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ARTICLE INFO ABSTRACT
Keywords: Persistent post-concussive symptoms (PPCS) are debilitating and endure beyond the usual recovery period after
Magnetic resonance spectroscopy mild traumatic brain injury (mTBI). Altered neurotransmission, impaired energy metabolism and oxidative stress

Hadamard encoding and reconstruction of

have been examined acutely post-injury but have not been explored extensively in those with persistent symp-
MEGA-edited spectroscopy (HERMES)

. . L toms. Specifically, the antioxidant glutathione (GSH) and the excitatory and inhibitory metabolites, glutamate
Mild traumatic brain injury (mTBI) . . A . . .. . .
Glutamate (Glu) and y-aminobutyric acid (GABA), are seldom studied together in the clinical mTBI literature. While Glu can
GABA be measured using conventional magnetic resonance spectroscopy (MRS) methods at 3 Tesla, GABA and GSH
Glutathione require the use of advanced MRS methods. Here, we used the recently established Hadamard Encoding and
Reconstruction of MEGA-Edited Spectroscopy (HERMES) to simultaneously measure GSH and GABA and short-
echo time point resolved spectroscopy (PRESS) to measure Glu to gain new insight into the pathophysiology of
PPCS. Twenty-nine adults with PPCS (mean age: 45.69 years, s.d.: 10.73, 22 females, 7 males) and 29 age- and
sex-matched controls (mean age: 43.69 years, s.d.: 11.00) completed magnetic resonance spectroscopy scans with
voxels placed in the anterior cingulate and right sensorimotor cortex. Relative to controls, anterior cingulate Glu
was significantly reduced in PPCS. Higher anterior cingulate GABA was significantly associated with a higher
number of lifetime mTBIs, suggesting GABA may be upregulated with repeated incidence of mTBI. Furthermore,
GSH in both regions of interest was positively associated with symptoms of sleepiness and headache burden.
Collectively, our findings suggest that the antioxidant defense system is active in participants with PPCS,
however this may be at the expense of other glutamatergic functions such as cortical excitation and energy
metabolism.

1. Introduction interchangeably with mild traumatic brain injury (mTBI), is highly
variable. Symptoms often include a combination of headache, dizziness,

While most individuals recover within days and weeks following blurred or double vision, noise and light sensitivity, memory problems,
concussion, up to 30% of adults will go on to experience persistent post- poor concentration, low mood, depression, anxiety, fatigue, sleep diffi-
concussive symptoms (PPCS) (Sigurdardottir et al., 2009; Hou et al., culties and irritability (Marshall et al., 2012; Polinder et al., 2018;
2012). Presentation of PPCS after concussion, a term often used Permenter and Sherman, 2020). Post-traumatic headache is one of the

Abbreviations: ACC, anterior cingulate cortex; DHI, Dizziness Handicap Inventory; ESS, Epworth Sleepiness Scale; GABA, y-aminobutyric acid; GAD-7, Generalized
Anxiety Disorder-7 scale; Glu, glutamate; Glx, glutamate + glutamine; GSH, glutathione; HERMES, Hadamard Encoding and Reconstruction of MEGA-Edited
Spectroscopy; HIT-6, Headache Impact Test-6; mIns, myo-inositol; MoCA, Montreal Cognitive Assessment; MRS, magnetic resonance spectroscopy; mTBI, mild
traumatic brain injury; PCSC, Postconcussion Syndrome Checklist; PPCS, persistent post-concussive symptoms; PRESS, Point Resolved Spectroscopy; QOLIBRI,
Quality of Life After Brain Injury scale; RPQ, Rivermead Post Concussion Symptoms Questionnaire; RSM, right sensorimotor cortex; tCho, choline + glycer-
ophosphocholine + phosphocholine; tCr, creatine + phosphocreatine; tNAA, N-acetyl-aspartate + N-acetyl-aspartylglutamate.
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most common symptoms following mTBI and has been described as the
most prevalent type of pain after mTBI (Defrin, 2014).

Although the existence of PPCS is well-established, current under-
standing of the pathophysiology of PPCS is limited. Brain damage
following mTBI is seldom identified with conventional neuroimaging.
However, advanced neuroimaging methods, notably diffusion tensor
imaging, functional magnetic resonance imaging, susceptibility-
weighted imaging and magnetic resonance spectroscopy (MRS) have
revealed subtle alterations with mTBI (Koerte et al., 2016). MRS is a
non-invasive method that measures metabolites in vivo and has shown to
be a valuable tool to probe the neurochemistry of a variety of neuro-
logical and psychiatric conditions (Lee et al., 2012).

In the acute phase following mTBI, altered cortical neurotransmis-
sion, impaired energy metabolism and oxidative stress are widely
described (Giza and Hovda, 2014; Guerriero et al., 2015). Thus, the
primary excitatory and inhibitory neurotransmitters, glutamate (Glu)
and y-aminobutyric acid (GABA), respectively, as well as the antioxidant
glutathione (GSH) are of great interest when studying mTBI, and can be
measured using MRS. Immediately following mTBI, excess Glu release
creates a hyperexcitable state and elevates levels of cortical oxidative
stress (Giza and Hovda, 2014). An increase in GABA is thought to be
compensatory against Glu-induced cortical hyperexcitability (Guerriero
et al., 2015). In addition to being primary excitatory and inhibitory
neurotransmitters, Glu and GABA also have important metabolic roles in
the brain. Both metabolites are linked to the citric acid cycle, a key
metabolic pathway for cellular energy production. Glu exists in dynamic
equilibrium with a-ketoglutarate (intermediate of the citric acid cycle)
(Rae, 2014). GABA can contribute to the citric acid cycle via the GABA
shunt (Rae, 2014).

