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Proton magnetic resonance spectroscopy changes in the brainstem in patients
after mild traumatic brain injury with loss of consciousness

Robert Ruzinak®, Michal Bittsansky®, Martina Martinikova“, Vladimir Nosal’, Ema Kantorova?, Jana Ballova?,
Monika Turcanova Koprusakova?, Petra Hnilicova®, Marian Grendar®, Robert Dusenka®, Branislav Kolarovszkic,
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Introduction. Loss of consciousness (LOC) is used as a diagnostic feature of mild traumatic brain injury (MTBI). However,
only 10% of concussions result in LOC. There are only a limited number of in-vivo studies dealing with unconsciousness
and structural and functional integrity of the brainstem in patients with MTBI. The aim of our pilot study was to assess
the sensitivity of proton magnetic resonance spectroscopy ('H-MRS) to detect metabolic changes in the brainstem in
patients after MTBI with unconscioussness.

Methods. Twenty-four patients (12 with LOC, and 12 without LOC) within 3 days of MTBI and 19 healthy controls were
examined. All subjects underwent single-voxel '"H-MRS examination of the upper brainstem. Spectra were evaluated
using LCModel software. Ratios of total N-acetylaspartate (tNAA), total choline-containing compounds (tCho) and
glutamate plus glutamine (Glx) to total creatine (tCre) were used for calculations.

Results. We found a significant decrease in tNAA/tCre and tCho/tCre ratios in the patient group with LOC when com-
pared with the control group of healthy volunteers (P=0.002 and P=0.041, respectively), and a significant decrease in
the tNAA/tCre ratio in the LOC group when compared with patients without LOC (P=0.04). Other metabolite ratios in
the brainstem did not show any significant group differences.

Conclusion. Our findings indicate that decrease of tNAA/tCre ratio in the upper brainstem using single-voxel 'H-MRS
may provide a potential biomarker for MTBI associated with LOC.
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INTRODUCTION with LOC have also demonstrated various structural and
functional alterations in the brainstem®!?. Conventional
Mild traumatic brain injury (MTBI) is a common  structural magnetic resonance imaging (MRI) has been
neurotraumatological diagnosis. Loss of consciousness  shown not to be sensitive enough to reveal acute traumatic
(LOC) lasting 30 min or less is a sign of MTBI, reported  changes in the brainstem even in patients with prolonged
by 10% of patients!2. LOC represents a form of brain dys- coma after severe traumatic brain injury'*"°. Newer meth-
function and is a sign of injury to the diffuse subcortical  ods, such as magnetic resonance spectroscopy, diffusion
network of arousal pathways, called Ascending Arousal tensor imaging or functional MRI, are more sensitive to
Network (AAn). AAn originates in the brainstem and via  postraumatic changes in normal appearing brain tissues
thalamic and extra-thalamic pathways activates awareness  than conventional MRI (ref.>*1¢1%),
cortical networks**. AAn was first described by Moruzzi Proton magnetic resonance spectroscopy ('H-MRS)
and Magoun in 1949 as Ascending Reticular Activating is a non-invasive technique which allows the detec-
System (ARAS) (ref.®). It is now known that AAn con- tion and quantification of several brain metabolites
tains neurotransmitter specific nuclei and pathways (e.g.  including, but not limited to, N-acetylaspartate plus
cholinergic, noradrenergic) that are not limited to the  N-acetylaspartylglutamate signal (tNAA) - a marker of
classical reticular core of ARAS (ref.>¢). neuroaxonal integrity, choline-containing compound sig-
The brainstem is a vulnerable site in severe brain trau-  nal (tCho) - a marker of cellular membrane integrity, total
ma associated with LOC caused by diffuse axonal injury™®.  creatine signal (tCre) - a marker of cellular energy status,
Several experimental studies in animal models of MTBI  and glutamate plus glutamine (GIx) - a marker of glia-
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neuron metabolism and excitotoxicity. 'H-MRS has been
used in various studies in patients after MTBI and has
proved more sensitive to the injuries missed by convec-
tional structural MRI (ref.°). In our previous study, using
single-voxel 'H-MRS, we unintentionally found a signifi-
cant decrease in N-acetylaspartate in the upper brainstem
in a small subgroup of 7 patients with LOC after MTBI
(ref.?"). Due to these interesting findings, we decided to
extend the study with larger groups of patients and healthy
volunteers, as similar '"H-MRS studies focusing on MTBI
and LOC are not present in specialist literature. The aim
of this study was to assess whether 'H-MRS can detect
metabolic changes in the brainstem and therefore be used
as an objective biomarker for presence and duration of
unconsciousness in patients after MTBI.

