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Background: Chemical exchange saturation transfer (CEST) is an important contrast mechanism in the
field of magnetic resonance imaging. Herein, we used CEST for glutamate (GluCEST) imaging to evaluate
the Glu alterations in acute mild to moderate traumatic brain injury (TBI) and correlated such alterations
with the cognitive outcome at 1-month postinjury.

Methods: Thirty-two patients with well-documented mild-to-moderate TBI and 15 healthy controls (HC
group) underwent 3.0-Tesla magnetic resonance imaging (MRI) with GluCEST, and magnetic resonance
spectroscopy (MRS) scans. The Montreal Cognitive Assessment (MoCA) examination was administered to
all study subjects at 1-month postinjury for cognitive outcome acquisition and divided TBI patients into
patients with good cognitive outcome (GCO group) and with poor cognitive outcome (PCO group).
Results: The GluCEST % values for the occipital gray matter (OGM) and bilateral parietooccipital white
matter (PWM) were higher in the PCO group compared with the HC and GCO groups (P<0.05), whereas
the GluCEST% value showed no significant differences between the GCO and HC groups (P>0.05). In
comparison with HCs, TBI patients had a significantly increased GluCEST% value for the OGM and
bilateral PWM (P<0.05). GIuCEST performed better than MRS in the prediction of cognitive outcome for
TBI patients (P<0.05).

Conclusions: Glu is significantly increased in acute TBI and strongly correlates with the cognitive
outcome at Imonth postinjury. GluCEST may supply new insight into TBI and help to improve the accuracy

of short-term outcome prediction.
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Introduction cognitive impairments resulting from TBI alone (2). Early

medical intervention and rehabilitation are essential for
Traumatic brain injury (TBI) is a major health and reducing the risk of chronic sequelae. However, there are
socioeconomic problem worldwide (1). In the United States, no effective measurements to guide medical interventions

more than 5.3 million individuals suffer from persistent and predict which patients may experience poor outcomes
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including cognitive, emotional, and physical impairments (3).
Fortunately, in the past decade, by enabling non-invasive
and quantitative assessment of brain metabolite changes
after injury, magnetic resonance spectroscopy (MRS)
could be capable of evaluating occult TBI damage and
predicting outcome of patients with TBI (4-7). Shutter and
coworkers (6) found that glutamate (Glu)/glutamine (Glx)
and choline were significantly elevated in occipital gray
and parietal white matter early after injury in patients with
poor long-term outcomes. However, because of poor spatial
resolution and long acquisition times (8), MRS is not an
ideal imaging modality for TBI in clinical application.
Chemical exchange saturation transfer (CEST) is an
important contrast mechanism in the field of magnetic
resonance molecular imaging. In CEST experiments,
a frequency-selective radiofrequency pulse is used to
saturate certain exchangeable solute protons, and then the
proportional decrease of the bulk water magnetization is
measured to characterize the microenvironment of the
solution, which can include metabolite concentration,
temperature, and pH (9-11). Compared to MRS, CEST
has higher sensitivity and spatial resolution (8). Currently,
CEST has several promising applications, including
GluCEST for Glu (12,13), amide proton transfer for
peptides and mobile proteins in tissue (2), and GlucoCEST
for glucose (14). As GIuCEST contributes a large part of
the asymmetric magnetization transfer (MT) ratio (MTR,,.)
signal at 3 ppm (8), the MTR,

quantify the changes of Glu concentration.

wm analysis can be used to
Glu is the most abundant excitatory neurotransmitter
in the brain, which is involved in many important
physiological functions in the nervous system (15,16). TBI
can lead to a significant increase in Glu levels in the brain
(17,18), resulting in Glu excitotoxicity. Current studies have
proven that Glu plays a crucial role in the development
of secondary injury following TBI, which contributes
significantly to the expansion of total volume of injury
(19,20). We hypothesized that GluCEST imaging would be
used as an effective technique to precisely diagnose TBI.
GluCEST and MRS are both noninvasive and
quantitative imaging methods. Earlier studies have applied
them to many nervous system disorders and compared
their diagnostic performance. A positive correlation was
shown between the methods, while GluCEST seemed
to outperform MRS (12,13). In the current study, we
used a 3.0-Tesla MR scanner to explore the capability of
GluCEST imaging in the evaluation of Glu alterations in
acute mild-to-moderate TBI. To further corroborate the
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change in GIuCEST signal resulting from changes in Glu
concentration, we analyzed the correlation between Glu
alterations measured via GluCEST and MRS. At last, we
discussed in detail the potential of using the GluCEST
signal for predicting the outcome of TBI patients.

