.” Thus, this finding sup-
ports the notion that the increase in MTBI-HA severity
is mainly associated with an enhanced imbalance in pain
related supraspinal functions between modulatory and
sensory discriminatory brain areas.
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Mood disorders, such as depression and PTSD, are
common comorbid symptoms in patients with traumatic
brain injuries, with overlapping cognitive and
functional impairments.>*** In this study, the severe
headache intensity group indicated greater incidence of
clinical PTSD as compared to the control and mild head-
ache intensity groups. Given that PTSD is known to be
associated with enhanced function of the sympathetic
nervous system as found in neuropathic pain states,
the result of the current study confirms and
further demonstrates such a correlation becomes more
significant with the increase of headache intensity.
However, there is no direct correlation between depres-
sion and headache intensity phenotype after correction
of multiple comparisons based on the current sample
size. Thus, the authors recommend future studies
with larger sample sizes are required to further ascertain
this issue.

Some limitations of the current study are worthy of
discussion. First, although a significant difference was
observed in the type of TBI between moderate and
severe headache intensity groups, it is not believed that
these findings confound the inference of the imaging
data as previous studies have indicated that headache
and co-morbid symptom presentations related to the
two different MTBI types are indistinguishable.?>*
Furthermore, the current comparisons are conducted
with a cross sectional design with subjects matched in
age and gender with no difference in their headache
durations and did not look at the longitudinal progres-
sion of supraspinal changes in the same cohort. Thus,
future studies may focus on correlating changes in
MTBI-HA intensity with resting state functional alter-
ations over time. Likewise, similar studies should be con-
ducted to assess change in cortical functions with
interventions for headache improvement such as trans-
cranial magnetic stimulation.?” 2* While the sample size
of the current study may be considered as adequate in
referencing previously conducted studies in this area,
future studies with larger sample sizes will certainly pro-
vide more definitive confirmation.
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