
Investigating whole-brain metabolite abnormalities in the 
chronic stages of moderate or severe traumatic brain injury

Joanne C. Lin, PhD1,

Christina Mueller, MS1,

Kelsey A. Campbell, MA1,

Halle H. Thannickal, BS2,

Altamish F. Daredia, BS1,

Sulaiman Sheriff, BSc3,

Andrew A. Maudsley, PhD3,

Robert C. Brunner, MD4,

Jarred W. Younger, PhD1

1Department of Psychology, University of Alabama at Birmingham, Birmingham, Alabama, USA

2Department of Biology, University of Michigan, Ann Arbor, Michigan, USA

3Department of Radiology, Miller School of Medicine, University of Miami, Miami, Florida, USA

4Department of Physical Medicine and Rehabilitation, University of Alabama at Birmingham, 
Birmingham, Alabama, USA

Abstract

Background: Evidence suggests that neurometabolic abnormalities can persist after traumatic 

brain injury (TBI) and drive clinical symptoms such as fatigue and cognitive disruption. Magnetic 

resonance spectroscopy has been used to investigate metabolite abnormalities following TBI, but 

few studies have obtained data beyond the subacute stage or over large brain regions.

Objective: To measure whole-brain metabolites in chronic stages of TBI.

Design: Observational study.

Setting: University.

Participants: Eleven men with a moderate or severe TBI more than 12 months prior and 10 

age-matched healthy controls completed whole-brain spectroscopic imaging.

Main Measures: Ratios of N-acetylaspartate (NAA), choline (CHO), and myoinositol (MI) to 

creatine (CR) were measured in whole-brain gray and white matter as well as 64 brain regions of 
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interest. Arterial spin labeling (ASL) data were also collected to investigate whether metabolite 

abnormalities were accompanied by differences in cerebral perfusion.

Results: There were no differences in metabolite ratios within whole-brain gray and white matter 

regions of interest (ROIs). Linear regression showed lower NAA/CR in the white matter of the 

left occipital lobe but higher NAA/CR in the gray matter of the left parietal lobe. Metabolite 

abnormalities were observed in several brain regions in the TBI group including the corpus 

callosum, putamen, and posterior cingulate. However, none of the findings survived correction 

for multiple comparison. There were no differences in cerebral blood flow between patients and 

controls.

Conclusion: Higher MI/CR may indicate ongoing gliosis, and it has been suggested that low 

CHO/CR at chronic time points may indicate cell death or lack of healthy turnover and repair. 

However, with the small sample size of this study, we caution against the overinterpretation of our 

results. None of the findings within ROIs survived correction for multiple comparison. Thus, they 

may be considered possible avenues for future research in this area.

INTRODUCTION

Traumatic brain injury (TBI) is a prevalent public health issue and a major contributor to 

disability. An estimated 3.2–5.3 million people are living with a TBI-related injury in the 

United States.1–4 Long-term consequences following a moderate-to-severe injury that persist 

beyond the initial recovery phase can include changes in cognitive functioning, behavior, 

mood, and motor and sensory function.1

Although neural cell damage may arise from the initial impact during a TBI, additional 

injury can occur via subsequent physiological mechanisms. The biochemical cascade of 

neuroinflammatory events following a TBI involves mobilization of immune cells, activation 

of microglia, and release of cytokines and chemokines at the site of injury.5–7 Although 

this response is initially beneficial for healing damaged tissue, inflammation may persist 

long after structural recovery has plateaued, disrupting endogenous repair processes.8–13 

Chronically activated microglia release proinflammatory factors that can drive many of the 

persistent clinical symptoms after a TBI, such as profound pain sensitivity, fatigue, cognitive 

disruption, and mood disturbance.8 Therefore, tissue damage and altered neuronal and glial 

metabolism may be critical determinants of the long-term impact of TBI and a promising 

target for treatment and outcome assessment in some patients.