Oxidative stress in the weeks and months following mTBI has not
been well studied, though it is suggested that long-term mTBI sequelae
are linked to increased oxidative stress (Cruz-Haces et al., 2017).
Directly measuring oxidative stress in the brain is challenging as reactive
oxygen species have very short lifespans (on the order of ps) (Berkowitz,
2018). Oxidative stress can, however, be studied indirectly by
measuring GSH levels. In response to mild elevation in reactive oxygen
species levels, GSH synthesis increases for antioxidant defense (Xiao and
Loscalzo, 2020). In cases of severe oxidative stress, as seen in Parkin-
son’s disease (Mischley et al., 2016), schizophrenia (Do et al., 2000) and
multiple sclerosis (Choi et al., 2010), high oxidative stress can over-
whelm the brain’s endogenous antioxidant defense system and lead to
depletion of GSH stores (Lu, 2009; Rae and Williams, 2017). Together,
this makes GSH a desirable research target in the investigation of PPCS
pathophysiology.

Glu, GABA and GSH are linked through metabolic pathways in the
brain (Rae, 2014). Glu is converted to GABA via action of the enzyme
glutamic acid decarboxylase. Additionally, Glu is one of the three amino
acids that form the GSH tripeptide. Due to their metabolic linkage, the
concentrations of these metabolites are related but not wholly deter-
mined by each other. For these reasons, it is advantageous to simulta-
neously investigate differences in Glu, GABA and GSH in patients with
PPCS relative to non-head injured individuals.

GABA and GSH are present in low concentrations in the brain and
their peaks in the 'H MRS spectrum are obscured by the more prominent
signals, namely creatine. As such, they cannot be quantified reliably
using conventional MRS methods at 3 T. Therefore, these metabolites
are seldom studied in mTBI despite their biological relevance. J-differ-
ence editing enables quantification of GABA and GSH by resolving sig-
nals of these metabolites from overlapping signal peaks. Individual
edited-MRS acquisitions have previously been required for each
metabolite of interest (i.e., one for GABA, one for GSH). This results in
long scan times, particularly when measuring more than one region. The
recently developed Hadamard Encoding and Reconstruction of MEGA-
Edited Spectroscopy (HERMES) editing scheme allows for detection of
multiple metabolites that require editing within a single acquisition,
enabling simultaneous quantification of GABA and GSH (Saleh et al.,
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2016).

Concussion is considered a diffuse injury, affecting widespread brain
regions (McKee and Daneshvar, 2015). However, certain brain regions
are functionally relevant to the symptoms of concussion and are thus of
particular interest. In this study, metabolites were quantified in the
anterior cingulate cortex (ACC) and right sensorimotor cortex (RSM) as
these regions are functionally relevant to mTBI symptoms given their
respective roles in executive function/emotional regulation and sensory
processing (Stevens et al., 2011; Borich et al., 2015). Additionally, the
ACC and RSM are relevant target regions as they have both been linked
to headache (Obermann et al., 2009; Qin et al., 2020; Peek et al., 2021;
Messina et al., 2022; Nahman-Averbuch et al., 2022), one of the most
common sequelae of mTBI (Ashina et al., 2019).

To date, only a few studies have used HERMES to study GABA and
GSH in clinical populations (Flores-Ramos et al., 2019; Weerasekera
et al., 2019; Gong et al., 2020; Gong et al., 2021), and this is the first
study where it has been applied in traumatic brain injury. Short-echo
time point resolved spectroscopy (PRESS) (Bottomley, 1987) was used
to quantify Glu and the combined Glu + glutamine (Glx) signal to
investigate relationships between levels of these interrelated metabo-
lites. Our objectives were (1) to determine whether cortical metabolite
concentrations differed between PPCS participants and age- and sex-
matched non-head injured controls, and (2) to examine metabolite re-
lationships with symptoms, mTBI history and time since injury.

2. Methods
2.1. Study design

This cross-sectional study was part of the Aerobic Exercise for
Chronic Symptoms following mild Traumatic Brain Injury (ACTBI) trial.
The ACTBI trial was registered at clinicaltrials.gov (NCT03895450) with
ethics approval from the University of Calgary Research Ethics Board
(REB18-1329). All participants provided written informed consent.
ACTBI trial methods can be found in Mercier et al. (2020) and relevant
details are described below.