Methods
Phantom preparation

GluCEST phantoms were prepared based on earlier studies
(8,21) to optimize CEST magnetic resonance imaging
(MRI). Next, 0, 10, 20, 30 mmol/L (mM) Glu (Sigma-
Aldrich, St Louis, MO, USA) solutions were prepared and
dissolved in phosphate-buffered saline. Solutions were
titrated to pH =7.0. Tubes were inserted into a phantom
holder filled with 1% agarose gel to minimize susceptibility
inhomogeneity.

Participants

The study protocol was designed in line with the guidelines
outlined in the Declaration of Helsinki and approved by the
local institutional review board. After a complete description
of the study was provided to each participant, informed
written consent was obtained from each participant or legal
guardian if patients were unable to supply consent before
the study. All subjects were examined between February
2016 and January 2017.

Based on clinical severity, as rated by the Glasgow Coma
Scale (GCS), we defined mild-to-moderate TBI as having
a GCS of >8 measured before the initiation of paralytics or
sedatives (22). Exclusion criteria included a history of brain
damage with associated loss of consciousness; a preexisting
psychiatric disorder; a history of alcoholism or drug
dependency; and a history of known neurologic disorder,
including stroke, epilepsy, and somatic disorders.

In this study, we identified 32 patients (23 men and 9
women; age range, 21-59 years; mean age, 34.3+9.6 years),
with well-documented mild-to-moderate TBI, recruited
from the Department of Neurosurgery in our hospital.
Fifteen healthy controls (HC group) matched for sex, age,
and education level were also enrolled (8 men and 7 women;
age range, 20-50 years; mean age, 33.3+8.9 years).

Clinical assessments and outcome measures

Variables assessed included gender, age, education, cause of
brain injury, initial GCS score, laboratory and radiographic
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Figure 1 Representative localization showing the volumes of
interest for multivoxel magnetic resonance spectroscopy (MRS) at
an axial view of a basal ganglia slice: occipital gray matter (OGM)
(A1, A2, A3, and A4), left parietooccipital white matter (LPWM)
(B1, B2 and B3), right parietooccipital white matter (RPWM) (Cl1,
C2 and C3), splenium of the corpus callosum (SCC) (D1 and D2).

data, and the number of days between the insult and MRI
scans. The Montreal Cognitive Assessment (MoCA)
examination was administered to all study subjects by two
experienced neurologists at 1-month postinjury. MoCA
is a brief but comprehensive cognitive screening test (23)
and is widely used in various clinical experiments such
as neuropsychiatric systemic lupus erythematosus (24),
and amnestic mild cognitive impairment (25). This test
measures multiple cognitive domains, including memory,
concentration, orientation, attention, language, working
memory, visuospatial skills, and executive functions. Scores
<26 for MoCA was considered as indicative of obvious
cognitive impairment (23). Based on the MoCA score, the
TBI patients were divided into two groups: patients with
good cognitive outcome (score >26) (GCO group) (12 men
and 6 women; age range, 21-59 years; mean age, 31.6x
10.5 years) and patient with poor cognitive outcome (score
<26) (PCO group) (11 men and 3 women; age range, 26—
52 years; mean age, 37.9+7.2 years).

Radiological assessments

Once patients were medically stable within 1 week after
injury, they were imaged on a 3.0-Tesla MR scanner (Sigma;
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GE Healthcare, Milwaukee, WI, USA), using an 8-channel
phased-array head coil. We used sponge padding to limit
head motion. The T2-weighted images (T2WI) [repetition
time (TR) =4,480 ms, echo time (TE) =120 ms], the T2WI
fluid-attenuated inversion recovery images (TR =8,600 ms,
TE =155 ms, inv. time =2,100 ms), and diffusion-weighted
images (TR =6,000 ms; TE = minimum; b values =1,000)
were performed to acquire information on the brains of all
subjects.

Multivoxel MRS was carried out with a point-resolved
spectroscopy sequence (TR =1,500 ms, TE =35 ms, number
of excitations =1, and phase x frequency =18x18). For MRS
acquisition, the level of the basal ganglia was selected for
the volumes of interest (VOIs), covering portions of the
parietooccipital white and gray matter, and frontal white
and gray matter (Figure I). Shimming (linewidth, <15) and
water suppression (>98%) were automatically performed
on each subject using an optimized relaxation delay scheme
and variable pulse power.

