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ARTICLE INFO ABSTRACT
Keywords: Purpose: Proton magnetic resonance spectroscopy (‘H MRS) offers biomarkers of metabolic damage after mild
Replicability traumatic brain injury (mTBI), but a lack of replicability studies hampers clinical translation. In a conceptual
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replication study design, the results reported in four previous publications were used as the hypotheses (H1-H7),
specifically: abnormalities in patients are diffuse (H1), confined to white matter (WM) (H2), comprise low N-
acetyl-aspartate (NAA) levels and normal choline (Cho), creatine (Cr) and myo-inositol (mI) (H3), and correlate
with clinical outcome (H4); additionally, a lack of findings in regional subcortical WM (H5) and deep gray matter
(GM) structures (H6), except for higher ml in patients’ putamen (H7).

Methods: 26 mTBI patients (20 female, age 36.5 &+ 12.5 [mean + standard deviation] years), within two months
from injury and 21 age-, sex-, and education-matched healthy controls were scanned at 3 Tesla with 3D echo-
planar spectroscopic imaging. To test H1-H3, global analysis using linear regression was used to obtain
metabolite levels of GM and WM in each brain lobe. For H4, patients were stratified into non-recovered and
recovered subgroups using the Glasgow Outcome Scale Extended. To test H5-H7, regional analysis using spectral
averaging estimated metabolite levels in four GM and six WM structures segmented from T1-weighted MRI. The
Mann-Whitney U test and weighted least squares analysis of covariance were used to examine mean group
differences in metabolite levels between all patients and all controls (H1-H3, H5-H7), and between recovered and
non-recovered patients and their respectively matched controls (H4). Replicability was defined as the support or
failure to support the null hypotheses in accordance with the content of H1-H7, and was further evaluated using
percent differences, coefficients of variation, and effect size (Cohen’s d).

Abbreviations: CC, Corpus callosum; CDE, Common Data Element; CENTER, Collaborative European NeuroTrauma Effectiveness Research; Cho, Choline; Cr,
Creatine; CRLB, Cramér-Rao lower bound; DAI, Diffuse axonal injury; DTI, Diffusion tensor imaging; EPSI, Echo-planar spectroscopic imaging; FLAIR, Fluid-
Attenuated Inversion Recovery; FOV, Field of view; Glx, Glutamate plus glutamine; GM, Gray matter; GCS, Glasgow Coma Scale; GOSE, Glasgow Outcome Scale —
Extended; 'H MRS, Proton magnetic resonance spectroscopy; 'H MRSI, Proton magnetic resonance spectroscopic imaging; ISMRM, International Society for Magnetic
Resonance in Medicine; LOC, Loss of consciousness; ml, myo-inositol; MIDAS, Metabolite Imaging and Data Analysis Software; MINT, Map Integrated Spectrum;
MPRAGE, Magnetization Prepared Rapid Gradient Echo; mTBI, Mild traumatic brain injury; MWU, Mann-Whitney U test; NAA, N-acetyl-aspartate; NINDS, National
Institute of Neurological Disorders and Stroke; PCS, Post-concussive symptoms; PRANA, Project Review and Analysis; PTA, Post-traumatic amnesia; ROI, Region-of-
interest; SNR, Signal-to-noise ratio; SWI, Susceptibility-weighted imaging; TBI, Traumatic brain injury; TRACK, Transforming Research and Clinical Knowledge; TE,
Echo time; TI, Inversion time; TR, Repetition time; VOI, Volume-of-interest; WM, White matter.
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Results: Patients’ occipital lobe WM Cho and Cr levels were 6.0% and 4.6% higher than controls’, respectively
(Cho, d = 0.37, p = 0.04; Cr, d = 0.63, p = 0.03). The same findings, i.e., higher patients’ occipital lobe WM Cho
and Cr (both p = 0.01), but with larger percent differences (Cho, 8.6%; Cr, 6.3%) and effect sizes (Cho, d = 0.52;
Cr, d = 0.88) were found in the comparison of non-recovered patients to their matched controls. For the lobar
WM Cho and Cr comparisons without statistical significance (frontal, parietal, temporal), unidirectional effect
sizes were observed (Cho, d = 0.07 - 0.37; Cr, d = 0.27 - 0.63). No differences were found in any metabolite in
any lobe in the comparison between recovered patients and their matched controls. In the regional analyses, no
differences in metabolite levels were found in any GM or WM region, but all WM regions (posterior, frontal,
corona radiata, and the genu, body, and splenium of the corpus callosum) exhibited unidirectional effect sizes for
Cho and Cr (Cho, d = 0.03 — 0.34; Cr, d = 0.16 — 0.51).

Conclusions: We replicated findings of diffuse WM injury, which correlated with clinical outcome (supporting H1-
H2, H4). These findings, however, were among the glial markers Cho and Cr, not the neuronal marker NAA (not
supporting H3). No differences were found in regional GM and WM metabolite levels (supporting H5-H6), nor in
putaminal ml (not supporting H7). Unidirectional effect sizes of higher patients’ Cho and Cr within all WM
analyses suggest widespread injury, and are in line with the conclusion from the previous publications, i.e., that
detection of WM injury may be more dependent upon sensitivity of the 'H MRS technique than on the selection of
specific regions. The findings lend further support to the corollary that clinic-ready 'H MRS biomarkers for mTBI
may best be achieved by using high signal-to-noise-ratio single-voxels placed anywhere within WM. The
biochemical signature of the injury, however, may differ and therefore absolute levels, rather than ratios may be

preferred. Future replication efforts should further test the generalizability of these findings.

1. Introduction

Traumatic brain injury (TBI) is a global health concern, with an
estimated annual incidence of 69 million worldwide (Dewan et al.,
2018). Mild TBI (mTBI), which accounts for 75-90% of cases, is diag-
nosed based on a Glasgow Coma Scale (GCS) score of 13-15, loss of
consciousness (LOC) lasting <30 min, and post-traumatic amnesia (PTA)
lasting <24 h (Prince and Bruhns, 2017; Kay and Adams, 1993). These
criteria, however, lack prognostic utility for identifying the concerning
subset of patients who suffer from ongoing cognitive, behavioral, and/or
physical impairments beyond the post-acute recovery period (Permenter
and Fernandez-de Thomas, 2021). Predictive biomarkers of post-
concussive symptoms (PCS) following mTBI are therefore needed to
improve management and patient outcomes (Dadas et al., 2018).

In mTBI, diffuse axonal injury (DAI), the main pathophysiological
substrate of PCS (Bigler and Maxwell, 2012; McKee and Daneshvar,
2015), is rarely detected using conventional (T1- and T2-weighted) MR
imaging (MRI). While hemorrhagic DAI is revealed by susceptibility-
weighted imaging (SWI), most exams yield no findings. DAI, however,
is known to occur in normal-appearing tissue and changes related to its
presence can be detected by quantitative MR (QMR) methods, such as
proton magnetic resonance spectroscopy (*H MRS) (Marino et al., 2011;
Cecil et al., 1998; Ross et al., 1998). Unfortunately, despite decades of
research, neither 'H MRS, nor other potentially quantitative techniques
such as diffusion tensor imaging (DTI), feature prominently in routine
clinical protocols. The challenges to adoption largely encompass the lack
of fulfilling specific standards (Manikis et al., 2017; deSouza et al., 2019;
Abramson et al., 2015; Weingartner et al., 2021) established by the
wider qMR community, including: (1) validation, (2) clinical qualifica-
tion, and (3) utilization/dissemination. While single- and multi-voxel B
MRS packages have been validated and are available from the major MR
vendors, unsatisfactory progress in (2) has hampered their use in mTBI.
One reason is the inability to extract generalizable information from past
studies, due to their large heterogeneity in 'H MRS technique, patient
population and study design. Harmonization of past data and advice for
standardization of future studies (Bartnik-Olson et al., 2021) can help,
but require wide collaborations and are time-intensive. An essential part
of the solution are replication studies, which in recent years have been
advocated widely in scientific research (Replicating scientific results is
tough, 2021; Baker, 2016) and in the gMR field (Poldrack et al., 2017;
Raunig et al., 2015).