2.2. Participants

PPCS participants were recruited from the Calgary Brain Injury
Program and the Calgary Pain Centre between May 2019 and December
2021. Eligibility criteria included: (1) age 18-65 years; (2) diagnosis of
mTBI based on the American Congress of Rehabilitative Medicine
criteria (Kay et al., 1993); (3) diagnosis of PPCS based on the ICD-10
post-concussional syndrome criteria (World Health Organization,
1993); (4) minimum of 3 months to maximum of 5 years since most
recent mTBI; (5) exercise intolerance defined as an acute exacerbation of
post-concussive symptoms with exercise (Mercier et al., 2020); (6)
maintenance of a stable pharmacological regimen for a minimum of one
month prior to study participation. As per American Congress of Reha-
bilitative Medicine criteria for mTBI (concussion), no PPCS participants
sustained loss of consciousness for >30 mins, after 30 min had an initial
Glasgow Coma Scale score <13 or experienced post-traumatic amnesia
for >24 h post-injury (Kay et al., 1993). No participants with PPCS re-
ported sustaining a complicated mTBI (mTBI with intracranial abnor-
malities on structural neuroimaging post-injury, (Iverson et al., 2012)).
Furthermore, no intracranial abnormalities were identified on T1-
weighted imaging acquired for this research study. PPCS participants
were excluded if they presented with a history of cardiopulmonary, or
musculoskeletal condition. Age (+5 years) and sex-matched controls
were recruited from the community using posters and word of mouth.
All participants were screened to rule out any previous neurological
conditions including moderate-to-severe TBI or major psychiatric his-
tory and MRI contraindications. Controls with any previous brain injury
history (including mild TBI) were excluded. Self-reported demographic
and injury characteristic data were collected from all participants.



J.M. Joyce et al.
2.3. Magnetic resonance spectroscopy acquisition

All imaging data were acquired on a 3 T MRI scanner (750w, General
Electric) equipped with a 32-channel head coil. T1-weighted structural
images (BRAVO; TR/TE/TI = 7.30 ms/2.70 ms/600 ms, 1 mm?> isotropic
voxels, flip angle = 10°, acquisition time 4 min 10 s) were acquired for
MRS voxel placement and tissue segmentation. MRS data were acquired
from two 3 x 3 x 3 cm® voxels. The RSM voxel was centered on the
central sulcus posterior to the motor hand knob (Yousry et al., 1997) of
the right precentral gyrus in the axial plane. It was rotated such that the
sagittal and coronal planes aligned with the cortical surface. The ACC
voxel was placed along the midline, parallel to the dorsal aspect of the
genu of the corpus callosum and perpendicular to the anterior portion of
the corpus callosum. Voxel placements are shown in Fig. 1.

A short-echo time PRESS sequence (TR/TE = 2000/35 ms, 64 water-
suppressed scan averages, 8 water unsuppressed scan averages, number
of data points = 4096, spectral width = 5000 Hz, acquisition time 2 min
48 s) with chemical shift selective (CHESS) water suppression to quan-
tify Glu and Glx as well as other MRS metabolites including tNAA (N-
acetyl-aspartate + N-acetyl-aspartylglutamate), tCho (choline + glyc-
erophosphocholine + phosphocholine), tCr (creatine + phosphocrea-
tine) and mIns (myo-inositol). As the Glu and glutamine signals are
highly overlapped, both Glu and Glx were examined and reported to
assess for consistency of results. GABA+ (GABA + macromolecules) and
GSH data were acquired using a HERMES sequence (TR/TE = 2000/80
ms, 320 water-suppressed scan averages, 16 unsuppressed scan aver-
ages, number of data points = 4096, spectral width = 5000 Hz, acqui-
sition time 11 min 20 s). Twenty millisecond editing pulses were
executed in a four step Hadamard encoding scheme, in an interleaved
fashion as previously described by Saleh et al. (2016). The editing pulses
were applied at 1.9 ppm and 4.56 ppm to refocus the coupling of the 3

A) ACC - Voxel overlap
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ppm GABA peak and the 2.9 ppm GSH peak, respectively.

2.4. Magnetic resonance spectroscopy analysis

PRESS data were preprocessed with the FID-A toolbox including the
following preprocessing steps: coil combination, removal of motion-
corrupted averages, and retrospective frequency and phase correction
(Simpson et al., 2017). PRESS data were then analyzed in LCModel
(version 6.3-1 J) (Provencher, 1993) using a basis set also developed
from the FID-A toolkit, including alanine, aspartate, f-hydroxybutyrate,
choline, citrate, creatine, GABA, glucose, glutamine, Glu, glycine,
glycerophosphocholine, GSH, lactate, myo-inositol, NAA, N-acetyl-
aspartyl-glutamate, phosphocholine, phosphocreatine, phosphoetha-
nolamine, scyllo-inositol and taurine using scanner specific pulse and
sequence timings (Simpson et al., 2017). HERMES data were analyzed
using Gannet (version 3.1) (Edden et al., 2014) in MATLAB 2020a
(Mathworks, Natick, MA, USA). The Gannet3.1 software package in-
cludes the following preprocessing steps: coil combination, down-
weighting of motion-corrupted averages and retrospective frequency
and phase correction (Edden et al., 2014). Additionally, Gannet3.1
generates normalized fit errors by combining the residuals from GABA+
and water data. A detailed description of fit error calculations can be
found in Edden et al. (2014).