A potential method for assessing tissue damage and neuronal and glial metabolism following 

TBI is magnetic resonance spectroscopy (MRS). MRS has been used to investigate 

metabolic abnormalities in N-acetylaspartate (NAA), choline-containing compounds (CHO), 

and creatine (CR), which are considered markers for neuronal integrity, cell membrane 

turnover, and cellular energetics, respectively.14 Studies have been heterogeneous with 

respect to the severity of TBI, length of time from injury, and location of MRS acquisition; 

however, they generally support the idea that neurometabolic abnormalities persist after a 

TBI. For example, a recent large meta-analysis showed that elevated CHO/CR and lower 

NAA/CR ratios are frequently detectable at the subacute stage of a moderate-to-severe TBI 

(at least 8 days past the date of injury).15 There is growing interest in myo-inositol (MI), an 
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astroglial marker and osmolyte,16 which has been shown to be elevated in both acute17 and 

chronic18 stages of TBI.

The majority of MRS studies in patients with moderate-to-severe TBI have relied on 

measurements within discrete regions of interest (ROIs). Given the potentially diffuse nature 

of underlying brain changes following TBI,19,20 single voxel or even two-dimensional MRS 

techniques may miss important elements of long-term pathophysiological consequences of 

TBI. The only two studies that obtained spectroscopic data over large brain regions in this 

population were limited to participants in the subacute stage - approximately 1 month past 

the date of injury.21,22 The lack of whole-brain MRS data beyond the 1-year period of 

expected recovery means that little is known about the spatial distribution of metabolite 

alterations that persist long term. Such information would be critical to explaining why a 

significant proportion of TBI survivors continue to report symptoms such as depression,23,24 

fatigue,25–27 and pain28–30 long after their injury.

There are few long-term, whole-brain MRS studies that have investigated metabolite 

distributions at >12 months post injury in patients with moderate/severe TBI. A study by 

Maudsley et al investigated a single patient with moderate TBI on five occasions between 

7 weeks and 28 months following injury. Significantly increased CHO and reduced NAA 

were observed in white matter regions at all subacute and chronic time points, corroborating 

previous findings of persistent microglial activation, gliosis, and/or glial scar formation.31 

In contrast, a longitudinal study of pediatric patients with moderate/severe TBI found that 

elevations in CHO in lobar regions and the corpus callosum observed at 3 months post 

injury had normalized by the chronic time point (average 16 months post injury).32 In 

another study of pediatric patients, all metabolite ratios in patients with moderate TBI had 

fully recovered at 1 year; however, in patients with severe TBI, only cortical gray matter 

regions full recovered, whereas NAA ratios in white matter and subcortical regions remained 

significantly reduced.33 It should be kept in mind when comparing results across studies, 

that different post-processing approaches were used, for example, z-score image analysis 

(Maudsley et al34), voxel averaging (Babikian et al,32 Holshouser et al33).

In this study, whole-brain MRS data were acquired in a group of men who had experienced 

a moderate or severe TBI more than 12 months before and who reported ongoing pain 

and/or fatigue. Another group of male control participants without a history of TBI were 

also recruited. Arterial spin labeling (ASL) data were also collected to investigate whether 

metabolite abnormalities were accompanied by differences in cerebral perfusion. This was a 

prospective study and recruitment was limited to male participants as men have been shown 

to be at greater risk of having TBI35,36; therefore, for the purposes of this small study, it 

was important to maintain sample homogeneity. We hypothesized that individuals with TBI 

would show elevated CHO and MI and lower NAA than the control group, correlated with 

the severity of their clinical symptoms.
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MATERIALS AND METHODS

Participants

Sixteen male participants who had experienced a moderate or severe nonpenetrating TBI 

and 12 male control participants were invited to participate in this study. For participants 

who had experienced a TBI, the inclusion criteria were (1) age between 18 and 55 years; 

(2) a nonpenetrating, moderate or severe TBI within the past 12–24 months (as defined by 

one or more of the following: Glasgow Coma Scale <13, duration of altered mental state or 

loss of consciousness >30 minutes, or posttraumatic amnesia >24 hours1); and (3) average 

self-reported pain and/or fatigue rating ≥4 on an 11-point (0–11) scale. Control participants 

were also aged between 18 and 55 years, had no history of brain injury, including mild TBI/

concussion, stroke, or brain tumor, and had average self-reported pain and fatigue ratings 

of ≤2 on an 11-point scale. Exclusion criteria for both groups included (1) any magnetic 

resonance imaging (MRI) contraindications, (2) current or recent substance use (within the 

past 6 months), (3) any neurodegenerative or inflammatory conditions, and (4) a score of 

≥20 on the Patient Health Questionnaire-9. All study procedures were approved by the 

institutional review board.