Our purpose, therefore, was to investigate whether the 'H MR
spectroscopic imaging (MRSI) findings in mTBI from our laboratory over
the last decade and published across four publications (Kirov et al.,

2013a; Kirov et al., 2013b; Kierans et al., 2014; Davitz et al., 2019), can
be replicated. As a conceptual replication (Crandall and Sherman, 2016;
Nosek and Errington, 2017) study design, key variables were kept con-
stant, among them: acquisition type (MRSI), post-processing (regional
and global analysis), patient source (metropolitan Emergency Depart-
ment and concussion clinic), proportion of complicated mTBI (mostly
MR-negative), and time from injury (~20 days post-TBI). Our hypoth-
eses (H1-H7) were our previously reported findings: Utilizing global
analysis, patients would show diffuse abnormalities (H1), confined to
white matter (WM) (H2), comprising low N-acetyl-aspartate (NAA) (H3)
(Kirov et al., 2013a), and only in non-recovered patients (H4) (Kirov
et al., 2013b). Utilizing regional analysis, patients would show a lack of
findings in six subcortical WM regions (H5) (Davitz et al., 2019) and
four deep gray matter (GM) structures (H6), except for higher patients’
myo-inositol (ml) in the putamen (H7) (Kierans et al., 2014) (Table 1).
Support for the above hypotheses, i.e., replicating our previous results,
would strengthen the argument that these findings can be generalized to
other cohorts of similar characteristics. Specifically, they would support

Table 1
Summary of hypotheses and replication status.
Approach Hypothesis on metabolic Source Status
abnormalities
H1 Global Diffuse distribution (Kirov Replicated
“_ Analysi t al.,
H2 nalyss Localized to white matter ? & Replicated
oe 2013a) _
H3 Neuronal etiology Not
Replicated
H4 Present in functionally non- (Kirov Replicated
recovered individuals, et al.,
absent in functionally 2013b)
recovered individuals*
H5  Regional Absent in the body, genu, (Davitz Replicated
Analysis — and splenium of the corpus etal.,
White Matter callosum, the corona radiata, 2019)
and the frontal and occipital
white matter structures
H6  Regional Absent in the caudate, (Kierans Replicated
Analysis — putamen (NAA, Cr, Cho, et al.,
Gray Matter Glx), globus pallidus, and 2014)
thalamus
H7 Elevated ml in the putamen Not
Replicated

*Qriginal study dichotomized individuals according to presence or absence of
PCS.
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our previous conclusion (Davitz et al., 2019) that H{ MRSI changes are
of a generally diffuse nature, and therefore their detection depends more
on the sensitivity of the 'H MRS technique than on selection of specific
regions; hence, single-voxels placed anywhere in WM may provide the
most pragmatic and clinic-ready implementation of '"H MRS for mTBI

2. Materials and methods
2.1. Study population

2.1.1. Recruitment

This study was approved by the Institutional Review Board (IRB) and
written informed consent was obtained according to the Declaration of
Helsinki. Patient recruitment took place from four Emergency De-
partments [NYULH Tisch Hospital, NYULH Brooklyn (Level I Trauma
Center), NYULH Cobble Hill, and Bellevue Hospital Center (Level I
Trauma Center)], and NYULH’s Concussion Center. Out of ~700 mild
TBI patients screened from these multi-site referrals, 566 were “poten-
tially eligible”, but ~67% could not be contacted and ~28% were
deemed ineligible based on an in-depth phone screen. The rest, 31
closed-head mTBI patients (23 female; age 37 4 13 [average + standard
deviation (SD)] years, range 18 — 60 years; education 16 + 2 years) were
prospectively enrolled between November 2018 and December 2019.
The average time between the accident and testing was 22 + 10 days
(range 5 - 53 days). Primary inclusion criteria were: (i) 18 — 65 years of
age, (ii) less than two months from injury date, (iii) mTBI diagnosis ac-
cording to the American Congress of Rehabilitation Medicine (ACRM,
1993); (iv) no previous mTBI within the past two years, (v) no history of
moderate or severe TBI or other neurological disease, (vi) no history of
disqualifying neurological or psychiatric conditions, or substance abuse,
and (vii) no MRI contraindications.

Twenty-one age-, sex-, and education-matched healthy volunteers
(14 female; age 34 + 12 years, range 22 — 61 years; education 16 + 3
years) were recruited as controls. Their inclusion criteria were the same
as those for the patients, but with the absence of any TBI history.

2.1.2. Clinical outcome assessments

All patients were administered the Glasgow Outcome Scale —
Extended (GOSE), a core measure (Wilson et al., 1998; Madhok et al.,
2020) of global outcome after TBI, listed as part of the National Institute
of Neurological Disorders and Stroke (NINDS) Common Data Elements
(CDEs) (Wilde et al., 2010; Hicks et al., 2013). The GOSE is an eight-
point scale that evaluates the overall impact of TBI on independence,
work capacity, social relationships, and cognition. A score of 8 indicates
full recovery and resumption of normal life, and descending scores from
7 to 3 reflect increasing degrees of mental and/or physical disability.
Patients were dichotomized into “recovered” (GOSE = 8) and “non-
recovered” (GOSE < 7) groups, as commonly done (Madhok et al., 2020;
Yuh et al., 2021) and recommended in a validation study (Nelson et al.,
2017) using data from the multicenter Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI) consortium.

Additionally, patients were evaluated on the presence of five post-
concussion symptoms reported by the World Health Organization
(WHO) Collaborating Center Task Force on mTBI (Borg et al., 2004) in
2004 as being the most common acute symptoms after TBI (headache,
dizziness, sleep disturbance, memory problems, and blurred vision).
Patients who endorsed at least one of these symptoms were considered
“PCS-positive”, otherwise they were classified as “PCS-negative”, as
done in our past work (Kirov et al., 2013b).

2.2. MRI and 'H MRSI data acquisition and post-processing

2.2.1. Data acquisition

All experiments were performed in a 3 T MRI scanner (MAGNETOM
Prisma [syngo MR E11], Siemens Healthcare, Erlangen, Germany) using
a 20-channel transmit-receive head coil (Siemens Healthcare, Erlangen,
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Germany). The protocol included the following clinically-used se-
quences: (i) 3D T1l-weighted magnetization prepared rapid gradient
echo (MPRAGE): repetition time (TR) = 2400 ms, echo time (TE) = 2.2
ms, inversion time (TI) = 1060 ms, voxel size = 0.8 x 0.8 x 0.8 mrn3,
field-of-view (FOV) = 256 x 240 x 208 mms, 6:38 min; (ii) 2D T2-
weighted fluid-attenuated inversion recovery (FLAIR): TR = 9000 ms,
TE = 81 ms, TI = 2500 ms, voxel size = 0.7 x 0.7 x 5 mrn3, FOV = 220
x 220 x 30 mm3, 2:44 min; (iii) SWI: TR = 28 ms, TE = 20 ms, voxel size
=0.7 x 0.7 x 3mm®, FOV = 220 x 192 x 56 mm®, 3:46 min. To guide
'H MRSI placement, the MPRAGE images were re-sliced into an axial
orientation parallel to the anterior commissure — posterior commissure
(AC-PC) axis with 1 mm slice resolution. The FLAIR and SWI images
were used for identification of any mTBI-related abnormalities.