The CEST scan was based on a MT-prepared gradient
echo (GRE) MRI sequence with the following settings: TR
=50 ms, TE =3.1 ms, field of view (FOV) =240x240 mm’,
matrix =128x128, 1 slice, slice thickness =5 mm, bandwidth
=15.63 kHz. The MT saturation pulse was a Fermi pulse
with 20 ms width and a B1 of 1.95 pT (21). The CEST
imaging was performed on the same brain slice as the MRS.
Forty-one equidistant frequency offsets from 5 to -5 ppm
and SO images were acquired.

Regions of interest (ROIs) consisted of 4 standard
regions in all TBI patients and healthy controls: occipital
gray matter (OGM), bilateral parietooccipital white matter
(PWM) including the left PWM (LPWM) and right
PWM (RPWM), and the splenium of the corpus callosum
(SCC). No VOI was placed at the site of the maximum
cerebral destruction. Also, favored sites of contra-
coup injury (22), such as the frontal-parietal or frontal-
temporal lobes, were excluded in our study. The precise
location of the spectroscopic voxels was chosen to sample
only normal-appearing tissue, which was unaffected by
obvious hemorrhage or contusion because larger spectral
changes produced in these focal areas of injury would tend
to overestimate the total amount of injury and produce
false-positive predictions. All staff who placed the VOI or
ROIs were well trained, and they critically followed our
criteria. Each examination was later reviewed by at least one
experienced neuroradiologist for such abnormalities.
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Data processing

We initially applied SAGE software for phase and
frequency correction. Then, metabolite spectral analysis
was performed by LCModel (LCModel Inc. Canada).
Single voxel spectroscopy was performed on the OGM with
the same parameters as multivoxel spectroscopy, to yield
a reasonable calibration factor. We applied these data to
calibrate metabolite concentrations and calculated mean
absolute metabolite concentrations for each region in all
participants.

All CEST image processing was performed using
software routines (Figures S1-S3) written in Matlab 7
(Mathworks, Natick, MA, USA). Acquired images were
corrected for BO inhomogeneity using a water saturation
shift referencing map (WASSR). The corresponding
correction algorithm has been discussed previously in
detail (26). Then, the GIuCEST contrast map was
generated using the following equation (27):

S(-3 ppm) —S(+3 ppm)
S,

GIuCEST = 1]

Where S(=3 ppm) and S(+3 ppm) are the images at
-3 ppm and +3 ppm, respectively. Z-spectra were obtained
from the normalized CEST images. The MTR,,,,, maps
were computed using the equation (27):

MTR = Sxat (_Aa)) _ Srat (+A0)) [2]

asym S
0

Where S,,(+Aw) is the magnetizations with saturation at
a “+” or “-” Aw offset from the water resonance, and S, is
the magnetization off image.

GluCEST% values measured in GIuCEST contrast
maps and absolute Glu concentrations [Glu] measured by
MRS were calculated from the OGM, bilateral PWM, and
SCC. We compared GluCEST % values and [Glu] among
the three groups (PCO, GCO, and HC) by using analysis
of variance (ANOVA). If the overall test of the three
means for GluCEST% values and [Glu] were significantly
different, we used the least significant difference approach
for multiple comparisons of the means of any two groups.
We also applied two independent 7-tests to compare
GluCEST% values and [Glu] between HCs and all TBI
patients. The proportions of males in the three groups
were assessed using a x? test. To compare differences in
mean values for age, education and MoCA scores among
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the three groups, we also performed ANOVA. We used
two independent #-tests to compare differences in mean
values for the admission GCS scores and the number of
days after insult between the GCO and PCO groups. The
relationships between GluCEST and MRS measurements
in all evaluated VOIs were analyzed using Pearson’s
correlation test. To evaluate which technique was more
accurate for cognitive outcome prediction of TBI patients,
we employed the receiver operating characteristic (ROC)
curve. For each ROC curve, the area under the curve
(AUC), known as the most commonly used global index of
diagnostic accuracy (28), was estimated with nonparametric
methods. Comparisons of the AUCs were conducted with
methods described by DeLong et al. (29).