Visual inspection of spectral data was performed to detect artifacts
such as baseline distortions, broadened linewidths of metabolite peaks,
frequency and phase errors and assessing the overall appearance of the
spectrum. HERMES data were also evaluated for subtraction artifacts.
MRS data were excluded if spectra had unresolvable subtraction artifact,
GABA+ or GSH fit error > 20 % or the calculated concentration values
were > 1.5 times the interquartile range outside of the first quartile or
third quartile.
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Fig. 1. Voxel placement in the A) ACC and B) RSM. The voxels shown are the overlay of all participants’ voxels normalized to standard space (MNI152 template
brain). Lighter colors indicate a greater degree of overlap. C-H) Left column: Overlay of all included PRESS spectra and HERMES difference spectra in the ACC and
RSM. Right column: A single representative spectrum for each region/sequence. Raw data is shown in black with the model fit in red and the data residual in gray.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Voxel masks were co-registered to each individual T1-weighted
image using Gannet 3.1 to determine voxel fractions of gray matter
(GM), white matter (WM) and CSF. Data were tissue-corrected following
current recommendations (Near et al., 2021). Briefly, this tissue-
correction approach for metabolite quantification uses literature
values to account for tissue specific water T1 and T2 relaxation and
water density as well as metabolite specific T1 and T2 relaxation con-
stants (Gasparovic et al., 2018). For detailed derivations on this tissue
correction approach, readers are directed to Near et al. (2021) and
Gasparovic et al. (2018). Relaxation and water density values used in
correction can be found in Supplemental Table 1. All metabolite con-
centrations were corrected for the negligible metabolite content in CSF.
GABA-+ levels have been shown to be approximately twice as high in GM
than WM (Harris et al., 2015a). To reduce dependency of the GABA+
measure on tissue fraction, we applied the a-correction method by
Harris et al. (2015a):

Crmeas

fon + afyy

Ceorr =

where Cpeas is the measured concentration, ccorr iS the corrected con-
centration, fgy and fyyy are the GM and WM fractions and the o factor is
the ratio of GABA in WM to GM (i.e., 1:2 = 0.5). This correction adjusts
GABA+ estimates to account for heterogeneous tissue composition in
the voxel. While Glu and GSH are also likely different between WM and
GM, a comparable correction factor has yet to be established in the
literature so one has not been applied (i.e., the concentration ratio be-
tween WM and GM is assumed to be 1). Additionally, ratios to tCr were
calculated for all metabolites.

2.5. Symptom questionnaires

To characterize our sample, all participants were administered the

following clinical questionnaires:

° Patient Health Questionnaire-9 (PHQ-9) — Depressive symptoms
° Generalized Anxiety Disorder-7 Scale (GAD-7) — Anxiety
° Fatigue Severity Scale (FSS) — Fatigue
° Epworth Sleepiness Scale (ESS) — Daytime sleepiness
To examine mTBI symptom severity and burden, PPCS participants
(but not controls) completed the following measures:

Table 1
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o

Rivermead Post Concussion Symptoms Questionnaire (RPQ) — mTBI
symptom burden

Postconcussion Syndrome Checklist (PCSC) — mTBI symptom fre-
quency, intensity and duration

Headache Impact Test-6 (HIT-6) — Functional impact of headache
Montreal Cognitive Assessment (MoCA) — Screen for mild cognitive
impairment

Dizziness Handicap Inventory (DHI) — Dizziness handicap

Quality of Life after Brain Injury scale (QOLIBRI) — Quality of life

o

o

o

o

o

Detailed descriptions and citations for all questionnaires can be
found in Mercier et al. (2020).

2.6. Statistical analysis

All statistical analyses were performed using SPSS Statistics 28 (IBM,
Armonk, NY, USA). Demographic data of the two groups (controls,
PPCS) were compared using independent samples t-tests (questionnaire
scores) and Chi-squared tests (education, handedness, work status).
Descriptive statistics were used to report injury characteristics and
questionnaire scores in PPCS participants. Independent samples t-tests
were conducted to compare metabolite levels (concentrations and ratios
to tCr), measures of MRS data quality (signal-to-noise ratio, linewidth,
fit error) and voxel tissue composition between PPCS and control par-
ticipants. Levene’s test was used to assess for equality of variances for
independent samples t-test analyses. As this is the first study using the
HERMES method in traumatic brain injury, no informative a priori
sample size calculation could be performed; G*Power (Faul et al., 2007)
was used for post-hoc power calculations of significant group differ-
ences. Correlation analyses were carried out solely in the PPCS group.
For correlation analyses examining the relationships between metabo-
lites and mTBI history, time since injury and symptom scores (RPQ, HIT-
6, FSS, ESS, PHQ-9, GAD-7, DHI), Shapiro-Wilk tests were used to assess
data for normality and determine the appropriate correlation, either
Pearson’s correlation (parametric data) or Spearman’s correlation (non-
parametric data). The relationship between age, metabolites, symptom
scores, time since injury and number of lifetime mTBI were additionally
investigated using Pearson’s correlations. Given the sample size and
high number of questionnaires, a Holm correction was applied to
metabolite associations with symptom scores.

Demographic characteristics of PPCS and control participants. Scoring ranges for PHQ-9, GAD-7, FSS and ESS are reported. ESS: Epworth Sleepiness Scale; FSS: Fatigue
Severity Scale; GAD-7: Generalized Anxiety Disorder-7; PHQ-9: Patient Health Questionnaire-9.