Study protocol

On the day of the study, all participants gave written informed consent before undergoing 

any research procedures. Participants then completed study questionnaires followed by the 

MRI acquisition (approximately 45 minutes).

Symptom questionnaires

In order to assess the severity of symptoms associated with TBI, the Brief Pain Inventory,37 

the Fatigue Severity Scale,38 and the Hospital Anxiety and Depression Scale (HADS)39 

were administered. The pain intensity subscale of the Brief Pain Inventory was used as 

a measure of severity. The pain intensity score was calculated by taking a mean of four 

items (average, least, and worst pain over the last 24 hours, as well as present pain), 

scored on an 11-point (0–10) numerical rating scale. Pain interference measured how 

much pain interefered with daily activities and was calculated by taking a mean of seven 

items (relations with others, enjoyment of life, mood, sleep, walking, general activity, and 

working), scored on an 11-point (0–10) numerical rating scale. The Fatigue Severity Scale 

consists of nine questions and uses a seven-point (1–7) Likert scale (ranging from “strongly 

disagrees” to “strongly agrees”) and is designed to assess the connection between fatigue 

intensity and functional disability. The HADS is divided into an Anxiety subscale (HADS-

A) and a Depression subscale (HADS-D), both containing seven items on a four-point (0–3) 

scale, and was used to measure states of anxiety and depression.

Image acquisition

Data were collected using a 3.0T Siemens Magnetom Prisma System with a 20-channel 

head/neck coil. A T1-weighted image was acquired for segmentation and anatomical 

reference using a magnetization prepared rapid gradient echo sequence: repetition time 

(TR) = 2000 msec; echo time (TE) = 2.51 msec; flip angle = 8°; 208 slices; slice thickness 
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= 0.9 mm; field of view (FOV) = 230 × 230 mm; matrix = 256 × 256; acquisition time 

(TA) = 5 min; voxel resolution = 0.9 × 0.9 × 0.9 mm. Whole-brain magnetic resonance 

spectroscopic imaging (MRSI) data were acquired using a 3D echo-planar spectroscopic 

imaging sequence40: TR = 1550 msec; TE = 17.6 msec; lipid inversion nulling with 

inversion time (TI) = 198 msec; spin-echo excitation with selection of a 135 mm axial 

slab covering the cerebrum; flip angle = 71°; FOV = 280 × 280 × 180 mm; matrix = 50 × 50 

× 18; GRAPPA factor = 1.3; TA = 18 min; voxel resolution = 5.6 × 5.6 × 10 mm.

A two-dimensional ASL scan was acquired using a Proximal Inversion with Control of 

Off-Resonance Effects labeling scheme: TR = 2500 msec; TE = 16.18 msec; TI = 1800 

msec; 12 slices; FOV = 256 × 256 mm; matrix = 64 × 64 mm; TA = 5 min; voxel resolution 

= 4 × 4 × 8 mm. Sixty pairs of axial label/control images were collected. All image 

acquisition parameters have been described in a previous study in participants with myalgic 

encephalomyelitis/chronic fatigue syndrome.41

Image processing

MRSI data were processed using the fully automated MRSI processing pipeline within 

the Metabolite Imaging and Data Analysis System software package.42 Images were 

reconstructed, corrected for B0 shifts, interpolated to 64 × 64 × 32 points, and smoothed 

to achieve an effective voxel volume of 1.5 mL. The FITT2 module was used to carry 

out parametric spectral fitting and then normalized to institutional units using a tissue 

water reference,42 which was acquired using an interleaved nonwater suppressed acquisition. 