Three-dimensional 'H MRSI data were acquired using a validated
(Ding et al., 2015) and widely used (e.g., Lecocq et al., 2015; Sabati
etal., 2015; Ding et al., 2016; Zhang et al., 2018; Maghsudi et al., 2020a;
Maghsudi et al., 2020b; Zhang et al., 2020) echo-planar spectroscopic
imaging (EPSI) prototype sequence with lipid inversion nulling: TR =
1710 ms, TE = 17.6 ms, flip angle = 73°, TI = 198 ms, FOV = 280 x 280
x 135 mm?, matrix = 50 x 50 x 18, nominal voxel volume = 0.235 cm?,
16:49 min. A 280 x 280 x 100 mm? excitation slab covered the base of
the occipital lobe through the top the brain, parallel to the AC-PC axis, as
shown in Fig. 1A-B. An outer volume saturation band was placed over
the sinuses and eyeballs to reduce their magnetic field inhomogeneity
effects. Automatic shimming, followed by a manual adjustment of first-
order shims to a water frequency linewidth of <27 Hz for the whole head
was performed for all subjects. The EPSI sequence included an inter-
leaved, gradient-echo acquisition with the same spatial resolution as
that of the metabolite acquisition for unsuppressed water, termed the
“internal water” dataset (TR = 591 ms, TE = 6.3 ms, flip angle = 20°)
(Barker et al., 1993).

2.2.2. 'H MRSI initial data processing

Datasets were processed using the standard workflow of the
Metabolite Imaging and Data Analyses System (MIDAS) software pack-
age (Maudsley et al., 2009; Maudsley et al., 2006). Briefly, spectra were
corrected for frequency shifts due to B field inhomogeneities and fitted
with a prior knowledge basis set, specific to the EPSI parameters and
scanner’s field strength (Soher et al., 1998). A quality control procedure
excluded (i) spectra whose metabolite linewidths were >12 Hz, and (ii)
“outliers” defined as voxels with signal >3 times the SD from the mean
of all voxels (Kreis, 2004; Maudsley et al., 2010) (Fig. 1M). The internal
water dataset provided the time-domain correction functions (i.e., By
shifts, phase, eddy-current correction, lineshape distortions) for spectral
analysis, and was used in the metabolite signal intensity normalization
procedure. In this pipeline, cerebrospinal fluid (CSF), gray matter (GM),
and white matter (WM) maps were first obtained from FSL/FAST tissue
segmentation of the high-resolution MPRAGE and subsequent convolu-
tion with the 'H MRSI point-spread function, to yield images interpo-
lated to 64 x 64 x 32 points, with a voxel volume of ~0.08 cm?® (Fig. 1D-
F). Next, scaling was accomplished by taking these down-sampled CSF,
GM, and WM maps and applying the following literature (Neeb et al.,
2006) tissue water fractions: CSF = 0.98; GM = 0.726; WM = 0.634. For
bias field correction and metabolite quantification, the following liter-
ature (Wansapura et al., 1999; Lu et al., 2005) tissue water T1 relaxation
values (measured at 3 T) were used: CSF T1 = 4300 ms; GM T1 = 1350
ms; WM T1 = 840 ms. Finally, metabolite signals were normalized to the
internal water signal, yielding relative metabolite levels in institutional
units (i.u.). Following this normalization step, the internal water dataset
(Fig. 1G) provided spatial transformation parameters to allow registra-
tion between the reconstructed axial MPRAGE (Fig. 1C) and the g
MRSI-resolution metabolite data (Fig. 1H-L).

After the above steps, the data were processed within two separate
pipelines, one for global and one for regional analysis.
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Fig. 1. 'H MRSI EPSI sequence positioning and processing output. (A-B): Reconstructed sagittal and coronal T1-weighted MRI images of a control subject,
superimposed with the 280 x 280 x 135 mm?® field-of-view (dotted green lines) and the 280 x 280 x 100 mm? excitation slab (solid orange lines) partitioned into 32
slices, corresponding to the MRSI-resolution of 0.08 cm® after interpolation. (C): Six reconstructed axial T1-weighted MRI images in accordance with the numbered
slices (blue arrows and bars) designated in (A) and (B). (D-F): Tissue segmentation maps of CSF, GM, and WM, derived from the T1-weighted MRI in (C) and down-
sampled to the MRSI-resolution. (G): The water reference image, used to support image registration, spatial transformations, and signal normalization procedures.
(H-L): Metabolite maps and an accompanying quality map (M), in which red indicates voxels with metabolite linewidth <12 Hz and signal <3 standard deviations
from the mean. Voxels within regions that are colored dark blue, cyan, and green on the quality map were excluded from the analysis. Abbreviations: MPRAGE,
Magnetization Prepared Rapid Gradient Echo; CSF, cerebrospinal fluid; GM, gray matter; WM, white matter; Cho, choline; Cr, creatine; Glx, glutamate plus
glutamine; ml, myo-inositol; NAA, N-acetyl-aspartate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

2.2.3. Global analysis corresponding to 100% GM and 100% WM within eight regions speci-

Using the Project Review and Analysis (PRANA) module in MIDAS, fied by PRANA’s default lobar atlas: bilateral frontal, parietal, temporal,
spectra and tissue fractions of individual voxels were integrated into a and occipital lobes (Fig. 2A). Quality criteria excluded (i) lobes with
linear regression model, as described previously (Maudsley et al., 2009; <1000 voxels, (ii) edge voxels with <100% contribution for each atlas-
Maudsley et al, 2006), to obtain average metabolite values defined region, and (iii) voxels with a CSF fraction >30%. Additionally,
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Fig. 2. Segmented regions used in global and regional analyses. Axial T1-weighted MPRAGE slices from a control subject (as shown in Fig. 1C) overlaid with the
(A) atlas-defined lobar regions from MIDAS (Maudsley et al., 2009; Maudsley et al., 2006), (B) manually traced white matter regions from FireVoxel (Rusinek et al.,
2013), and (C) auto-segmented gray matter regions from FreeSurfer (Fischl et al., 2012). Abbreviations: CC, corpus callosum.

a correction for signal loss due to CSF partial volume was applied to
voxels with a CSF fraction <0.3, expressed as

Mel =— (¢}

where Met is the uncorrected metabolite signal and fcgr is the fraction of
CSF in the 'H MRSI voxel (Sabati et al., 2015). Bilateral metabolite levels
were averaged to obtain a single GM and WM value per brain lobe.

2.2.4. Regional analysis

Six WM regions-of-interest (ROIs) were manually drawn on each
subject’s reconstructed axial MPRAGE using FireVoxel (Rusinek et al.,
2013): bilateral frontal white matter (FWM), posterior white matter
(PWM), corona radiata (CorRad), and the genu, body, and splenium of
the corpus callosum (GCC, BCC, and SCC, respectively) (Fig. 2B). Pre-
viously, we had chosen these ROIs based on findings from 'H MRS (Lin
et al., 2012), DTI (Hulkower et al., 2013), functional MRI (Sharp et al.,
2014), and histopathology (Cecil et al., 1998; Browne et al., 2011;
Mouzon et al., 2012) literature, while considering the inherent spatial
resolution limitations of 'H MRS, which prohibited finer parcellation.

