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Abstract

Purpose: To evaluate signal changes in the hippocampus of epileptic seizure rat models, based
on quantified creatine chemical exchange saturation transfer (CrCEST) signals.

Procedures: CEST data and 'H magnetic resonance spectroscopy (*H MRS) data were
obtained for the two imaging groups: control (CTRL) and epileptic seizure-induced (ES; via
kainic acid [KA] injection) groups. CrCEST signals in the hippocampal regions were
quantitatively evaluated; correlations between CrCEST signals and phosphocreatine (PCr) and
total creatine (tCr; PCr+ Cr) concentrations, derived from the analysis of "H MRS data, were
investigated as a function of time changes (before KA injection, 3 and 5 h after KA injection).
Results: Measured CrCEST signals were exhibited significant differences between before and
after KA injection in the ES group. At each time point, CrCEST signals showed significant
correlations with PCr concentration (all Irl>0.59; all P<0.05); no significant correlations were
found between CrCEST signals and tCr concentrations (all Irl <0.22; all P>0.05).
Conclusions: CrCEST can adequately detect changes in the concentration of Cr as a result of
energy metabolism, and may serve as a potentially useful tool for diagnosis and assessment of
prognosis in epilepsy.
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Introduction

Epilepsy is the most common neurological brain disorder,
characterized by disruptions in the balance between cerebral
excitation and inhibition, which leads to spontaneous
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impairments [1-4]. Because epileptic seizures can have a
detrimental effect on the brain or health-related social
activities as well as be caused by various conditions and
reasons, many studies are still underway to understand the
mechanisms underlying epileptic seizures, with the aim of
improving treatment strategies [5—7]. Thus far, in order to
localize the epileptic activity or epileptogenic region by the
metabolic characteristics of epileptic brain, many medical
imaging systems have been used, including magnetic
resonance imaging (MRI) [5-8], single-photon emission
computed tomography [9-12], and 2-deoxy-2-['*F]fluoro-
D-glucose positron emission tomography [13, 14]. Notably,
in vivo studies using MRI have enabled tracking of the
evolution of structural brain changes in epilepsy via
sensitive detection of water protons in T2-weighted images
[15-17]. In addition to the gross morphological features
shown in MRI, chemical composition changes can be
detectable via proton MR spectroscopy (‘H MRS), using
concentration changes in brain metabolites, such as N-
acetylaspartate (NAA) and glutamate (Glu) [3, 18-20].
These types of metabolites have been used as effective
biomarkers to define epilepsy and its biological changes.
Interestingly, during seizures, the glycolytic pathway en-
hances to anaerobic metabolism, intracellular acidosis, and
depletion of adenosine triphosphate (ATP). In terms of ATP
changes during seizures, creatine (Cr) is regarded as an
important energy metabolite because it increases the Cr
phosphate pool, which can accelerate the energy generation
of ATP to satisfy the demands of high energy consumption
of brain tissues [21-23]. Thus, Cr plays a major role in the
storage and transmission of phosphate-bound energy; vari-
ation of Cr levels can be considered as a useful indicator to
clinically evaluate brain energy metabolism in epilepsy.

In recent years, chemical exchange saturation transfer
(CEST)-MRI, a new contrast enhancement technique, has
become available to indirectly detect the molecules with
exchangeable protons and exchange-related properties [24—
27]. The CEST-MRI can detect vital tissue metabolites by
using differences between with and without saturation of the
solute pool. The difference decreases proportionally in the
water signal resulting from the accumulation of saturated
protons in the bulk water pool, when a frequency-selective
radio frequency (RF) is applied. Cr can be measured based on
well-known theories and experimental results, which show a
concentration-dependent CEST effect between amine (-NH,)
and bulk water protons; its amine protons demonstrate an
exchange rate of approximately 1.8 ppm from water [25, 26].