Demographics Controls (n = 29) PPCS (n = 29) p value
Age, mean (s.d.) 43.69 (11.00) 45.83 (10.73)

Age, median [range] 43.00 [24-62] 45.00 [23-63]

Sex, M/F 7M/22F 7M/22F

Education, n (%) 0.164
PhD/Medical Doctorate 5 (17 %) 0 (0 %)

Master’s Degree 4 (14 %) 5 (17 %)

Bachelor’s Degree 13 (45 %) 12 (41 %)

Trades School/Vocational Education 5 (17 %) 8 (28 %)

Grade 12 2 (7 %) 4 (14 %)

Current work status, n (%) <0.001
Full-time (employed or student) 23 (79 %) 10 (34 %)

Part-time (employed or student) 4 (14 %) 6 (21 %)

Not currently working (employed or student prior to accident) n/a 12 (41 %)

Not employed or student 2 (7 %) 1 (3 %)

Questionnaires, mean (s.d.)

Depression, PHQ-9 [scoring range: 0-27] 3(5) 12 (6) <0.001
Anxiety, GAD-7 [scoring range: 0-21] 3(3) 7 (5) <0.001
Fatigue, FSS [scoring range: 9-63] 22(9) 45 (15) <0.001
Daytime sleepiness, ESS [scoring range: 0-24] 5(3) 8 (5) 0.003
Handedness, R/L 26R/3L 28R/1L 0.300

History of drug or alcohol use disorder

None reported

None reported
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Table 2

Descriptive summary of PPCS participant characteristics. Clinical questionnaire
(RPQ, PCSC, HIT-6, MoCA, DHI and QOLIBRI) scoring ranges and total scores
are reported. DHI: Dizziness Handicap Inventory; HIT-6: Headache Impact Test;
MoCA: Montreal Cognitive Assessment; NSAID: non-steroidal anti-inflammatory
drug; PCSC: Postconcussional Syndrome Checklist; QOLIBRI: Quality of Life
after Brain Injury scale; RPQ: Rivermead Post Concussion Symptoms Question-
naire; SNRI: serotonin-norepinephrine reuptake inhibitors; SSRI: selective se-
rotonin reuptake inhibitor.
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Table 3

Number of datasets included in final analysis, quantitative quality metrics and
voxel tissue fractions. HERMES data quality for GABA+ and GSH subspectra was
assessed by SNR, linewidth and fit error. PRESS data quality assessed using the
tNAA signal for SNR, linewidth and CRLBs. Data quality and voxel tissue
composition did not differ significantly between groups with the exception of
ACC GABA+ SNR (t(49) = 2.21, p = 0.032) which was higher in PPCS partici-
pants than controls. SNR: signal-to-noise ratio. f{GM/fWM/fCSF are the voxel
fractions of GM, WM and CSF.

Injury characteristics and clinical questionnaire scores

Months since injury, mean (range) 23 (3-60)
Mechanism of injury, n (%)

Sports/recreational play 12 (41 %)
Motor vehicle collision 7 (24 %)
Fall 6 (21 %)
Assault 13 %)
Other 3 (10 %)
Loss of consciousness, n (%)

Yes 8 (28 %)
No 16 (55 %)
Unknown 5 (17 %)
Number of lifetime mTBI, mean (range) 3 (1-6)
Medications, n (%)

Amitriptyline 6 (21 %)
Botox 4 (14 %)
Cholesterol and/or BP-related 3 (10 %)
Levothyroxine 1(3 %)
Lyrica 2 (7 %)
Menopausal hormone therapy 2 (7 %)
NSAID 4 (14 %)
SNRI 2 (7 %)
SSRI 4 (14 %)
Synthroid 1B %)
Triptan 3 (10 %)
Vyvanse 13 %)
Zopiclone 2 (7 %)
Questionnaires, mean (s.d.)

RPQ [scoring range: 0-64] 36 (11)
Subscales:

RPQ-3 [scoring range: 0-12] 6(3)
RPQ-13 [scoring range: 0-54] 29 (10)
PCSC [scoring range: 30-150] 92 (18)
HIT-6 [scoring range: 36-78] 61 (6)
MoCA [scoring range: 0-30] 27 (2)
DHI [scoring range: 0-100] 38 (24)
Subscales:

Physical [scoring range: 0-28] 13 (7)
Emotional [scoring range: 0-36] 10 (9)
Functional [scoring range: 0-36] 15 (9)
QOLIBRI [scoring range: 0-100] 49 (15)
Subscales:

Cognition [scoring range: 0-100] 48 (18)
Self [scoring range: 0-100] 39 (19)
Daily life & autonomy [scoring range: 0-100] 51 (21)
Social relationships [scoring range: 0-100] 59 (19)
Emotions [scoring range: 0-100] 63 (22)
Physical problems [scoring range: 0-100] 39 (22)

3. Results
3.1. Demographics and injury characteristics

Twenty-nine PPCS participants completed this study (mean age:
45.69 years, s.d.: 10.73, 22 females, 7 males). Twenty-nine age- (£5
years on individual basis) and sex-matched non-head injured control
participants were recruited for comparison (mean age: 43.69 years, s.d.:
11.00, 22 females, 7 males). The two groups did not differ in education
or self-reported handedness. Demographic information and injury
characteristics are summarized in Table 1 and Table 2, respectively.