Results
Glu phantom study

Glu phantom data are shown in Figure 2. GluCEST %
value was linearly proportional to Glu concentration in
the physiological range at pH =7 (R =0.9648, Figure 2A).
Figure 2B presents the GluCEST map of Glu phantoms
at different concentrations. Figure 2C shows the z-spectra
for different concentrations of Glu phantoms. The CEST
peak of Glu was sharper and centered around 3.0 ppm. The
GluCEST effect was enhanced as the Glu concentration
grew higher, which was consistent with an earlier study (8).

Demographics and clinical characteristics

A total of 32 TBI patients and 15 HCs completed the entire
protocol and met the pre-established criteria of spectra
quality. According to the admission GCS score, there were
25 mild (GCS 13-15) and 7 moderate (GCS 9-12) TBI
patients. TBI was due to motor vehicle accidents in 25 of
32 individuals, 4 patients were injured due to a fall, and 3
were assaulted. The three groups (GCO, PCO and HC) did
not differ significantly in terms of age (F=1.911, P=0.160),
gender (x’=2.061, P=0.357), or education (F=0.618,
P=0.544). Similarly, differences in GCS score (1=-2.023,
P=0.069) and MRI time (#=0.361, P=0.721) between the
GCO and PCO groups were not statistically significant.
MoCA scores (P<0.001) were significantly lower in the PCO
group compared with those in the HC and GCO groups,
while there were no differences between the HC and GCO
groups. The demographic and clinical characteristics of all
the participants are presented in 7able 1.
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Figure 2 Glutamate chemical exchange saturation transfer (GluCEST) MRI data of different Glu concentrations. (A) The linear regression
analysis revealed an excellent correlation between Glu concentration and the GluCEST effect (R’=0.9648); (B) the GluCEST map of Glu

phantoms (pH =7) at different Glu concentrations; (C) the z-spectra for different Glu concentrations are shown.

Table 1 Baseline characteristics of the subjects

Characteristic Controls (N=15) TBI patients (N=32) GCO (N=18) PCO (N=14) XZ/F/t P value
No. of male (%) 8 (53.333%) 23 (71.875%) 12 (66.667 %) 11 (78.571%) 2.061 0.357
Age (years) (mean = SD) 33.3+8.9 34.3+9.6 31.6+10.5 37.9+7.2 1.911 0.160
Education (years) (mean + SD) 10.000+3.317 9.563+3.015 10.056+2.940 8.929+3.100 0.618 0.544
MoCA (score)# (mean + SD) 27.533+0.990 24.219+4.054 26.722+0.895 21.000+4.279 30.682 <0.001
Contusion on MRI - 23 11 12 - -
Abnormal CT - 30 16 14 - -
MRI time (number of days - 5.594+1.643 5.500+1.724 5.714+1.590 0.361 0.721
after TBI) (mean + SD)

Admission GCS (mean + SD) - 13.594+1.720 14.111+1.278 12.929+2.018 -2.023 0.069

#, statistically significant for the PCO group vs. HC group (P<0.01), PCO group vs. GCO group (P<0.01). TBI, traumatic brain injury; MoCA,
Montreal Cognitive Assessment; GCS, Glasgow Coma Scale; HC, healthy control; PCO, poor cognitive outcome; GCO, good cognitive

outcome.

MRI data

The T2WI images, GluCEST maps, and MRS spectra
in the LPWM from a healthy control, a patient with
GCO, and a patient with PCO, are shown in Figure 3.
The regional distribution of Glu in different regions of
the brain was illustrated based on the GluCEST maps
from both TBI patients and the HC (Figure 3B,E,H). We
observed a higher GIuCEST signal in gray compared
with white matter, in accord with earlier reports on the
human brain (8,12). Also, GluCEST signal intensities in
the OGM, bilateral PWM, and SCC were higher in the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