Maps of the tissue distribution that corresponded to the spectroscopic image resolution 

spatial response function were obtained following segmentation of the T1-weighted MRI 

using Functional MRI of the Brain Group (FMRIB) Software Library/FMRIB Automated 

Segmentation Tool (FSL/FAST).43 Metabolite ratio and tissue distribution images were 

nonlinearly transformed to 2 mm standard space. Gray and white matter segmentations 

were used as ROIs to investigate global gray and white matter abnormalities. A lobar atlas 

and modified version of Automated Anatomical Labeling (AAL) atlas were used as spatial 

reference44; smaller ROIs were combined to delineate 47 anatomical structures suitable for 

lower resolution MRSI data.

A modified version of the Johns Hopkins University (JHU) white matter tract atlas45 was 

also used to delineate major white matter structures that have shown to be affected following 

TBI, that is, the internal capsule, anterior and posterior corona radiata, cingulum, sagittal 

striatum, superior longitudinal fasciculus, external capsule, and genu, body, and splenium of 

the corpus callosum.46–48

Data analysis

Metabolite data were corrected using the Project Review and Analysis module within 

Metabolite Imaging and Data Analysis System. Voxels were excluded from analysis if they 

had (1) fitted metabolite linewidth >13 Hz, (2) an outlying value >2.5 times the SD of 

all valid voxels over the image, and (3) a Cram r-Rao Lower Bounds for fitting of CR 

of >20%, (4) <80% gray or white matter, or (5) >30% cerebrospinal fluid contribution to 

the voxel volume. The inverse spatial transform generated during registration to Montreal 
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Neurological Institute (MNI) space was applied to the data to obtain atlas-defined ROIs in 

subject space. Spectra in each ROI were averaged in the Map Integrated Spectrum (MINT) 

module to obtain a single average spectrum, and spectral fitting was performed. Average 

spectra have higher signal-to-noise ratio and enable more accurate fitting; resultant maps for 

NAA, CR, CHO, and MI were extracted and ratios over CR were calculated.

Linear regression was also carried out in the Project Review and Analysis (PRANA) module 

to calculate the mean value of each metabolite ratio separately for gray and white matter in 

each brain lobe.

ASL data were processed using the standard processing pipeline within ASLtbx49 for 

SPM12 within MATLAB. Data were visually assessed for accurate co-registration, contrast 

in anatomical structures, and artifacts including signal hyper-/hypo-intensities, distortions, 

and motion. Data were then smoothed with a 6-mm Gaussian kernel and each label/control 

pair was subtracted for quantification of cerebral blood flow (CBF) in mL/100 g/min. 

Mean CBF maps were linearly registered to the magnetization prepared rapid gradient echo 

image, then nonlinearly warped to 2-mm MNI space using FSL FMRIB Nonlinear Image 

Registration Tool (FNIRT).50 Mean CBF was quantified in each ROI from the modified 

AAL atlas.

Statistics

Main analyses were conducted in SPSS Statistics v25. Univariate independent-samples 

t-tests were used to compare mean metabolite ratios between the TBI and control groups 

in each ROI. Homogeneity of variance of the distribution of outcome variables (metabolite 

ratios) across groups was tested using Levene’s test, and nonparametric tests were used for 

outcomes that failed to meet the assumption. Adjusted degrees of freedom for those tests are 

indicated in Table 2. The dependent variables were (1) CHO/CR, (2) myo-inositol/creatine 

(MI/CR), and (3) NAA/CR in each ROI. Significance of group differences was assumed at 

P < .05 (uncorrected). We also used an additional false discovery rate of 0.01 to examine 

whether any results would reach significance at this threshold (equivalent to uncorrected P 
< .002). Equivalent independent-samples t-tests were used to compare mean CBF values 

between patients and controls in each ROI from the AAL atlas.

To investigate whether there was a relationship between metabolite ratios and pain, fatigue, 

anxiety, and depression in participants with TBI, regions with metabolite ratios that were 

significantly different between groups were then tested (two-tailed) for associations with 

severity of clinical symptoms using Spearman’s rho (rs) and a significance threshold of P < 

.05.