3.2. Data quality and voxel tissue composition

The number of datasets included in statistical analyses together with

Anterior cingulate cortex Right sensorimotor cortex

Control PPCS Control PPCS

scanned 29 28 29 28

retained 26 25 27 28

GABA+ SNR 10.73 +£ 1.77 11.90 + 2.02 15.28 £+ 2.63 15.55 + 2.80

GABA+ 23.93 + 3.58 24.14 + 3.31 21.96 + 1.90 21.68 +1.14

FWHM
GABA+ fit 9.86 £ 3.71 8.90 £ 3.22 5.83 £1.87 5.88 £ 2.10
error

scanned 29 28 29 28

retained 25 27 26 27

GSH SNR 17.61 + 4.21 18.22 + 3.66 9.07 £ 2.81 8.06 + 1.64

GSH FWHM 14.61 + 2.51 14.21 + 3.04 11.72 + 3.99 11.63 + 3.59

GSH fit error 9.40 £+ 2.85 10.49 + 3.51 10.92 £ 3.42 10.45 £+ 2.92

scanned 29 29 29 29

retained 29 29 29 29

tNAA SNR 134.15 + 134.37 + 158.28 + 156.55 +
19.29 18.83 21.31 24.72

tNAA FWHM 12.50 + 3.06 12.41 + 3.11 8.74 + 3.76 9.96 + 3.21

tNAA CRLB 2.14 £ 0.58 2.10 £ 0.31 1.24 + 0.44 1.31 + 0.47

fGM 0.477 + 0.469 + 0.324 + 0.331 +
0.033 0.030 0.032 0.036

fWM 0.347 + 0.362 + 0.598 + 0.591 +
0.051 0.046 0.042 0.046

fCSF 0.176 + 0.169 + 0.078 + 0.079 £
0.043 0.048 0.027 0.031

quantitative quality metrics (signal-to-noise ratio, linewidth, fit error)
are reported in Table 3. Due to technical error, PRESS data for four
participants were acquired at a TR = 1800 ms and was addressed using
appropriate tissue correction parameters. Comparisons were conducted
with and without these four participants which yielded equivalent
findings. Therefore, results are reported with these data included. The
PPCS participants and matched control voxels did not differ in fraction
of GM, WM or CSF in the ACC or RSM (see Table 3). Voxel placement and
spectral data from both the ACC and RSM can be seen in Fig. 1.

3.3. Group comparisons

PPCS participants had lower levels of ACC Glu (t(56) = —2.98, p =
0.004, d = —0.78, power (1-p) = 0.83), and the Glx quantification was
consistent with this finding (t(56) = —2.45, p = 0.017, d = —0.64, power
(1-B) = 0.67) relative to controls. No other metabolite levels (GABA+,
GSH, tNAA, tCho, tCr and mIns) differed between groups in the ACC
(Fig. 2) and no metabolites differed in the RSM. However, Levene’s test
indicated unequal variances in ACC tNAA levels (F = 5.92, p = 0.018).
No other metabolite concentrations exhibited unequal variances be-
tween groups. These findings were consistent when referencing to tCr.
All data are summarized in Supplemental Table 2a and 2b.

3.4. Symptom scores

Higher GSH was associated with worse scores on the HIT-6 and the
ESS in both regions of interest (HIT-6¢c: r(26) = 0.569, p = 0.002; HIT-
6rsm: 1(26) = 0.453, p = 0.020; ESSpcc: r(27) = 0.451, p = 0.018;
ESSpsm: 1(27) = 0.430, p = 0.025) (Fig. 3). After applying the Holm
correction for multiple comparisons, only the HIT-6 relationship with
GSH in the ACC remained statistically significant. Holm-corrected
thresholds of statistical significance for the HIT-6 and ESS in both re-
gions of interest were p < 0.007 and p < 0.008 respectively.
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Fig. 2. Raincloud plots depicting anterior cingulate A) GSH, GABA+, Glu, Glx and B) tCho, mins, tCr and tNAA concentration (mmol/1) in controls and PPCS
participants. Independent samples t-tests were used for group comparisons. Raincloud plots were created with script modified from Allen et al. (2021).

3.5. mTBI history

ACC GABA+ levels were positively associated with number of mTBIs
sustained by PPCS participants (GABA+acc: 15(25) = 0.443, p = 0.027).
No other associations were found between mTBI history and GABA+,
Glu, Glx and GSH. Furthermore, the association between number of
mTBIs and PPCS symptom burden as assessed by the RPQ was statisti-
cally significant, rs(29) = 0.502, p = 0.006 (Fig. 3).

3.6. Time since injury

Of all metabolites assessed, only GSH in the RSM was significantly
associated with time since injury, r(27) = 0.413, p = 0.032 (Supple-
mental Fig. 1).

3.7. Age

No significant relationships between age and metabolites, symptom
scores, time since injury and number of lifetime mTBI were detected.

Please see Supplemental Table 3a and 3b for the full results.