patient with PCO than in either the HC or the patient
with GCO, while the GluCEST signal intensities did not
differ between the HC and the patient with GCO. To
further corroborate whether the alteration in GluCEST
signal resulted from a change in Glu concentration, we
also performed multivoxel MRS for all TBI patients and
controls. In the MRS spectra of the LPWM, an increased
Glu peak amplitude was observed in the patient with PCO
(13.22 mM) in comparison with the HC (11.31 mM) and
the patient with GCO (11.51 mM), whereas there were
no significant differences between the HC and the patient
with GCO (arrows, Figure 3C,E]I).
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Figure 3 T2WI image (A), GluCEST map (B), and MRS spectra of the LPWM (C) from a healthy control (male; 20 years old) with good
cognition (MoCA =28); T2WI image (D), GluCEST map (E), and MRS spectra of the LPWM (F) from a TBI patient (female; 35 years
old) with good cognitive outcome (MoCA =26) and T2WI image (G), GluCEST map (H), and MRS spectra of the LPWM (I) from a TBI
patient (male; 43 years old) with a PCO (MoCA =23). The GIuCEST map showed no significant difference between healthy control (B) and
patient with good cognitive (F). The GluCEST map from the patient with a PCO (H) showed the increased GluCEST % value of LPWM,
together with a concomitant increase in Glu peak as shown in the spectra (I, arrows), compared with the healthy control and the patient
with good cognitive outcome. T2WI, T2-weighted images; GIuCEST, glutamate chemical exchange saturation transfer; MRS, magnetic
resonance spectroscopy; LPWM, left parietooccipital white matter; MoCA, Montreal Cognitive Assessment; PCO, poor cognitive outcome;

Glu, glutamate; Cho, choline; NAA, N-acetylaspartate; tCr, total creatine.
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Table 2 GluCEST % values and Glu concentrations of all TBI patients and healthy controls

Glutamate HC (N=15) TBI (N=32) GCO (N=18) PCO (N=14) F P value
(mean = SD) (mean = SD) (mean = SD) (mean = SD)
OGM [Glu] 11.97+0.80 12.34+0.76 12.10+0.78 12.65+0.64 3.30 0.046
LPWM [Gilu] 11.91+0.64 12.32+0.71 12.11+0.73 12.60+0.62 4.19 0.022
RPWM [Glu] 11.94+0.58 12.29+0.71 12.08+0.78 12.57+0.52 3.73 0.032
SCC [Glu] 11.98+0.98 12.30+0.91 12.10+0.93 12.56+0.85 1.59 0.216
OGM GIUuCEST (%) 1.03+2.59 2.51+2.21 1.57+2.10 3.71£1.75 6.18 0.004
LPWM GIuCEST (%) 0.90+2.22 2.42+2.22 1.54+2.14 3.56+1.83 6.41 0.004
RPWM GIuCEST (%) 0.99+2.09 2.45+2.22 1.55+2.41 3.60+1.26 6.69 0.003
SCC GIUCEST (%) 1.15+2.91 2.32+2.86 1.45+3.12 3.43+2.10 2.88 0.067

GIUCEST% values and [Glu] among the three groups (PCO, GCO, and HC) were compared by using analysis of variance (ANOVA). HC,
healthy control; TBI, traumatic brain injury; PCO, poor cognitive outcome; GCO, good cognitive outcome; [Glu], absolute glutamate
concentration; CEST, chemical exchange saturation transfer; OGM, occipital gray matter; LPWM, left parietooccipital white matter;
RPWM, right parietooccipital white matter; SCC, splenium of the corpus callosum; SD, standard deviation.
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Figure 4 The z-spectra (A) and asymmetric magnetization transfer ratio curves (B) of left parietooccipital white matter obtained from a

healthy control (Figure 34,B,C) and a patient with poor cognitive outcome (Figure 3G,H,I). HC, healthy controls; MTR, magnetization

transfer ratio; RE, radiofrequency.

Compared with the HC and GCO groups (P<0.05), the
PCO group had a significantly higher level of Glu in the
OGM, LPWM, and RPWM with mean GluCEST % values
of 3.71%=1.75%, 3.56%+x1.83%, and 3.60%=1.26%, along
with mean [Glu] of 12.65+0.64, 12.60+0.62, and 12.57=
0.52 mM, respectively. Compared with HCs, the Glu level
in the OGM and bilateral PWM, including the GluCEST %
value and [Glu], tended to be higher in patients with

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

GCO, though the difference was not statistically significant
(P>0.05). Data are listed in Table 2. Figure 44,B showed
the z-spectra and MTRasym curves of LPWM obtained
from an HC (Figure 34,B,C) and a patient with PCO
(Figure 3G,H,I). On the M'TRasym curves, the 3-ppm line
corresponding to GluCEST was shown. We observed that
GluCEST signal strength is higher for the patient with
PCO than the HC.
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Figure 5 Correlations between glutamate chemical exchange saturation transfer (GluCEST) and magnetic resonance spectroscopy (MRS).
Positive correlations between GluCEST% value and [Glu] in the occipital gray matter (A), left parietooccipital white matter (B), right
parietooccipital white matter (C) and splenium of the corpus callosum (D). OGM, occipital gray matter; LPWM, left parietooccipital white

matter; RPWM, right parietooccipital white matter; SCC, splenium of the corpus callosum; [Glu], absolute glutamate concentration.