RESULTS

Data from four participants in the TBI group were excluded owing to poor data quality and 

one participant did not complete the protocol, leaving data from 11 participants. None of the 

participants had had multiple injuries or history of previous/other TBI. The modes of injury 

for the sample were five motor vehicle crashes as occupants, four falls, one pedestrian struck 

by a motor vehicle, and one sports injury. For ethical reasons, participants were not asked 
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to stop taking medication. The proportion of participants on different classes of medication 

were as follows: antidepressants (4/11), anti-hypertensives (3/11), muscle relaxants (2/11), 

benzodiazepines (2/11), nonsteroidal anti-inflammatory drugs (2/11), anticonvulsants (2/11), 

and gabapentin (2/11).

Data from two control participants were excluded owing to visible movement during 

acquisition and an anatomical abnormality, leaving data from 10 control participants. 

Group means and results from between-groups t-tests comparing the questionnaire data 

are displayed in Table 1. Overall, the groups did not differ significantly in age. As expected, 

patients with TBI reported higher pain and fatigue severity, as well as higher anxiety and 

depression than controls.

All available voxels meeting data quality thresholds were used to calculate participants’ 

mean ROI-based metabolite ratios.

There were no differences in metabolite ratios within whole-brain gray and white matter 

ROIs (Table 2). There was a statistical trend for higher MI/CR in the gray matter of 

participants with TBI (P = .066).

Global linear regression showed metabolite abnormalities in several brain lobes. Compared 

to controls, patients with TBI showed higher NAA/CR in the gray matter of the left parietal 

lobe (TBI: 1.149, controls: 0.924, t [1, 19] = 2.393, P = .027) and lower NAA/CR in the 

white matter of the left occipital lobe (TBI: 1.37, controls: 1.487, t [1, 19]=2.348, P = .030. 

However, these results did not survive correction for multiple comparisons. There was also 

a statistical trend of higher MI/CR in the gray matter of the left occipital lobe (TBI: 0.630, 

controls: 0.623, t [1, 19] = 1.941, P = .067). See Table 1 in Supporting Information for full 

results.

Figure 1 shows examples of spectra in the white and gray matter of the bilateral parietal 

lobes in a representative TBI participant and healthy control. Spectra are averaged over all 

voxels meeting quality thresholds within the ROI.

The mean percentage of available voxels in an ROI that met quality criteria ranged from 

36.72% in the L frontal gyrus to 92.69% in the R Rolandic operculum (mean across all 

ROIs: 66.89% accepted voxels). Missing data on a person level occurred in three ROIs from 

control group members (R pallidum, L sagittal striatum, L anterior cingulate) where none of 

the available voxels within the ROIs met data quality thresholds. The range of mean number 

of accepted voxels per ROI was 8 (pallidum) to 730 (cerebellum). The t-tests were run with 

data from the remaining available participants, with reduced group sizes indicated in Table 3 

where applicable.

Metabolic differences were observed in several brain regions (Table 3). CHO/CR and MI/CR 

were higher in participants with TBI compared to controls (Figures 2 and 3). Participants 

with TBI also showed significantly lower NAA/CR in two ROIs. None of the results 

survived corrections for multiple comparisons.
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CBF data from two control participants were excluded owing to excessive subject motion 

during acquisition. Independent-samples t-tests in the remaining sample determined that 

regional CBF was not different between patients and controls in any AAL atlas ROIs (all P 
> .05; Table 4; Figure 4). Pulsed ASL does not yield reliable CBF quantification in white 

matter, so between-group differences were not assessed in the white matter ROIs.

Of the regions showing metabolic differences, seven also showed significant associations 

between metabolite ratios and self-reported symptoms, that is, pain, fatigue, depression, 

and anxiety (Table 5). Four of the seven regions were from the Johns Hopkins Universisty 

(JHU) atlas. Higher MI/CR was associated with higher levels of pain interference in the 

right posterior cingulate and right hippocampus, greater fatigue severity in the right sagittal 

stratum, right posterior cingulate, body of the corpus callosum, and left anterior limb of the 

internal capsule, and higher levels of depression in the right putamen and right posterior 

cingulate. Higher CHO/CR in the splenium of the corpus callosum and right posterior 

cingulate was associated with higher levels of anxiety.