MATERIAL AND METHODS

Participants

Patients with MTBI (Patient group) and healthy vol-
unteers (Control group) participated in the study. All
subjects underwent a standard neurological examination
and brain MRI with 'H-MRS. MTBI was defined as any
blow to the head resulting in a short-term impairment of
neurological functions (unconsciousness lasting 30 min
or less, confusion, disorientation, or post-traumatic amne-
sia lasting 24 h or less) which could be accompanied by
other symptoms and signs (e.g. headache, nausea, vomit-
ing, drowsiness, dizziness, emotional changes, cognitive
deficits) (ref.!). Exclusion criteria for all subjects were: no
witnesses of the patient trauma, age of under 18, previ-
ous traumatic brain injury, traumatic lesions detected by
conventional MRI of the brain, history of chronic alcohol
or drug abuse, a pre-existing neurological disorder (e.g.
cerebrovascular disease, epilepsy, multiple sclerosis), any
psychiatric disorder, arterial hypertension, and diabetes
mellitus. Patients were divided into two groups based
on the presence or absence of LOC (LOC and NoLOC
groups), which was confirmed using collateral history or
outside records, as patients are unaware of LOC due to
post-traumatic amnesia. LOC was defined as unrespon-
siveness to external, verbal and somatosensory stimula-
tions reported by one or more witnesses. Duration of
LOC and post-traumatic amnesia (PTA) was established
by collateral history or outside records.

MRI and 'H-MRS

Patients and volunteers underwent magnetic reso-
nance imaging and a spectroscopy session in our hospital
MRI unit, using a 1.5 T Siemens Symphony scanner. The
imaging part comprised of routine MRI protocols (T1-w,
T2-w, FLAIR, T2*-w, and diffusion-weighted sequences)
in order to exclude patients with visible traumatic lesions
in the brain. The following conventional examination pro-
tocol was applied: sagittal T1-weighted spin-echo (SE):
repetition time (RT) 444 ms, echo time (ET) 8.6 ms,
section thickness (ST) 5 mm, interslice gap (IG) 1 mm;
transversal T2-weighted turbo SE: RT 4330 ms, ET 92

ms, flip angle (FA) 150°, ST 5 mm, IG 1 mm; transversal
FLAIR: RT 8510 ms, ET 129 ms, inversion time (IT) 2500
ms, ST 5 mm, IG 1 mm; coronal T2*-weighted GRE: RT
800 ms, ET 26 ms, FA 20°, ST 5 mm, IG 1 mm; transver-
sal DWI: RT 3400 ms, ET 97 ms, ST 5 mm, IG 1.5 mm;
gradients were used at a low b value (0 s/mm2) and a high
b value (1221 s/mm?), and ADC (Apparent Diffusion
Coefficient) maps were calculated. A lesion was defined
as traumatic in the presence of the following MRI patho-
logical change: haemorrhages (T2*-GRE) or changes in
water diffusion due to cytotoxic and/or vasogenic oedema
(such DWI changes reflect cortical contusions and diffuse
axonal injury, which are also hyperintense on FLAIR).
Patients with traumatic lesions were not included in the
study. Patients and controls with small nonspecific hyper-
intense lesions recognizable only on T2/FLAIR images
were not excluded from the study. All 'H-MRS voxels were
placed in normal-appearing brain tissue.