Also, we compared GluCEST% values and [Glu] in the
OGM, bilateral PWM, and SCC between HCs and TBI
patients by using two independent z-tests. In comparison
with HCs, TBI patients had a higher Glu level in the OGM
and bilateral PWM, which may suggest that Glu tends
to increase in acute TBI. However, the differences were
statistically significant for GluCEST% values (P<0.05) but
not for [Glu] (P>0.05). We did not observe any difference
in either GluCEST % values or [Glu] for the SCC between
HCs and TBI patients.

Figure 54,B,C,D shows the correlation between MRS
and GluCEST. Strong positive correlations were observed
between GluCEST% value and [Glu] in the OGM
(Figure 5A) (R’ =0.706, P<0.001), LPWM (Figure 5B) (R’

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

=0.864, P<0.001) RPWM (Figure 5C) (R* =0.855, P<0.001),
and SCC (Figure 5D) (R* =0.899, P<0.001).

The ROC curves from MRS and CEST in the
differentiation between GCO and PCO group are plotted
in Figure 64,B,C (OGM-ROC, LPWM-ROC, and
RPWM-ROC). The MRS AUCs for the OGM, LPWM,
and RPWM were 0.683 (95% CI, 0.48-0.88), 0.669
(95% CI, 0.47-0.86), and 0.663 (95% CI, 0.47-0.86),
respectively. The GluCEST AUCs for the OGM, LPWM,
and RPWM were 0.804 (95% CI, 0.64-0.97), 0.802
(95% CI, 0.64-0.96), and 0.774 (95% CI, 0.61-0.94),
respectively. There were significant differences between
the GIuCEST and MRS AUCs in LPWM (P=0.040) and
RPWM (P=0.047).
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Figure 6 Receiver operating characteristic (ROC) curves of magnetic resonance spectroscopy (MRS) and glutamate chemical exchange

saturation transfer (GluCEST) for detection of Glu level in occipital gray matter (A), left parietooccipital white matter (B), and right

parietooccipital white matter (C).

Discussion

In the current study, we found that both GluCEST% and
[Glu] values significantly increased in several brain regions,
which included the OGM and bilateral PWM, in the PCO
group compared with GCO group and HCs. Our findings
reflect a correlation between high Glu levels in the OGM
and bilateral PWM and PCO, consistent with previously
reported studies (6,7,18). In addition, in comparison with
HCs, patients with acute mild-to-moderate TBI had
significantly increased GluCEST % values of the OGM and
bilateral PWM, suggesting a tendency for increased Glu in
acute TBI, which agrees with previous MRS (6,7,30) and
microdialysis studies (18).

TBI is a diffuse process consisting of many metabolic
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changes, particularly involving Glu, the most abundant
excitatory neurotransmitter in the brain (19). Following
TBI, Glu moving into the brain from the disruption of
the blood-brain barrier and the dysfunction of Glu uptake
due to decreased Glu transporter activity may contribute
to increased Glu levels (19). Excessive accumulation of
extracellular Glu causes excitotoxicity to the central nervous
system neurons and plays a crucial role in the development
of secondary events that contribute to expansion of the total
volume of injury (19) and thus could explain the correlation
between high Glu levels and PCO.

In the SCC, earlier reports focus on the change of other
brain metabolites following TBI, such as N-acetylaspartate
(NAA) and choline, but rarely mention Glu. In the present
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study, we observed that there was no significant difference
in the SCC Glu level among the three groups, indicating
that the OGM and bilateral PWM are more sensitive to the
change of Glu level in the brain than SCC following TBI.
The changes in other metabolites in the SCC may be more
useful for the prediction of cognitive deficits (31).

Of note, our results show significantly increased Glu of
the bilateral PWM only in patients with the PCO, which
differs from earlier MRS reports showing elevated Glu
concentration in patients with both good and poor outcome
(6,7). These differences may be related to the criteria of
grouping (MoCA vs. GOS) and the measurement of Glu
concentration {[Glu] vs. Glx/total creatine (tCr) ratio}.