Figure 5 shows the relationship between metabolite ratios in the right posterior cingulate and 

clinical symptoms in the patients with TBI.

Because of very low symptomatology in the healthy control group, who reported near-zero 

levels of pain, fatigue, anxiety, and depressive symptoms (see Table 1), correlations between 

self-reported symptoms and metabolite ratios could not be obtained.

DISCUSSION

The primary aim of the current study was to assess neurometabolic abnormalities across 

the brain in individuals in the chronic stage of a moderate or severe TBI. Males who 

had sustained a TBI at least 12 months before participating in the study underwent whole-

brain MRS. Globally, participants in the chronic stages of TBI showed no neurometabolic 

abnormalities in gray or white matter compared to control participants without a history of 

TBI. Participants with TBI showed a trend for higher MI/CR in the gray matter.

Global linear regression to compare metabolites for gray and white matter in each brain 

lobe showed metabolite abnormalities in several brain lobes; however, these did not survive 

correction for multiple comparison. Compared to controls, patients with TBI showed lower 

NAA/CR in the white matter of the left occipital lobe but higher NAA/CR in the gray matter 

of the left parietal lobe. There was also a statistical trend of higher MI/CR in the gray matter 

of the left occipital lobe.

There are no whole-brain MRS studies that have investigated MI/CR in the chronic stage 

of TBI. Longitudinal studies have shown that reduced NAA in white matter persists during 

chronic stages of TBI studies.31–33 One study in which patients with TBI showed higher 

NAA than controls at the chronic time point attributed the recovery and overshoot to 

ongoing cellular proliferation and membrane repair.32 The absence of abnormalities relating 

to CHO/CR in the chronic stages is consistent with results from a study of pediatric patients 

with moderate/severe TBI32 but contrary to another longitudinal study of whole-brain 

MRS31; however, it is important to note that the latter was a single-participant study and 
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used z-score image analysis rather than linear regression. It has been suggested that low 

CHO/CR at chronic time points may indicate cell death or lack of healthy turnover and 

repair.32 However, with the small sample size and low statistical power of this study, we 

caution against the overinterpretation of our results until they are confirmed using larger 

sample sizes.

ROI analysis did reveal some metabolite abnormalities in several brain regions in patients 

with TBI and we demonstrated that the metabolite differences in the gray matter regions 

were not accompanied by abnormalities in blood supply. However, none of the findings 

survived correction for multiple comparison and, for that reason, they may be considered 

possible avenues for future research in this area. We observed widespread MI/CR elevations 

in patients with TBI, which affected cortical and subcortical regions in both hemispheres. 

MI is an important component of membrane phospholipids and cell culture studies have 

shown that the concentration of MI is higher in astrocytes than neurons.16 Studies in humans 

and animal models have supported a link between MI and glial activation51–54; therefore, 

the MI/CR elevations seen in this study may indicate changes in glial density or activation, 

consistent with ongoing gliosis. There was an overlap of MI abnormalities and increases in 

CHO in the right posterior cingulate and the splenium of the corpus callosum, indicating 

abnormalities in cell membrane metabolism in addition to glial activation.

Both regions also showed extensive correlations with clinical symptom measures. CHO/CR 

ratios in the splenium of the corpus callosum positively correlated with HADS anxiety 

scores. The corpus callosum has previously been implicated in chronic TBI, whereby loss 

of white matter integrity (measured by diffusion tensor imaging) correlated with the severity 

of cognitive deficits.55 The current study suggests that there may be prolonged proliferation 

and repair processes in the form of membrane synthesis/turnover or gliosis may be involved 

in the ongoing deterioration of the corpus callosum in chronic TBI and may relate to 

unresolving symptomatology.