The spectroscopic voxel was measured using single-
voxel 'H-MRS in the upper brainstem (see Fig. 1). Spectra
were shimmed individually using a combination of field
mapping and manual shim adjustments, and were ac-
quired using a PRESS sequence with these parameters:
TE/TR = 135/4000 ms, 100 averages, CHESS water sup-
pression, 'H-MRS voxel volume of approx. 9 mL. For each
voxel, a separate water-unsuppressed MR spectrum was
measured: TE/TR = 30/10000 ms, 2 averages. The mag-
netic resonance session took approximately 50 min. Data
was processed automatically using LCModel software??.
In order to avoid partial volume effects of cerebrospinal
fluid, to make the protocol as simple as possible, and to
avoid multiple comparisions, only the following metabo-
lite ratios were used for statistical evaluation: tNAA/tCre,
tCho/tCre, and Glx/tCre.

Fig. 1. MR spectroscopy voxel localization in the upper brain-
stem.
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Table 1. Demographic and clinical data.

Control group LOC group NoLOC group P
Patient (n) 19 12 12
Age (years, mean=SD) 31.37£11.38 31.92+13.35 33.0£10.83 0.92 (Kruskal-Wallis test)
Gender (F/M) 2/17 1/11 2/10 0.855 (Fisher’s exact test)
LOC duration (min, mean+SD) 0 5.5£6.95 0
PTA (Yes/No) 0/19 12/0 12/0
PTA duration (min, mean=SD) 0 148.8£137.6 170+268.4 0.62 (LOC group vs. NoLOC

group; Mann Whitney U test)

LOC, loss of consciousness; NoLOC, no loss of consciousness; PTA, post-traumatic amnesia; SD, standard deviation; F, number of females; M,

number of males

Table 2. Patients with MTBI with LOC.

Patients with Gender Age LOC PTA MRI time-lapse tNAA/tCre tCho/tCre Glx/tCre
LOC (years) (min) (min) (h)
1 M 23 2 11 62 2.103 0.42 1.5367
2 M 26 1 450 38 2.103 0.4 1.9482
3 M 26 10 120 70 1.942 0.4 1.5430
4 M 54 1 240 34 2.102 0.48 0.1947
5 F 39 1 240 37 2.098 0.45 1.8787
6 M 21 25 180 48 2.06 0.49 1.1790
7 M 24 2 120 35 2.107 0.43 1.4012
8 M 50 5 300 72 2.284 0.41 2.0931
9 M 52 2 20 38 1.913 0.44 1.3230
10 M 18 5 60 61 2.168 0.4 0.3856
11 F 19 10 15 64 2.825 0.52 1.0883
12 M 31 2 30 55 2.026 0.44 1.2398
MTBI, mild traumatic brain injury; LOC, loss of consciousness; PTA, post-traumatic amnesia; MRI time-lapse, time between trauma and MRI
examination
Table 3. Patients with MTBI without LOC.
Patients Gender Age LOC PTA MRI time-lapse tNAA/tCre tCho/tCre  GIx/tCre
with LOC (years) (min) (min) (h)
1 M 40 0 900 24 2.269 0.44 1.7699
2 M 52 0 10 54 2.045 0.52 1.1570
3 M 21 0 480 56 2.904 0.57 1.0157
4 M 33 0 30 69 2.266 0.46 1.2870
5 M 19 0 40 48 2.55 0.47 1.4527
6 M 41 0 30 32 2.056 0.4 2.4001
7 M 44 0 60 49 2.451 0.41 2.0755
8 F 34 0 30 48 2.643 0.46 2.0732
9 M 41 0 240 25 2.266 0.53 1.8180
10 M 22 0 30 44 2.523 0.55 1.3377
11 M 28 0 180 49 2.915 0.5 2.0687
12 M 21 0 10 55 2.2 0.37 0.7592

MTBI, mild traumatic brain injury; LOC, loss of consciousness; PTA, post-traumatic amnesia; MRI time-lapse, time between trauma and MRI

examination

Time of examination

Patients were examined between 24-72 h after the
trauma, first by a neurologist, immediatelly followed by
MRI and 'H-MRS examinations. The times were recorded
and the brain-imaging delay (MRI time-lapse) was used in
the analysis of results.
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Statistics

Due to the non-normal distribution of the continu-
ous data, nonparametric tests (Kruskal-Wallis test and
Mann-Whitney U test) were used to analyse the differ-
ences between groups. To compare the nominal variables
(gender), Fisher’s exact test was used. Spearman’s rank
correlation analysis was performed to compare 'H-MRS
findings with the duration of LOC. Association between
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Table 4. Single-voxel 'TH-MRS findings.