Four deep GM ROIs were extracted from each subject’s axial
MPRAGE using FreeSurfer v6.0.0's (Fischl, 2012) automatic segmenta-
tion pipeline: bilateral caudate, putamen, globus pallidus, and thalamus

(Fig. 2C). Our previous decision to examine deep GM structures was
motivated by prior neuroimaging literature, which implicated impaired
glucose metabolism (Garcia-Panach et al., 2011) and blood perfusion
(Ge et al., 2009) in thalamic and basal ganglia nuclei after TBIL. Free-
Surfer has been shown to delineate these ROIs reliably (Iscan et al.,
2015; Hedges et al., 2022), particularly yielding thalamic volume esti-
mates consistent with those obtained from gold-standard manual ste-
reology (Keller et al.,, 2012). However, since the thalamus’ dorsal
surface forms the floor of the lateral ventricles, and its medial surface
extends entirely along the lateral wall of the third ventricle, it is sus-
ceptible to partial volume errors from neighboring CSF. As a result, the
thalamus was eroded by one voxel (1 mms) in all subjects, to reduce CSF
signal contamination.

All ten ROIs were mapped to the 'H MRSI matrices using the Map
Integrated Spectrum (MINT) module in MIDAS, which performed
spectral averaging, i.e., all spectra within an ROI were averaged before
fitting a single spectrum per ROI, per subject (Zhang et al., 2018; Gor-
yawala et al., 2016) (Fig. 3). Quality criteria excluded (i) ROIs with <10
voxels per ROI, (ii) edge voxels with <90% contribution for each ROI,
and (iii) voxels with a CSF fraction >30%. After the fitting procedure, a
CSF partial volume correction (Eq. (1)) was applied to all metabolites
within each ROI, and these corrected metabolite signals were then
normalized by water. The ROIs in the left and right hemispheres were
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Fig. 3. Regional 1H MRSI spectra. Averaged spectra from each of the 21 controls (left) and 26 patients (right) overlaid for each white matter (top) and gray matter
(bottom) region, except for the genu, where only 19 controls and 23 patients contributed data which passed the quality control. The real part of the 'H spectra is
shown, on common frequency (1.5 to 4.0 ppm) and intensity scales. Abbreviations: CC, corpus callosum; Cho, choline; Cr, creatine; Glx, glutamine plus glutamate;

ml, myo-inositol; NAA, N-acetyl-aspartate.

combined within a single mask, and therefore spectral averaging yielded
a single metabolite level for each bilateral structure.

2.3. Study design

Our study is classified as a conceptual replication study, in which the
goal is to test the same hypothesis from an original study, but the
approach (i.e., experimental technique) can vary (Nosek and Errington,
2017). In contrast, in a direct replication study, the goal is again to test
the same hypothesis, but the approach is strictly constrained to that of
the original study. Conceptual replication does not require matching
every single parameter, and therefore allows controlling of variables not
previously considered, and importantly, broader generalizability of
findings (Crandall and Sherman, 2016). For example, compared to the
original publications, the current study uses a different type of 'H MRSI
acquisition and post-processing package, one that has become the most
widely used 'H MRSI platform for studying the brain and its associated
disorders (e.g., Klietz et al., 2019; Verma et al., 2019; Kahl et al., 2020),
including TBI (e.g., Govindaraju et al., 2004; Gasparovic et al., 2009;
Govind et al., 2010). This can be considered an improvement (as stan-
dards of research change over time) and an opportunity to see if the
results replicate, not just with unique, lab-specific tools as used

previously, but with more current methodology and assessments.
Indeed, a recent article on reproducible MRS data analysis states that the
use of locally developed tools across different studies comes at the
expense of reproducibility (Soher et al., 2022).

Supplementary Tables 1 and 2 compare the human subjects’ char-
acteristics in the original studies to those in this replication study.
Supplementary Table 3 compares the respective MRI and 'H MRSI
methods. A discussion on the similarities and differences of these
methodological (i.e., cohort composition and technical) aspects across
studies is included in the Supplementary Material (sections S1.1 — S1.3).

2.3.1. Hypotheses generation and assessment of replicability

The findings from our previous papers were used as the hypotheses of
the current study. Importantly, negative findings were also subject to
replication, i.e., we considered lack of findings an informative result,
since they are important for sensitivity analyses, meta-analyses and
guiding future research. Only in one instance replication of a negative
finding was not incorporated in a hypothesis. Given the importance of
diffuse injury as a concept in TBI, we formulated H1 to include both WM
and GM injury, even though the latter was not found in the original
study.

One additional change was made to a hypothesis in comparison with
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the original findings. While we had found that metabolic changes were
present only in PCS-positive individuals, in the current study we stratify
not based on PCS absence or presence, but on recovery and lack thereof
in global functioning (assessed with the GOSE). This hypothesis change
was made after data collection, due to the lack of PCS-negative subjects
(see section 3.1 below and Supplementary Material, sections S1.1 —
S1.3), which precluded testing the previous finding of lack of metabolic
abnormalities in such a group. In consideration of the original findings,
however, a comparison between PCS-positive patients and controls was
still made. It is also noteworthy that while GOSE is a measure of global
functional outcome, there is a well-known relationship between the
presence of PCS, and higher PCS frequency, with a lower (worse) GOSE
score (Voormolen et al., 2018).

The results from the previous publications were considered repli-
cated if the null hypotheses were either supported or not supported in
accordance with the content of H1-H7. Specifically, replication would
entail the following: In the assessment of global changes, statistically
significant differences between patients and controls in any WM or GM
metabolite from the lobar linear regression analyses (H1). From the
same analyses, findings only in WM (and not in GM) metabolites (H2);
lower NAA in patients, and normal Cho, Cr, and mI in WM and GM (H3).
Finally, that the above findings are present in functionally non-
recovered individuals, and absent in functionally recovered in-
dividuals (H4). In the assessment of regional changes, lack of statistically
significant differences between patients and controls for all metabolites,
for all six WM (H5) and four GM (H6) regions, except for higher puta-
minal ml in patients (H7). Statistical significance, however, depends not
only on biological differences, but also on the variability associated with
every technical aspect of the experiment, type of statistical test, de-
cisions of whether or not to account for covariates, etc. Indeed, the
Committee on Reproducibility and Replicability in Science (National Acad-
emies of Sciences, Engineering, and Medicine, 2019) gives a definition
which does not include a statistical clause, i.e., “replicability is obtaining
consistent results across studies aimed at answering the same scientific
question, each of which has obtained its own data. Two studies may be
considered to have replicated if they obtain consistent results given the
level of uncertainty inherent in the system under study.” We therefore
also report within-group coefficients of variation (CVs), and take into
consideration the percent difference between patients and controls,
which minimizes confounders. Finally, effect sizes are also reported to
compare them with those obtained previously and qualify the size of the
effect (Nosek and Errington, 2017), based on Cohen’s d cut-off values.

2.4. Statistical analyses

Controls were matched to patients in age, sex, and education using a
frequency matching approach where patients and controls were suc-
cessfully matched if (i) they were of the same sex, and if (ii) their ages
and education levels were within five years of each other, inclusive.