The right posterior cingulate showed the most extensive associations with clinical 

symptoms. MI/CR elevations in this region were associated with higher pain, fatigue, 

and depressive symptoms, and CHO/CR elevations were associated with higher anxiety, 

suggesting that metabolite abnormalities in the posterior cingulate may be related to a 

variety of clinical symptoms in chronic TBI. The posterior cingulate, along with the 

medial prefrontal cortex and angular gyrus, is part of the default-mode network, responsible 

for sustaining attention and awareness. Previous studies have identified abnormalities in 

structural and functional connectivity within the default network, including the posterior 

cingulate, in patients in the chronic phase of TBI.56 Such abnormalities are most often 

associated with impairments in sustained attention,57 which was not assessed in the current 

study. However, our results suggest there may be a link between posterior cingulate 

abnormalities and ongoing clinical symptoms following a TBI.

MI elevations overlapped with decreases in NAA in the right putamen and were positively 

correlated with depressive symptom severity, suggesting that this region mediates some of 

the long-term symptoms experienced following TBI. NAA is a marker of neuronal integrity, 

with lower levels indicating neuronal injury. Together, MI and NAA abnormalities may 
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indicate ongoing gliosis. Given that the putamen is primarily involved in motor control, the 

connection between metabolite abnormalities in this region and depressive symptoms is not 

very clear; however, this region is emerging as a target for future study in patients with TBI.

Limitations

There are caveats to consider when interpreting our findings. First, metabolites were 

expressed as ratios over CR. CR is a marker of energy metabolism and its levels in the 

brain are assumed to be relatively stable. This method follows MRS conventions and allows 

for direct comparisons with other studies; however, any existing CR abnormalities in TBI 

patients could have affected the metabolite results. To avoid the confounding effects of CR, 

absolute metabolite concentrations can be quantified from MRS data; however, true absolute 

quantification (accounting for B0 and B1 inhomogeneity, T1 and T2 relaxation effects) has 

specific technical difficulties that limit its use in clinical research.

Second, our sample size was small compared to the number of comparisons conducted, 

so we determined statistical significance using uncorrected P values. None of the observed 

differences met the threshold for significance when false discovery rate corrections were 

applied.

Third, because this was a prospective study that recruited only males, we acknowledge that 

the findings lack generalizability and are pertinent only to men.

Fourth, the spatial resolution of the MRSI technique is relatively poor; therefore, significant 

partial volume effects with surrounding tissue will be present. However, these results and 

results from previous studies demonstrate that metabolic changes following a TBI are 

widespread so strong localized changes across the patient group were not anticipated.

Fifth, because the pulsed ASL technique does not yield reliable regional CBF measurements 

in white matter, we did not test whether metabolite group differences in these regions could 

have been due to abnormal blood supply. It is possible that moderate-to-severe TBIs result 

in reduced blood flow to the white matter, for example if arterial damage is sustained during 

the injury or secondary to subsequent pathophysiological processes. In this case, anoxia 

could be the primary source of metabolite abnormalities.

Lastly, though the majority of participants showed radiological abnormalities at the time 

of injury, the structural scans were not read by a neuroradiologist. The main objective of 

the study was to use MRS to detect abnormalities not visible on a T1-weighted image; 

however, future studies could incorporate this in order to characterize the extent of overlap 

of abnormalities between MRS and T1 images. Furthermore, we did not account for the 

presence of structural brain damage in our sample with scans to assess white matter lesions 

or atrophy. There was also heterogeneity with respect to modes and location of injury. This 

could have affected the ROI analyses and metabolite results; therefore, future research with 

larger samples could account for this more stringently and include multimodal structural 

studies, additional clinical outcomes, and other functional measures.
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CONCLUSIONS

This study is one of few that has investigated neurometabolic abnormalities across the 

entire brain in a group of patients who had experienced a TBI more than 12 months 

before. Though we did not observe any statistically significant metabolite abnormalities in 

whole-brain or ROI analyses, we identified possible avenues for future investigation. It will 

be important to confirm whether there are widespread metabolite abnormalities and their 

relationship with clinical symptoms. Our findings support the hypothesis that prolonged 

proliferation and repair processes may persist in chronic stages of moderate-to-severe TBIs 

and may be related to the persistence of symptoms beyond expected recovery periods. 