Control group LOC group NoLOC group P

tNAA/tCre

tCho/tCre

Glx/tCre

2.5+0.32 2.14+0.24 2.42+0.29 0.003* (KWT)
0.04* (LOC vs.NoLOC, MWTb)
0.002* (LOC vs.CON, MWTb)
1.0 (NoLOC vs.CON, MWTb)
0.50+0.07 0.44+0.04 0.47+0.06 0.047* (KWT)
0.417 (LOC vs.NoLOC, MWTb)
0.041* (LOC vs.CON, MWTb)
1.0 (NoLOC vs.CON, MWTb)
1.39+0.52 1.32£0.57 1.60+0.51 0.54 (KWT)

LOC, loss of consciousness; NoLOC, no loss of consciousness; CON, control group; * significant value (P<0.05); KWT, Kruskal-Wallis test;
MWTb, Mann Whitney U test with Bonferroni correction
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Fig. 2. Scatterplot matrix of the data.
The red line was fitted pairwise by the Ordinary Least Squares method to facilitate exploration of the association between variables.
On the diagonal there are estimates of the density of the indicated variable.
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concentration of each metabolite ratios and other param-
eters (Age, Gender, LOC duration, PTA duration, MRI
time-lapse, Control or Patient Group) was visualized by
the scatterplot matrix (see Fig. 1) and modeled by the
multivariate regression model. The significance level was
set to o = 0.05. The SPSS 15 statistical software package
was used for calculations. Regression analysis was per-
formed in R, ver. 4.0.2 (ref.?®).

RESULTS

430 patients were screened for the study, but only
24 patients fulfilled our strict entry criteria and agreed
to participate in the study. The most common reason for
patient exclusion was no witness, therefore no objective
information about presence/absence of consciousness.
Nineteen healthy volunteers participated in the study. The
LOC and NoLOC groups consisted of 12 patients and
were similar in gender, age, MRI examination time-lapse
after MTBI and duration of PTA (Table 1-3). The mean
duration of unconsciousness was 5.5+6.95 min and post-
traumatic amnesia duration was 148.8+137.6 min in the
LOC group (Table 1).

tNAA/tCre and tCho/tCre ratios showed significant
group differences in the upper brainstem voxel (Table 4.).
A lower tNAA/tCre ratio was found in the upper brain-
stem of patients with LOC when compared to patients
without LOC (LOC vs NoLOC; P=0.04) and to the con-
trol group (LOC vs CON; P=0.002). The tNAA/tCre ra-
tio showed no significant difference between CON and
NoLOC (P=1). A significantly lower tCho/tCre ratio was
found in patients with LOC when compared to the control
group (LOC vs CON; P=0.041). Other metabolite ratios
in the brainstem voxel did not show any significant group
differences (Table 4).

Correlations of LOC duration with metabolite ra-
tios were assessed by two methods. Spearman’s rank
correlation analysis showed significant negative corre-
lation between LOC duration and the tNAA/tCre ratio
in the whole (LOC and NoLOC) patient group (Ro=-
0.42, P=0.04). Other metabolite ratios did not show any
correlation with LOC duration (P£>0.05, not shown).
However, multivariate regression analysis did not show
any significant correlation between LOC duration and the
metabolite ratios (P-values not shown). The effect size, as
measured by the Adjusted R?, was 0.1, 0, 0 for tNAA/tCre,
tCho/tCre, GIx/tCre, respectively. Association between
metabolite ratios and other parameters was visualized by
the scatterplot matrix (see Fig. 2).

DISCUSSION

In the present study, we found subtle metabolic
changes in the upper brainstem detected by 'H-MRS in
patients within 3 days after MTBI with post-traumatic
unconsciousness. The most significant of the changes was
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a significant decrease in tNAA/tCre ratio in the LOC pa-
tient group when compared with the control and NoLOC
patient groups. These findings are based on really strict
exclusion criteria (including only 5.6% of screened pa-
tients), the groups were age- and gender- matched, and
'"H-MRS voxel was placed in normal-appearing brain tis-
sue, to exclude the possibility of other causes (e.g. pre-
existing brain trauma, serious internal, neurological, or
psychiatric disorders) influencing the results.