The Mann-Whitney U (MWU) test (performed with R Statistical
Software, v4.1.0; R Core Team 2021) was used to compare mean
metabolite levels for (1) all mTBI patients and their matched healthy
controls, (2) GOSE-defined non-recovered mTBI patients and their
matched healthy controls, and (3) WHO-defined PCS-positive mTBI
patients and their matched healthy controls. Tests were run for every
metabolite within (a) each tissue type (GM and WM) for the global
analysis, and (b) each ROI for the regional analysis. A weighted least
squares (wLS) analysis of covariance (ANCOVA; performed with SAS
9.3, SAS Institute, Cary, NC) was also used to test (a) and (b), but only for
(4) GOSE-defined recovered mTBI patients and all controls. Nonpara-
metric MWU tests, which do not require any assumptions about the
underlying data distribution, were used for the fully matched cohorts in
(1) to (3), whereas parametric ANCOVA tests, which do assume that the
data are normally distributed with equal variance between groups, were
used for (4). In this latter condition, three control subjects were not
frequency matched in age with any patient, but their ages remained well
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within the age range of all patients. As a result, comparisons were
adjusted for age and sex. Furthermore, a wLS ANCOVA accounted for
inter-subject variation in terms of the numbers of voxels used in each
brain region, by weighting each observation equal to the square root of
the number of voxels used (i.e., according to the statistical precision with
which it was measured). Note that Davitz et al. (2019) also performed
stratified group analyses with the number of voxels per ROI as a
weighting factor. All tests were conducted at the two-sided 5% signifi-
cance level without correction for multiple comparisons.

CVs, defined as the SD divided by the mean metabolite level, and
expressed as a percentage, were calculated as a measure of within-group
(patients or controls) variability.

Percent differences, defined as the absolute difference between mean
metabolite levels divided by the average of the two values, and
expressed as a percentage (Cole and Altman, 2017), were calculated as a
measure of magnitude change for the differences between patients and
controls.

The Cohen’s d statistic, defined as the difference between mean
metabolite levels divided by the pooled SD, was calculated as a measure
of effect size for the differences between patients and controls:

X, —X.

[(np=1)$2+(n.—1)s2]
nptne—2

d= (2)

where ny, n, )Tp, X., Sp, and S, denote the patients’ (“p”) and controls
(“c”) sample sizes, metabolite level means and SDs, following Davitz
etal. (2019). A “small” effect was defined as |d| < 0.5, a “medium” effect
was defined as 0.5 < |d| < 0.8, and a “large” effect was defined as |d| >
0.8, as done in Gerhalter et al., 2021.

In post-hoc analyses, Spearman rank and Pearson correlations were
performed to assess the association of time from injury to data acqui-
sition with levels of lobar WM Cho and Cr. Both correlations were
computed since the discrepancy between them can be informative (e.g.,
a substantially larger magnitude for the Spearman correlation may
indicate that the association was monotonic, but nonlinear). These sta-
tistical tests were conducted at the two-sided 5% significance level using
SAS version 9.4 software (SAS Institute, Cary, NC).

3. Results
3.1. Study population

Selection bias was assessed by comparing the sample of enrolled
patients (n = 31) with the sample of potentially eligible patients (n =
566). The cohorts were comparable in terms of age and proportions of
cause of injury; and in that most patients in both groups did not expe-
rience any period of loss of consciousness. The enrolled sample had a
higher proportion of patients referred from the Concussion Clinic, and a
higher proportion of female patients.

Of the 31 mTBI patients recruited, 26 (20 female; age 36.5 + 12.5
years, range 18 — 60 years; education 15.9 + 2.3 years, range 11 — 22
years) completed the full protocol and were included in the analyses.
Reasons for exclusion were: missing H MRSI data (n = 1), claustro-
phobia (n = 2), presence of extensive non-specific white matter disease
not believed to be consistent with traumatic aetiologies (n = 1), and
inconsistent account of injury circumstances, which led to doubts about
whether the definition of mTBI was met (n = 1). The time after injury for
the remaining patients was 22.1 + 10.3 days. All 21 age-, sex-, and
education-matched healthy volunteers (14 female; age 34.2 + 11.5
years, range 22 — 61 years; education 16.3 + 3.5 years, range 10 — 26
years) successfully completed the full protocol and were included in the
analyses. Patients’ race and ethnicity were categorized into the
following mutually exclusive groups: non-Hispanic White (n = 13), non-
Hispanic Black (n = 4), Hispanic of any race (n = 6), Asian (n = 1),
mixed race (n = 1), and not reported (n = 1). Controls’ race and



A.M. Chen et al.

ethnicity yielded similar groupings: non-Hispanic White (n = 12), non-
Hispanic Black (n = 2), Hispanic of any race (n = 5), and Asian (n = 2).
All demographics and patients’ injury characteristics from the current
study are presented in Supplementary Table 1, alongside those from the
previous work (Kirov et al., 2013a; Kirov et al., 2013b; Kierans et al.,
2014; Davitz et al., 2019). A breakdown of participant demographics
and patient injury characteristics by classification instrument (i.e., either
WHO or GOSE criteria) are provided in Supplementary Table 2, along-
side those from the previous work (Kirov et al., 2013a; Kirov et al.,
2013b; Kierans et al., 2014; Davitz et al., 2019). Out of the 26 mTBI
patients who completed the current study, 24 were classified as PCS-
positive based on the WHO criteria used in the previous study (Kirov
et al., 2013b), and 18 were classified as non-recovered based on the
GOSE (n = 1 had a score of 5 [Lower Moderate Disability]; n = 14 had a
score of 6 [Upper Moderate Disability]; n = 3 had a score of 7 [Lower
Good Recovery]). Correspondingly, two were PCS-negative and eight
were GOSE-recovered (had a score of 8 [Upper Good Recovery]).

3.2. 'H MRSI

Shown in Table 1 is a determination of whether H1-H7 were sup-
ported or not supported, based on the results of the global and regional
analyses (below) and the criteria outlined in section 2.3.1.

3.2.1. Global analysis

Boxplots of the global WM and GM metabolite distributions,
respectively, in all patients (n = 26) and controls (n = 21) are shown in
Fig. 4 and Supplementary Fig. 1. Statistically significant higher occipital
WM Cho and Cr were found in patients (MWU: Cho p = 0.04; Cr p =
0.03), while no statistically significant group differences were found for
ml and NAA in WM, nor for any metabolite in GM (MWU: p > 0.05).

Comparisons of findings, percent differences, effect sizes (d), and CVs
with those of the original study (Kirov et al., 2013a) are compiled in
Supplementary Tables 4 and 5; and summarized as follows. The original
publication (Kirov et al., 2013a) reported lower global WM NAA in
patients (6.7% difference, d = -0.7). The change in occipital WM Cho
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was of similar absolute magnitude (5.9%) but had lower absolute effect
size (d = 0.4). The change in occipital WM Cr was of lower absolute
magnitude (4.5%), but of similar absolute effect size (d = 0.6). The
average lobar CVs were comparable to the global CVs from the original
study (maximum difference between patient groups = 3%), except for
much lower Cho CV for the controls in the original study (7% vs. 16%).

3.2.2. Global analysis: Relationship to clinical outcome

Boxplots of the global WM and GM metabolite distributions,
respectively, in non-recovered patients (GOSE < 7, n = 18) and their
matched controls (n = 21) are shown in Fig. 5 and Supplementary Fig. 2.
Similar to the unstratified whole-group comparison, there were statis-
tically significant higher occipital WM Cho and Cr in patients than in
controls (MWU: Cho p = 0.01; Cr p = 0.01). No statistically significant
differences were found between recovered patients (GOSE = 8, n = 8)
and controls (n = 21) (WLS ANCOVA: p > 0.05) in either global WM or
GM (Fig. 6 and Supplementary Fig. 3, respectively). Alterations in the
same metabolites were observed when comparing PCS-positive patients
(n = 24) and matched controls (n = 21), i.e., higher patients’ occipital
WM Cho (MWU: p = 0.027, d = 0.4) and Cr (MWU: p = 0.015, d = 0.7).