4. Discussion

This study used the HERMES method to simultaneously investigate
GABA+ and GSH in conjunction with Glu/Glx in individuals with PPCS.
Compared to controls, the PPCS group showed a regional reduction of
Glu and GIx in the ACC. No other significant group differences in
metabolite concentrations were found. Relationships between GSH
levels and symptoms of daytime sleepiness as well as functional impact
of headache were identified in both the ACC and RSM. Higher ACC
GABA+ was related to number of previous concussions.

Alterations in Glu (or Glx) levels are often interpreted as a change in
cortical excitation. While Glu is an important excitatory neurotrans-
mitter, it also has other roles in the brain. For example, Glu can be
oxidized to a-ketoglutarate, a key citric acid cycle substrate (McKenna,
2007). As Glu and a-ketoglutarate are in fast exchange, Glu serves as an
index of a-ketoglutarate levels and, by extension, citric acid cycle ac-
tivity (Andersen et al., 2021). Following the acute post-mTBI energy
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crisis, energy metabolism is expected to normalize with recovery in days
to weeks (Giza and Hovda, 2014). The lower ACC Glu observed here may
reflect ongoing energy shortage in PPCS.

Glu is also one of three metabolites (Glu, cysteine, glycine) that form
the GSH tripeptide (Rae and Williams, 2017). Low Glu in PPCS may be a
result of increased GSH synthesis to maintain sufficient antioxidant
levels to mitigate oxidative stress. GSH is upregulated in response to
mild stress (Maher, 2005). While GSH levels did not differ between PPCS

Number of lifetime mTBI

and controls, GSH showed significant positive association with func-
tional impact of headache and daytime sleepiness, although the rela-
tionship with sleepiness was not significant after correction for multiple
comparisons. Oxidative stress has been linked to various headache dis-
orders, including migraine, that share features with post-traumatic
headache (Geyik et al., 2016; Ashina et al., 2019; Capi et al., 2020)
and is often implicated in pre-clinical models of sleep disruption (Vil-
lafuerte et al., 2015; Hill et al., 2018; Grubac et al., 2021). We suggest
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that PPCS symptoms such as headache are related to oxidative stress
such that more symptomatic PPCS patients have higher GSH while
noting that oxidative stress is not unique to mTBI (Ghezzi et al., 2018)
thus levels are still within normal GSH ranges.

It may be positive that GSH levels in PPCS are not different from
controls. Low GSH seen chronically in conditions such as Parkinson’s
disease (Mischley et al., 2016) and multiple sclerosis (Choi et al., 2010)
indicates an inability to mount an antioxidant response to oxidative
stress. A lack of GSH group differences between PPCS and controls
suggests that the antioxidant defense system is still active in participants
with PPCS. However, the maintenance of increased GSH levels may
reduce the amount of Glu available for other functions.

In this study, regional differences in GSH were evident; GSH was
higher in the ACC than RSM in both PPCS participants and controls.
Neuronal morphology and molecular composition vary throughout the
brain and contributes to the selective vulnerability of certain brain re-
gions to oxidative stress (Wang et al., 2005; Wang and Michaelis, 2010).
The RSM may be inherently less vulnerable to oxidative stress than the
ACC and thus maintains lower levels of GSH. Since GSH levels in the
RSM are relatively low, Glu stores are not taxed as extensively for GSH
synthesis which may explain why reductions in Glu were not found in
the RSM.

There was a broad range in time since injury (3 — 42 months) in this
study. GSH in the RSM was the only metabolite found to be associated
with time since injury. Higher GSH levels seen with greater time since
injury is consistent with the self-perpetuating nature of oxidative stress
and may indicate the on-going nature of PPCS. No other associations
were found between metabolite levels and the time since injury, sug-
gesting that overall metabolite levels are stable in >3 months post-
concussion.

While GABA+ did not differ between PPCS participants and controls,
PPCS participants who had sustained a greater number of lifetime mTBIs
had higher ACC GABA+ concentrations. Wilke et al. have also shown
that a history of mTBI is linked to higher GABA+ (Wilke et al., 2017)
which may be an adaptive response to repeated incidence of mTBI-
induced glutamatergic hyperexcitability (Guerriero et al., 2015). A
responsive GABAergic system is important for neuroplasticity as
GABAergic tone decreases in long-term potentiation-like plasticity (Hess
et al., 1996) and motor learning (Stagg et al., 2011). Reducing GABA
levels are thought to act as a gaiting mechanism for neuroplasticity. As
PPCS participants with a higher number of previous mTBI also exhibited
the greatest overall mTBI symptom burden, high GABA may impede
recovery.

GABA+ and Glu/Glx have previously been studied in patients with
PPCS, although definitive conclusions have yet to be made in the
existing literature (Yasen et al., 2020). Comparing and contrasting
different types and stages of recovery from brain injury as well as re-
gions studied can also assist to interpret results. For example, repetitive
TBI, as seen in boxers, appears to decrease GABA+ (Kim et al., 2019).
Years of repetitive TBI may cause irreversible tissue and cell damage
resulting in metabolite decreases whereas in the current study recovery,
while prolonged since injury, may still occur. Conversely, with recovery
from concussion, data at 2 months (Yasen et al., 2018) and 3 years
(Tremblay et al., 2014) following injury suggests no difference in
GABA+ from controls, consistent with our suggestion that increased
GABA+ in PPCS (3 months — 5 years post-injury) is related to the
persistence of symptoms.