Before this study, 'H-MRS has been used in vari-
ous other studies in patients after MTBI using various
'H-MRS methods, investigating various metabolites in
various parts of the brain, and with various time-lapse
after trauma?">*%°. However, 'H-MRS studies focusing on
the relationship between LOC and the brainstem in MTBI
are not present in specialist literature, so there are no
studies to compare our results with.

There is only a limited number of in-vivo human stud-
ies dealing with the relationship between unconsciousness
and structural and functional integrity of the brainstem
in patients with MTBI. A few diffusion tensor imaging
(DTI) studies have reported a relationship between injury
to brainstem white matter pathways and the presence or
absence of LOC in MTBI patients. In contrast to ours,
these studies focused mostly on chronic post-traumatic
changes. Jang and Kwon found a narrowing of the dorsal
and ventral lower portions of the ARAS in 2 patients, 3
and 11 months after MTBI with LOC, long-term post-
traumatic fatigue and hypersomnia!’. The results of other
studies revealed that post-traumatic brainstem changes
were not limited to the injury of ARAS. Delano-Wood et
al. found that the fractional anisotropy (FA) of the brain-
stem portion of the corticospinal tract was significantly
negatively associated with LOC duration in 58 military
veterans, 7.5 years after MTBI (ref.'®). Matthews et al.
found a significantly lower FA in 14 brain regions includ-
ing the bilateral brainstem in patients with MTBI and
LOC, when compared to patients without LOC. The time
between injury and MRI acquisition was not specified
in the study”. These DTI findings indicating that subtle
posttraumatic changes in the brainstem 1.) are not limited
to the injury of ARAS only and 2.) correlate with the pres-
ence or absence of LOC, are consistent with our results
acquired by 'H-MRS.

Several experimental studies in animal models stud-
ied MTBI with LOC and focused on detection of post-
traumatic alterations in the brainstem!®*'?. Jane et al.
found degenerating axons in the brainstem of animals at
7 days after MTBI with LOC (ref.""). Brown et al. found
ultrastructural and biochemical alterations in the brain-
stem reticular formation of animals after experimental
concussion with transient coma. These changes were
characterized with a chromatolysis of neurons, glycogen
accumulation in dendrites, terminal parts of axons, and
astrocytes. The changes were more visible at 5-7 days
after head injury'®. Browne et al. found extensive brain-
stem axonal pathology, characterized by swollen axonal
bulbs or varicosities that were immunoreactive for accu-
mulating neurofilament protein, in swines 7 days after
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MTBI with prolonged loss of consciousness (10-35 min)
(ref.?). In summary, these experimental studies revealed
that MTBI with LOC is associated with subtle developing
microscopic and biochemical changes of brainstem and
reticular formation, which are evident in the first week
after injury. Our findings of significant decrease of tNAA/
tCre ratio, which correlate with neuronal viability*°, are
in correspondence with findings from these experimental
animal studies in MTBI with LOC.

We found a significant decrease of tNAA/tCre ratio in
upper brainstem in MTBI patients with the presence or
absence of LOC, but LOC duration was not significantly
correlated with any of the metabolite ratios when multi-
variate regression model was used. There could be two
possible explanations: 1.) The selected 'H-MRS voxel in
the upper brainstem was a mixture of grey and white mat-
ter. Therefore, we suppose that these metabolic changes
resulted from diffuse axonal injury affecting brainstem
structures, including, but not limited to, AAn or ARAS.
This is supported by animal experimental studies®!! and
diffusion tensor imaging (DTI) studies'™". 2.) Our select-
ed '"H-MRS voxel in the brainstem did not contain the
whole AAn. The correlations between LOC parameters
(e.g. duration) and severity of AAn/ARAS injury may be
found by methods focusing exclusively on AAn/ARAS in
its entirety (e.g. DTI) (ref."®).

CONCLUSION

In conclusion, proton magnetic resonance spectros-
copy in patients after MTBI is sensitive enough to detect
post-traumatic metabolic changes in brain tissue that
standard MRI detects as normal. Our findings indicate
that 'H-MRS may provide a potential biomarker for MTBI
associated with LOC.
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