Comparisons of findings, percent differences, effect sizes, and CVs
with those of the original study (Kirov et al., 2013b) are compiled in
Supplementary Table 6, and summarized as follows. Kirov et al. (2013b)
reported lower global WM NAA in PCS-positive patients, but normal
metabolism in PCS-negative patients. The global WM NAA reduction in
PCS-positive patients represented a 140% increase in effect size
magnitude compared to that from the original whole-group analysis
(Kirov et al., 2013a), which included both PCS-positive and PCS-
negative patients. This large effect (d = -1.6) corresponded to a larger
concentration difference between groups (12.1%). The current study’s
comparison between non-recovered patients and controls yielded a 41%
increase in effect size for occipital WM Cho (8.6% difference, d = 0.5)
and a 40% increase in effect size for occipital WM Cr (6.3% difference, d
= 0.9) compared to the whole-group analysis. The original study only
reported global NAA CVs, which were lower than the average lobar NAA
CVs from the current study (maximum difference across patient and
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Fig. 4. Metabolite levels in global white matter (WM) in all patients vs. all controls. Boxplots displaying 1st, 2nd (median), and 3rd quartiles (box), +95%
(whiskers), and means (@) of Cho, Cr, mI, and NAA distributions within frontal, temporal, parietal, and occipital lobe WM between all patients and their matched
controls. Note the statistically significant findings in the occipital lobe (Mann-Whitney U test, p < 0.05), with small-to-moderate effect sizes (Cohen’s d), and visually
elevated Cho and Cr in all lobes (i.e., greater means and medians in patients compared to controls).
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Fig. 5. Metabolite levels in global white matter (WM) in non-recovered patients vs. all controls. Boxplots displaying 1st, 2nd (median), and 3rd quartiles (box),
+95% (whiskers), and means (@) of Cho, Cr, ml, and NAA distributions within frontal, temporal, parietal, and occipital lobe WM between GOSE-defined, functionally
non-recovered mTBI patients and their matched controls. Note higher Cho and Cr in the occipital lobe of patients (Mann-Whitney U test, p < 0.05), with moderate-to-
large effect sizes (Cohen’s d), as well as visually elevated Cho and Cr in all lobes (i.e., greater means and medians in non-recovered patients compared to controls).
Abbreviations: GOSE, Glasgow Outcome Scale — Extended.
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Fig. 6. Metabolite levels in global white matter (WM) in recovered patients vs. all controls. Boxplots displaying 1st, 2nd (median), and 3rd quartiles (box),
+95% (whiskers), and means (@) of Cho, Cr, mI, and NAA distributions within frontal, temporal, parietal, and occipital lobe WM between GOSE-defined, functionally
recovered mTBI patients and all controls. Note an absence of statistically significant group differences (WLS ANCOVA, p > 0.05) across all metabolites and all lobes.
Abbreviations: wLS ANCOVA, weighted least squares analysis of covariance; GOSE, Glasgow Outcome Scale — Extended.

control groups = 5%).

3.2.3. Global analysis: Relationship to elapsed time from injury
In the entire patient group, Spearman rank and Pearson correlations
yielded no statistically significant associations of time from injury with

levels of lobar WM Cho and Cr (p > 0.05). Among non-recovered pa-
tients, there were statistically significant associations with frontal
(Spearman: r = 0.61, p = 0.007; Pearson: r = 0.58, p = 0.011), parietal
(Spearman: r = 0.53, p = 0.024), and temporal (Spearman: r = 0.53,p =
0.022) WM Cho, and with frontal (Spearman: r = 0.55, p = 0.018) WM
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Cr. Among recovered patients, both Spearman rank and Pearson corre-
lations yielded no statistically significant associations of time from
injury with levels of lobar WM Cho and Cr (p > 0.05). These post-hoc
analyses (not part of H1-H7) are presented in Fig. 7, Supplementary
Fig. 4, and Supplementary Table 7, and are discussed in section 4.6.

3.2.4. Regional analysis

Boxplots of the regional WM and GM metabolite distributions,
respectively, in all patients (n = 26) and controls (n = 21) are shown in
Figs. 8 and 9. All subjects contributed data for all structures, except for
three patients and two controls, who did not meet the quality control
threshold of >10 voxels in the GCC, and thus were excluded from that
analysis. No statistically significant group differences were found for any
metabolite in any of the six WM and the four deep GM ROIs (MWU: p >
0.05). Comparisons between PCS-positive patients (n = 24) and matched
controls (n = 21) also yielded an absence of findings.

Comparisons of findings, percent differences, effect sizes, and CVs
with those of the original regional WM (Davitz et al., 2019) and GM
(Kierans et al., 2014) studies are compiled in Supplementary Tables 8
and 9, respectively, and summarized as follows. The original regional
WM publication (Davitz et al., 2019) reported normal metabolism in
PCS-positive patients, which mirrored our current findings. The original
regional GM publication (Kierans et al., 2014) reported higher mI in the
putamen (21% difference, d = 1.07). The statistically non-significant
difference in putaminal ml in the current study was much lower, in
both absolute magnitude and effect size (3.5% difference, d = 0.2). The
current study more frequently yielded lower CVs compared to the
original regional WM study (maximum difference across patients
12%; controls = 27%) and to the original regional GM study (maximum
difference across patients = 24%; controls = 25%).

4. Discussion

The clinical and scientific dissemination of a validated biomarker
requires aggregation of disparate studies into a unified prescription for
clinical use. The principal challenge, however, is that human studies
incorporate many experimental variables, all of which can influence the
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results. In mTBI, gMR sequences, post-processing methods, sample sizes,
types of trauma, patient populations, time from injury, clinical outcome
measures, statistical approaches and others vary among studies, and
each can influence the apparent relationship between the qMR mea-
surement and the clinical endpoint. An additional confounder is the
concern for type I and II errors, the latter of which is exacerbated by the
well-known journal bias against negative results (Munafo et al., 2017).
Therefore, replication studies are key for addressing the above issues
and are essential for either advancing a candidate qMR technique or
confirming its shortcomings.

With its high signal-to-noise ratio (SNR) and short acquisition time
(e.g., ~5 min), single-voxel 'H MRS is well-placed for clinical use, but it
requires an a priori decision of voxel placement and usually only one
region is sampled. Moreover, voxels placed in GM incur WM partial
volume effects, which can diminish the sensitivity of the technique to
detect GM changes. 'H MRSI can cover multiple brain regions, but has
longer acquisition times (e.g., ~20 min), more complex post-processing,
and regional metabolism is observed with worse reproducibility than
with single-voxel MRS, because of the smaller voxels’ lower SNR (Zhang
et al., 2018). An advantage of 'H MRSI is its ability to assess global
metabolism via linear regression (Tal et al., 2012; Hoch et al., 2017) or
spectral decomposition (Goryawala et al., 2018) over many voxels. Such
application can deliver reproducibility on par with that of single-voxel
H MRS (Zhang et al., 2018), with the added benefit of negligible par-
tial volume effects (Tal et al., 2012). Given these different strengths and
weaknesses, the choice of acquisition and post-processing approaches
for the evaluation of mTBI depends on how injury is distributed within
the brain, at what magnitude, and how it relates to clinical metrics. Our
previous 'H MRSI work, published in four publications from 2012 to
2019, has provided answers to these questions, but their generalizability
remains unknown. Therefore, the goal of the current project was to test
whether the results replicate in a new cohort.