We further demonstrated a strong positive correlation
between GluCEST % value and [Glu] measured by MRS.
Since MRS data is specific to Glu concentration, this
further suggests that the observed change in the GluCEST
signal resulted from a change in Glu concentration. The
above discussion shows that both GluCEST and MRS
seem equally applicable for tracking the Glu changes, so
we applied the ROC curve analysis to evaluate which one is
better for outcome prediction. Based on the superior AUC
of GIuCEST compared to that of MRS, our study shows
that GluCEST performs better than MRS in the prediction
of cognitive outcome for TBI patients. Both techniques
are important imaging modalities available to track the
Glu changes in vivo noninvasively, but GluCEST imaging
has multiple advantages over MRS, which account for our
findings. GluCEST images Glu iz vivo at much higher
spatial resolution and has at least two orders of magnitude
higher sensitivity compared to MRS (8), potentially allowing
for more precise detection of Glu changes. Furthermore,
mapping Glu with GIuCEST could potentially improve the
monitoring of regional Glu alterations (13).

Earlier studies have suggested that 3T MRI may have
poor sensitivity because 3T MRI might not be fast enough
for the rapid exchange rate of the Glu amine protons (8).
"To maximize the GluCEST signal, an MT-prepared GRE
MRI sequence was used in the present study. Even though
each MT saturation pulse only produces a minor increase in
CEST effect, and many saturation steps have a cumulative
effect, which is in line with earlier studies (21,32-34). Also,
there is little distortion of the image using GRE readout
at short TE. In the present study, the MT-prepared GRE
MRI sequence had an advantage in clinical scans and could
improve the evaluation of Glu alterations in the brain, as
shown in earlier studies performed at 3T and higher field
MRI (21,35).
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In conclusion, our study proves that GluCEST at 37T is
feasible for obtaining high-resolution maps of regional Glu
in TBI patients. The variations in GluCEST% values from
TBI patients observed in this study, coupled with the MRS
data, prove that Glu levels in the OGM and bilateral PWM
are increased in acute TBI and strongly correlate with the
cognitive outcome at 1-month postinjury. These findings
may suggest the importance of Glu in TBI along with
the assessment of injury. Benefitting from higher spatial
resolution and sensitivity compared to MRS, GluCEST may
improve the accuracy of short-term outcome prediction.
Furthermore, GluCEST has the potential to be a novel
molecular neuroimaging approach for guiding therapeutic
interventions, treatment trials, and medical decision aiming
at preventing or minimizing the burden of secondary injury.
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Supplementary

clc;clear all;

userpath('D:\)

%% read data

close all

I0=double (dicomread ('42.dcm'));

Imshow (IO, [])

for i=1:9
imageName=strcat (num2str(i),.dcm’);
I(:,:,i) =double(dicomread(imageName));

end

for i=10:41
imageName=strcat(num2str(i),.dcm’);
I(:,:,i) =double(dicomread(imageName));

End
%%
site_a=ROI_circle(I0); %odraw ROI, then press “enter”
%%
site_b=ROI_circle(I0); % draw ROI, then press “enter”
%%
save('D:\read_data'); % save data
%%
clc;clear ;close all
load read_data.mat
x1=linspace(-5,5,41);
x2=0.25:0.28:5;

M_a=zeros(1,41);

M_b=zeros(1,41);
for p=1:41
M_a(p)=sum(sum(I(:,:,p).*double(site_a)))./sum(sum(I0.*double(site_a))); %calculate z spectra
M_b(p)=sum(sum(I(:,:,p).*double(site_b)))./sum(sum(I0.*double(site_b))); % calculate z spectra
End
CESTR_a=M_a(20:-1:1)-M_a(22:end); %calculate CESTR
CESTR_b=M_b(20:-1:1)-M_b(22:end); %calculate CESTR
%%
close all
subplot(221),plot(x1,M_a,'b-*");
xlabel('\delta (ppm)");ylabel('1/I_0';
axis square
set(gca,'linewidth',2);
set(0, DefaultLineLineWidth',2);
set(get(gca,'YLabel'),'FontSize',14);
set(get(gca,'XLabel'), FontSize',14);
set(gca, 'fontsize', 12);
axis([-5 5 0 1.0])
title( 'without BO correct’)
subplot(222),plot(x1,M_b,'r-*');
xlabel('\delta (ppm)");ylabel('1/1_0";
axis square
set(gca,'linewidth',2);
set(0,'DefaultLineLineWidth',2);
set(get(gca, YLabel'), FontSize',14);
set(get(gca,XLabel'), FontSize',14);
set(gca, 'fontsize', 12);
axis([-5 5 0 1.0])
title( 'without BO correct')
subplot(223),plot(x2,-CESTR_a*100,'b*-);
xlabel('\delta (ppm)");ylabel('l/I_0";
axis square
set(gca,linewidth',2);
set(0, DefaultLineLineWidth',2);
set(get(gca,'YLabel'),'FontSize',14);
set(get(gca,'XLabel'), FontSize',14);
set(gca, 'fontsize', 12);