Although these findings are preliminary, they are consistent with previous reports and 

suggest that sustaining a moderate-to-severe TBI may make an individual vulnerable to 

long-term pathophysiological changes in the brain that can be symptomatic.
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FIGURE 1. 
Example average spectra from select regions of interest in a representative TBI patient 

and healthy control. Abbreviations: CHO, choline; CR, creatine; MI, myo-inositol; NAA, 

N-acetylaspartate; GM, gray matter; TBI, traumatic brain injury; WM, white matter
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FIGURE 2. 
Average MI/CR ratios in the TBI group (left) and control group (right). Metabolite maps 

are overlaid on an MNI standard brain for reference. Abbreviations: MI/CR, myo-inositol/

creatine; MNI, Montreal Neurosciences Institute; TBI, traumatic brain injury
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FIGURE 3. 
The circle indicates the mean difference in MI/CR levels between patients with traumatic 

brain injury and controls. Error bars indicate 95% confidence intervals of the mean 

difference. Group differences that are significant are above the dotted line. Abbreviations: 

ACR, anterior corona radiata; ALIC, anterior limb of internal capsule; BCC, body of corpus 

callosum; CGC, cingulum (cinguate gyrus); EC, external capsule; GCC, genu of corpus 

callosum; MI/CR, myo-inositol/creatine; PCR, posterior corona radiata; SLF, superior 

longitudinal fasciculus; SS, sagittal stratum
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FIGURE 4. 
Representative mean CBF maps in a patient with a TBI (top) and healthy control (bottom). 

Whisker plots show mean differences between the TBI group (gray fill) and healthy controls 

(no fill). Abbreviations: CBF, cerebral blood flow; TBI, traumatic brain injury
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FIGURE 5. 
Relationship between MI/CR ratios in the right posterior cingulate and clinical symptoms in 

the patients with traumatic brain injury. Abbreviations: CHO/CR, choline/creatine; HADS, 

Hospital Anxiety and Depression Scale; MI/CR, myo-inositol/creatine

Lin et al. Page 19

PM R. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lin et al. Page 20

TABLE 1

Group means and their standard deviations for questionnaire data at baseline

TBI group (n = 11) Control group (n = 10)

Mean SD Mean SD P

Age (years) 37.64 12.86 37.60 12.24 .995

Pain severity (0–10) 4.95 3.07 0.13 0.32 <.001

Pain interference (0–10) 5.00 2.85 0.22 0.07 .001

Fatigue severity (9–63) 48.36 13.24 10.80 2.57 <.001

Anxiety (0–21) 11.73 4.34 1.60 2.01 <.001

Depression (0–21) 7.82 3.52 0.20 0.42 <.001

Time since injury (months) 16.8 4.6 — — —

Moderate vs severe injury 6/5

Note: P values are from independent-samples t-tests comparing the TBI and control group means.

Abbreviation: TBI, traumatic brain injury.
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TABLE 5

Significant correlations between metabolite ratios and self-reported symptoms in the TBI group in regions 

showing metabolic differences

Metabolite ROI rs P

Associations with pain interference

MI/CR R posterior cingulate 0.684 .020

R hippocampus 0.676 .022

Associations with fatigue severity

MI/CR R sagittal stratum 0.789 .004

R posterior cingulate 0.741 .009

Body of corpus callosum 0.719 .013

L anterior limb of internal capsule 0.673 .023

Associations with HADS anxiety

CHO/CR Splenium of corpus callosum 0.731 .011

R posterior cingulate 0.663 .026

Associations with HADS depression

MI/CR R putamen 0.729 .011

R posterior cingulate 0.617 .043

Abbreviations: CHO/CR, choline/creatine; HADS, Hospital Anxiety and Depression Scale; MI/CR, myo-inositol/creatine; ROI, region of interest; 
TBI, traumatic brain injury.
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