Each original study is described in its own section below (4.1 to 4.4)
under a heading which denotes the type of post-processing (global or
regional) and target tissue (GM, WM) analysis done in the respective
work. Each of these sections is structured identically as follows: the first
paragraph states the scientific question posed in the previous published
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Fig. 7. Scatterplots of the time from accrual to image acquisition versus the levels of Cho (top row) and Cr (bottom row) in the frontal, temporal, parietal,
and occipital white matter (WM) among GOSE-stratified patients. Results are in pink (@) for the non-recovered patients, and in blue (a) for the recovered
patients. Spearman rank correlation (r), corresponding p value, and the least squares regression line to predict the metabolite level as a function of time from accrual
to image acquisition are presented for the statistically significant associations of Cho in the frontal, temporal, and parietal WM, and of Cr in the frontal WM. (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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Fig. 8. Metabolite levels in regional white matter (WM) in all patients vs. all controls. Boxplots displaying 1st, 2nd (median), and 3rd quartiles (box), +95%
(whiskers), and means (@) of Cho, Cr, ml, and NAA distributions within segmented WM regions between all mTBI patients and their matched controls. Note an
absence of statistically significant group differences (Mann-Whitney U test, p > 0.05) across all metabolites and all regions, yet visually elevated Cho and Cr in all WM
regions (i.e., greater means in patients compared to controls). Abbreviations: BCC, body of the corpus callosum; GCC, genu of the corpus callosum; SCC, splenium of
the corpus callosum; CorRad, corona radiata; FWM, frontal white matter; PWM, posterior white matter.
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Fig. 9. Metabolite levels in deep gray matter (GM) in all patients vs. all controls. Boxplots displaying 1st, 2nd (median), and 3rd quartiles (box), +£95%
(whiskers), and means (@) of Cho, Cr, Glx, ml, and NAA distributions within segmented deep GM structures between all mTBI patients and their matched controls.
Note an absence of statistically significant group differences (Mann-Whitney U test, p > 0.05) across all metabolites in all regions. Abbreviations: Caud, caudate; Put,

putamen; GP, globus pallidus; Thal, thalamus.
work and its findings; the second paragraph compares them to those of
the replication study; the third paragraph contains a short discussion of

the wider MRS literature on the topic.

4.1. Global GM and WM

The objective of our first publication was “to test if DAI is

11

quantifiable with 'H MRSI” (Kirov et al., 2013a). To specifically capture
the diffuse component of DAI, we applied a recently developed (at the
time) linear regression approach for assessment of global injury with 'H
MRSI. It yielded tissue-specific concentrations of Cho, Cr, ml, and NAA
over the entire 360 cm® 'H MRSI volume-of-interest (VOI). We found
lower NAA in mTBI patients in WM, but we did not detect any differ-
ences between mTBI patients and controls for any metabolite in GM. The



A.M. Chen et al.

findings were described as diffuse injury (H1) only in WM (H2), and
affecting axons, not glia (i.e., lower NAA, but normal Cho, Cr, and ml;
H3).

Each linear regression result from the current study is derived from a
single bilateral lobe, ie., it represents the average metabolite level
within a large brain volume (lobes range from ~100 cm? to ~400 cm3)
(Brain Development Cooperative Group, 2012) which is on the scale of
the volume interrogated in the original study (~340 cm®, after ac-
counting for ~6% CSF content in the VOI (Kirov et al., 2009). Therefore,
the Cho and Cr elevations in the occipital lobe WM of patients constitute
a replication of H1 and H2 and a failure to support H3. The large brain
coverage of the replication study enabled an examination of the scale of
this injury. Given that only the occipital lobe showed a statistically
significant finding, it can be concluded that diffuse injury does not
extend elsewhere. As seen in Fig. 4 and Supplementary Table 4, how-
ever, the mean WM Cr and Cho values of patients were above those of
the controls in every lobe. For Cr, the magnitude of the statistically non-
significant differences in the parietal and frontal lobes were only ~0.6 %
smaller than the statistically significant result in the occipital lobe. It
could therefore be conjectured that diffuse injury extends to other lobes,
but its slightly lower magnitude and/or worse CVs there rendered it
undetectable.

Prior 'H MRS literature (Gasparovic et al., 2009; Govind et al., 2010;
Yeo et al., 2011) also support the notion of diffuse injury distribution
after mTBI. Its manifestations, however, may differ across cohorts: while
there were no cross-sectional differences, Mayer et al. (2015) observed a
longitudinal decrease of global WM NAA in athletes at high risk for re-
petitive mTBI. There is also evidence for diffuse metabolic changes in
moderate-to-severe TBIs (Signoretti et al., 2008; Lin et al., 2022),
including in children (Babikian et al., 2018; Holshouser et al., 2019).

4.2. Global GM and WM: Relationship to clinical outcome

Linear regression for obtaining global GM and WM has not only
technical advantages (minimal partial volume effects, high sensitivity),
but is also practical for clinical applications because it obviates the need
to (subjectively) choose a sampling region, as all voxels within an 'H
MRSI acquisition can be used for the global concentrations. Therefore, to
probe its potential as a biomarker, the second study’s objective was “to
test whether the previously identified WM NAA decline correlated with
patients’ PCS” (Kirov et al., 2013b). For that purpose, the patient cohort
was stratified into two groups, PCS-positive and PCS-negative, and
global metabolite levels in each were compared to those in matched
controls. While there were no differences between PCS-negative patients
and controls, WM NAA was lower in the PCS-positive patients. The
findings were described as global WM NAA correlating with PCS (H4).

The current study used the GOSE to test whether findings from the
whole-group analysis correlated with patients’ functional outcome.
Thus, global metabolite levels in each subgroup were compared to those
in matched controls, and the results mirrored those from the previous
study in two notable ways. First, stratification showed that the whole-
group findings were only reflected in the impaired cohort (i.e., only
non-recovered patients vs. controls, as shown in Fig. 5, exhibited a sta-
tistically significant group difference). Second, we observed larger effect
sizes for the elevated occipital WM Cho and Cr levels in non-recovered
patients vs. controls (Supplementary Table 6), compared to those from
the whole-group analysis (Supplementary Table 4). While we could not
perform a comparison for the two PCS-negative patients, we did
examine PCS-positive patients vs. controls, and as expected, found
elevated occipital WM Cho (d = 0.4) and Cr (d = 0.7) in PCS-positive
patients. Taken together, this replication study supported H4 with
regards to global WM abnormalities correlating with worse outcome.

While relatively few 'H MRS studies in adult mTBI have examined
the associations between metabolite levels and clinical outcomes, those
that have done so often report statistically significant correlations be-
tween reduced NAA or NAA/Cr and greater disability (Ross et al., 1998;
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Garnett et al., 2000), worse global function (Garnett et al., 2000;
Friedman et al.,, 1999), and worse neuropsychological performance
(Govind et al., 2010; Friedman et al., 1999). Of note, George et al.
(2014) found a direct correlation between Cr concentration and cogni-
tive ability in the centrum semiovale, in mTBI patients examined at the
early subacute stage of injury. Lack of further reports on Cho and Cr as
mediators of clinical outcome may be attributed to the relative absence
of Cho and Cr alterations in mTBI (Vagnozzi et al., 2010), which itself
may be due in part to the widespread use of Cr levels as a reference for
metabolite quantification.

4.3. Regional WM

The two original publications described above were followed by a
regional analysis to determine if “1) WM damage is homogeneously
diffuse, or if specific regions are more affected; and 2) partial-volume-
corrected, structure-specific 'H MRSI voxel averaging is sensitive to
regional WM metabolic abnormalities” (Davitz et al., 2019). These
questions were to be answered by comparing the results and effect sizes
across six WM regions to those obtained with global linear regression.
Surprisingly, the regional WM analysis yielded no statistically signifi-
cant differences (H5). Patients’ mean and median NAA, however, were
lower than controls’ in every WM region, with effect sizes of similar
magnitude. Given the statistically significant result of lower global WM
NAA from the linear regression (Kirov et al., 2013a), we concluded that
WM damage was homogenously distributed, but 'H MRSI regional
averaging lacked the sensitivity to detect it on a regional basis.