title( 'without BO correct’)

subplot(224),plot(x2,-CESTR_b*100,'ro-');
xlabel('\delta (ppm)");ylabel('1/1_0";

axis square

set(gca, linewidth',2);
set(0,'DefaultLineLineWidth',2);
set(get(gca, YLabel'),'FontSize',14);
set(get(gca,XLabel'), FontSize',14);
set(gca, 'fontsize', 12);

title( 'without BO correct')

% % smooth and BO correct
[Mz_correct_a, CESTR_correct_a ]=BO_correct_min(smooth(M_a)); %B0 correct
[Mz_correct_b, CESTR_correct_b ]=B0_correct_min(smooth(M_b)); %B0 correct
close all
subplot(221),plot(x1,Mz_correct_a,'b-');
xlabel(\delta (ppm)’);ylabel('1/1_0");
axis square

set(gca,linewidth',2);
set(0,'DefaultLineLineWidth',2);
set(get(gca,'YLabel'),'FontSize',14);
set(get(gca,'XLabel'), FontSize',14);
set(gca, 'fontsize', 12);

axis([-5 5 0 1.0])

title( 'with smooth and BO correct')
subplot(222),plot(x1,Mz_correct_b,'r-');
xlabel('\delta (ppm)");ylabel('l/I_0';
axis square

set(gca,'linewidth',2);

set(0, DefaultLineLineWidth',2);
set(get(gca,'YLabel'),'FontSize',14);
set(get(gca,'XLabel'),FontSize',14);
set(gca, 'fontsize', 12);

axis([-5 5 0 1.0])

title( 'with smooth and BO correct')
subplot(223),plot(x2,-CESTR_correct_a*100,' b*-");
xlabel(\delta (ppm)");ylabel('CESTR');
axis square

set(gca, linewidth',2);
set(0,'DefaultLineLineWidth',2);
set(get(gca, YLabel'),'FontSize',14);
set(get(gca,XLabel'), FontSize',14);
set(gca, 'fontsize', 12);

title( 'with smooth and BO correct')
subplot(224),plot(x2,-CESTR_correct_b*100,'ro-');
xlabel('\delta (ppm)');ylabel('CESTR');
axis square

set(gca,'linewidth',2);

set(0, DefaultLineLineWidth',2);
set(get(gca,'YLabel'),'FontSize',14);
set(get(gca,'XLabel'), FontSize',14);
set(gca, 'fontsize', 12);

title( 'with smooth and BO correct')

Figure S1 3T MRI Z spectra. MRI, magnetic resonance imaging.



function B = ROI_circle(im)

figure(1)
imshow(im,[]);

colormap(jet);

% k = waitforbuttonpress;

% pointl = get(gca,'CurrentPoint');

[x,y] = ginput(1);

h = imellipse(gca,[x-3 y-3 6 6]);

addNewPositionCallback(h,@(p) title(mat2str(p,3)));

fcn = makeConstrainToRectFen(imellipse',get(gca, XLim'),get(gca, YLim'));
setPositionConstraintFcn(h,fcn);

B = createMask(h);

figure(2)

imshow(B);

Figure S2 ROI circle. ROI, region of interest.



function [Mz_correct,CESTR_correct]=B0_correct_min(data)
[m,n]=size(data);
if m>n

data=data’;
end
L=length(data);
rang=floor(L/2);
x=linspace(-rang,rang,L);
q=10;
p=polyfit(x(rang-q:rang+q),data(rang-q:rang+q),3);
x1=linspace(x(rang-q),x(rang+q),50);
y= polyval(p,x1);
optk=find(y==min(y));
x2=linspace(-rang-x1(optk),rang-x1(optk),L);
%Mzl=interpl(x,data,x2,'cubic');
Mz_correct=csaps(x2,data,[],x);
CESTR_correct=Mz_correct(rang:-1:1)-Mz_correct(rang+2:end);

end

Figure S3 BO correct.