To our knowledge only one study has examined GSH in mTBI, and
found that increased GSH concentrations were associated with poor gait
performance acutely following mTBI (Charney et al., 2020). GSH has not
yet been studied in PPCS and this is the first use of editing for GSH in
mTBI, which is likely more reliable than GSH measurements acquired
from short-echo time PRESS acquisitions at 3 T (Sanaei Nezhad et al.,
2017). The spectral editing sequence used here (HERMES) enables
simultaneous editing and quantification of GABA+ and GSH, elimi-
nating the need for separate acquisitions, thus reducing overall scan
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time while maintaining comparable data quality to single metabolite
edited MRS experiments (Saleh et al., 2016). Measurement of Glu does
not require spectral editing, however, Glu shares similar chemical
composition with glutamine and these two metabolites have similar
spectra. It is unclear how well Glu can be resolved from glutamine at 3 T
and as such they are often reported as the combined ‘Glx’ signal. While
the hypothesis of this study was focused on Glu, we report Glx to indi-
cate the consistency between these measures. Another strength of this
study was the measurement of metabolites in multiple brain regions. The
differing findings in the two regions highlight the importance of
avoiding generalizations to the whole brain from a single brain region.
There are several limitations to this study. Editing pulses applied to
target GABA spins at 1.9 ppm are not perfectly selective and are known
to co-edit macromolecule spins at 1.7 ppm (Choi et al., 2007). Advanced
MRS methods have been developed to suppress macromolecule contri-
butions to the GABA signal (Edden et al, 2012). However,
macromolecule-suppressed GABA has an even lower signal to noise ratio
than typical spectral-edited GABA+ measurements which are already
inherently low (Harris et al., 2015b). Secondly, water suppression is an
on-going challenge in MRS. We used the well-established and clinically
available CHESS method, though more advanced research methods
exist. While established, water suppression can be imperfect and can
therefore impact quantification. For this study, we have no reason to
expect it would have a biased impact between groups or across
concussion severities or symptoms. Similarly, general data analysis for
advanced MRS methods such as HERMES continue to evolve, including
modeling the baseline and data fitting. The tissue correction methods
carried out in this study include an a-correction to account for higher
GABA in GM than WM as this method is widely used in studies exam-
ining GABA+ in the literature (Ip et al., 2021; Bernardino et al., 2022;
Heise et al., 2022; Stoby et al., 2022; Trujillo et al., 2022). Relative GM
vs WM levels of other metabolites, such as GSH and Glu are not defined
(Srinivasan et al., 2010; An et al., 2015; Chan et al., 2019). As such, the
lack of correction for GM/WM differences for metabolites other than
GABA+ is a limitation. Given fractions of GM, WM and CSF did not differ
between PPCS participants and controls, it is unlikely that tissue varia-
tion is driving group differences. Additionally, these data and analyses
were cross-sectional and as such, causation cannot be determined.
Furthermore, there is potential for sampling bias in our PPCS cohort.
PPCS participants were recruited from brain injury and pain clinics
where they were actively seeking treatment. As such, they may represent
a more extreme end of the PPCS severity spectrum and may have a
higher number of comorbidities than individuals in the community with
persistent symptoms who are not actively seeking treatment. However,
PPCS patients with high symptom burden are also those who most ur-
gently need their condition to be better understood so that effective
treatments can be developed. PPCS participants were recruited as part of
a larger trial where exercise intolerance was an eligibility criterion. As
the prevalence of exercise intolerance in PPCS patients has not been
established, this may limit the generalizability of our findings to the
broader PPCS population. Our sample was largely female. Incidence of
PPCS is higher in females than males (Cnossen et al., 2018) and par-
ticipants were age- and sex-matched, so sex is not driving group differ-
ences. However, the unequal sex distribution of our overall sample may
influence the detection of metabolite differences between groups. Lastly,
medication usage was not exclusionary to avoid disruption of recom-
mended care. Participants were required to maintain a stable pharma-
cological regimen in the month prior to their MRS scan; however,
medication usage remains a possible confound for this study.

5. Conclusion

This study used the recently-developed HERMES spectral editing
method to measure GABA+ and GSH and short-echo time PRESS to
measure Glu in adults with PPCS. It provides new insight to PPCS and
provides rationale for further investigation into Glu, GABA and GSH
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with larger samples as well as different brain regions. Higher GSH was
associated with greater daytime sleepiness and functional impact of
headache in both brain regions of interest. Lower regional Glu levels
were found in PPCS participants. Together, we suggest that in PPCS the
antioxidant defense system may be functioning at the expense of
decreasing Glu thus impacting other important brain processes such as
cortical excitation and energy metabolism. A history of greater inci-
dence of lifetime mTBI was related to greater PPCS symptom burden and
higher ACC GABA+. While mTBI is known to affect widespread brain
regions, our data suggests that certain brain regions may be more sus-
ceptible to metabolite alteration in symptomatic patients in the chronic
phase post-injury.
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