The current replication study supported H5 (no statistically signifi-
cant differences for any metabolite in any region). It also supported the
assertion of insufficient sensitivity of regional 'H MRSI, given the lack of
finding within the PWM vs. the statistically significant effect for the
whole occipital lobe. Intriguingly, patients’ mean Cho and Cr were
higher than controls’ in every WM region, mirroring the previous NAA
observations. In contrast, however, their effect sizes and percent dif-
ferences were not of similar magnitude across the different regions. Such
observation may point to inhomogeneously distributed injury, i.e., higher
Cho and Cr within all WM, but to a different extent in different regions.

There is a paucity of data on multiple WM ROIs examined in the same
session, likely due to the lower number of 'H MRSI studies in mTBI
compared to single-voxel. One rare study found unidirectionally lower
NAA/Cho in patients compared to controls in all of the 12 studied re-
gions, but only in 5 the difference was statistically significant (Govin-
daraju et al., 2004). In more severe TBI, both in adults (Signoretti et al.,
2008) and children (Holshouser et al., 2019); 'H MRSI has yielded sta-
tistically significant metabolic alterations in much larger percentage (or
even all, depending on severity) of regionally defined ROIs. It is there-
fore plausible that the nature of 'H MRS-detectable WM injury in TBI is
truly diffuse, but its small magnitude in mTBI can often render it
undetectable.

4.4. Regional GM

The global analysis grouped together cortical and deep GM, and
therefore averaged out any differences between and within these two
GM types. The last original study focused on the latter, with the purpose
“to obtain quantitative neurometabolite measurements, specifically mI
and Glx [...] and compare these measurements against normal healthy
controls” (Kierans et al., 2014). There were no statistically significant
differences in any metabolite for the caudate, thalamus and globus
pallidus and for Cho, Cr, Glx, and NAA in the putamen (H6). In the latter
structure, however, mTBI patients showed higher mI (H7).

In the replication dataset, the negative results were replicated
(supporting H6), while the positive one was not, as no differences were
found for any metabolite in any structure (not supporting H7). We note
that the original study also used ratios to Cr as a proxy for changes in the
level of the metabolite in the numerator, assuming that Cr levels are
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stable across mTBI patients and controls. We opted against repeating
this strategy, considering the accumulated evidence of altered Cr levels
in mTBI in animal models (Signoretti et al., 2010) and human subjects
(Gasparovic et al., 2009; Yeo et al., 2011; Vagnozzi et al., 2010). We note
that the current replication study provides more support against the
concept of stable Cr in TBI.

To our knowledge, there has been only one other study of the pu-
tamen in mTBI, and it also yielded negative findings (George et al.,
2014). There has been more interest in the thalamus, with some groups
reporting changes (George et al., 2014; Sours et al., 2015), and others
not (Widerstrom-Noga et al., 2016). In early work from our laboratory
using long-TE 'H MRSI in mostly chronic mTBI, we did not find thalamic
findings (Kirov et al., 2007). We note more evidence of thalamic
involvement in pediatric TBI (Holshouser et al., 2019) and severe TBI
(Uzan et al., 2003; Tollard et al., 2009).

4.5. Key findings and clinical implications

The main conclusions from the four original publications and the
current replication study are that, in mTBI cohorts with similar char-
acteristics, 1 MRSI-identified injury: (i) has a diffuse WM distribution,
which (ii) can differ in the type of altered metabolism; and which (iii) is
present only in patients with unfavorable clinical outcome. Because the
magnitude of this injury is approximately at or below 6% (6.7% from the
previous study, <5.9% from the current study), we highlight the
importance of high sensitivity "H MRS approaches. Quantification using
metabolite ratios should be made with caution, given the different
metabolic injury profiles in each patient cohort, including higher Cr.

Guidance on acquisition strategies can also be extrapolated. Insights
original to this study suggest that, in generalizing about the entire ce-
rebrum, this type of injury can be described as inhomogeneously diffuse:
unidirectional metabolic changes in all or most of WM, but with varying
local profiles. The evidence suggests that this may be true on both
regional (few cm3) and global (hundreds cm3) scales, but with larger
heterogeneity on the smaller scale. This is in line with the expectation
that focal injury will vary in accordance with the unique biomechanical
consequences of each mTBI event. While such injury may not be
generalizable, over large brain regions, focal differences would average
out, decreasing individual heterogeneity. In such scenario, large single
voxels, or linear regression from 'H MRSI over large brain areas would
be well-suited to detect mTBI injury. Our previous findings of homo-
geneous diffuse injury dictated a similar recommendation, highlighting
the use of single voxel anywhere in the WM as the most straightforward
approach. Taken together, all our studies can be used to motivate a
slightly modified version, emphasizing on the large voxel volume and a
suggestion for placement in another WM area to account for possible
differences in injury magnitude.

4.6. Limitations

An important aspect of a clinical recommendation is the timing of the
'H MRS exam, given that metabolite levels have been reported to change
as a function of elapsed time from injury (Joyce et al., 2022). A cross-
sectional study is unable to meaningfully contribute to this topic, but
given the need to augment the above guidance with a timing recom-
mendation, we conducted an exploratory post-hoc analysis (not part of
H1-H7) which can guide future serial studies. The results suggest that
the lack of a statistically significant correlation between time from
injury and lobar WM Cr and Cho levels in all patients was at least
partially due to the fact that the correlations were exclusively positive
among non-recovered patients, but were primarily negative among
recovered patients (Supplementary Table 7). Hence, the data suggest
that time from injury had opposite effects on the metabolite levels
within the two groups, with longer time associated with higher lobar
WM Cr and Cho levels among non-recovered patients, and with lower
levels of these metabolites among recovered patients (Fig. 7). This can
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be interpreted as ongoing, increasing metabolic abnormalities only in
the impaired cohort. Two of our previous publications also explored this
topic, but did not find a relationship between lower global WM NAA and
time from injury, either in the whole (Kirov et al., 2013a), or in the PCS-
stratified (Kirov et al., 2013b) cohorts. Interestingly, however, longer
time from injury was associated with higher global WM Cr and Cho, but
in that study these metabolites were not altered in patients (Kirov et al.,
2013a).

By replicating the negative findings in global and deep GM, and the
lack of replication of the sole previous GM finding, we did not find any
evidence of GM injury. Though in line with DAI being the predominant
pathological mechanism, we note that our findings do not negate the
presence of focal cortical GM injury in either of the two cohorts. Cortical
GM was only studied with global linear regression, an analysis which is
not sensitive to changes in a small number of voxels (Tal et al., 2012).

The relatively small sample sizes of both studies dictate that the
hypotheses should be further evaluated in larger samples and at
different sites. Such studies will benefit from employing 'H MRSI and
multiple WM single voxels within the same session in order to draw
more robust conclusions about clinical applicability. These future
studies should also incorporate a more diverse set of clinical outcome
measures.

5. Conclusions

A single-site conceptual replication study replicated evidence of
injury which is diffuse, confined to WM, and which correlates with
clinical outcome. Unlike the original studies, however, this injury was
found to be of glial (Cr, Cho), and not of neuronal (NAA) origin. These
results, and the low magnitude of injury found in all studies, suggest that
the choice of WM region is secondary to the need for high sensitivity H
MRS approaches; and that caution should be exercised when performing
quantification using metabolite ratios, especially to Cr. It can be further
extrapolated that clinic-friendly and high signal-to-noise ratio single-
voxels placed anywhere in WM may provide the simplest 'H MRS
biomarker for mTBI. Such conclusion has implications for clinical ap-
plications and should be further tested in larger sample sizes and in
cohorts with different characteristics.
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