The aim of this study is to demonstrate the usefulness of
the CrCEST effect in kainic acid (KA)-induced rat model to
detect and define epilepsy by mapping the energy metabo-
lites in the hippocampus. More specifically, metabolite
characteristics presented in KA-induced epileptic seizure
were evaluated by the CrCEST signal features, and the
signals were performed correlation analysis with the phos-
phocreatine (PCr) and total Cr (tCr; PCr + Cr) concentrations
that measured by '"H MRS.
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Materials and Methods
Kainic Acid-Induced Rat Model of Epilepsy

This study was performed in strict accordance with the
recommendations as per the guidelines of the Care and Use
of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the University of Ulsan
Animal Care and Use Committee (Permit Number: 2016-13-
236). To evaluate the CrCEST effect in KA-induced rat
model of epilepsy, the male Wistar rats (250-300 g, Orient
Bio Inc., Seongnam, Kyunggi-do, Republic of Korea) were
divided into two groups as follows: epileptic seizure group
(ES group, N=7) which received 15 mg/kg for KA via
intraperitoneal injection [20, 28], and control group (CTRL
group, N="7) which received saline in an identical manner.
The all rats were anesthetized with 1.5-3.0 % isoflurane for
induction and 2.0 % for maintenance during the scanning. In
all procedures, the respiration of the rat was monitored
online using a small-animal respiratory-gating system (SA
Instruments Inc., Stony Brook, NY, USA), and the temper-
ature was maintained at approximately 37 °C using a warm-
water circulating flat-bed positioned around its body.
However, two rats were excluded from the ES group
because of severe motion artifacts in scanning and data
analysis despite using the immobilization and the motion
correction process, respectively. Thus, each of five rats was
finally analyzed for the ES and the CTRL group to match
the number of rats.

MRI and MRS Data Acquisitions

All MR imaging and MR spectroscopy were performed
using a horizontal 7.0 T/160 mm in vivo scanner (Bruker
PharmaScan 70/16, Bruker BioSpin GmbH, Germany), with
400 mT/m gradient sets. After acquiring baseline data prior
to KA injection, all scans were conducted at 3 and 5 h after
KA administration.

For CrCEST data, a Turbo-Rapid Acquisition with
Relaxation Enhancement (RARE) at 25 different frequency
offsets (S, image as reference scan and +3.96 to —3.96 ppm
with an interval of 0.33 ppm) was used with the following
scanning parameters: repetition time (TR)=4200 ms, echo
time (TE)=36.4 ms, echo spacing=6.1 ms, RARE factor=
16, field of view (FOV) = 30 x 30 mm?, matrix size= 96 x
96, and slice thickness=1 mm. A continuous-wave RF
saturation pulse was irradiated with power of 5.6 uT and
saturation duration of 4 s.

To correct By and B, field inhomogeneities, B, maps
with double echo-times (1.9 and 2.6 ms) and B; maps with
double flip-angles (30 and 60 °) were collected after CEST
dataset acquisition [29, 30].

Water-suppressed in vivo 'H MRS spectra were obtained
using a spin-echo-based point-resolved spectroscopy
(PRESS) pulse sequence, with variable power and optimized
relaxation delays (VAPOR) method (TR =15000 ms, TE=
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16.3 ms, spectral width=5000 Hz, 128 acquisitions, and
number of data points=2048) [31]. The center of the
volume of interest (2.0 x 2.0 x 3.0 mm?; 12.0 pul) located in
the hippocampal region was positioned + 2.0 mm midline, —
4.0 mm from the bregma, and +3.0 mm from the skull
surface. Voxel coordinates were determined according to the
atlas of the rat brain [32].

Data Analysis

Raw CEST data with KA injected was registered to non-KA
injected CEST imaging using a six-degree-of-freedom rigid
body transformation.

The By map was calculated by linearly fitting the
accumulated phase per pixel for the phase difference (A6,)
against the difference of TE (ATE) by using Eq. (1) [29].

Aby

=ATE (1)

0

For B, map, flip angle maps were first generated by
solving Eq. (2) [29],

§(20)  cos(20)

S(0)  cos(0)

(2)

where S(0) and S(26) denote the pixel signals in an image
with preparation flip angle 6 and 26, respectively.

From the flip angle map, the final B, map can be
calculated by Eq. (3),

_p
B = S60c (3)

where p and 7 denote the calculated flip angle map from Eq.
(2), and preparation pulse duration (z; 1 ms in this study),
respectively.

The Z-spectrum derived by correcting the field homoge-
neity was used to analyze the magnetization transfer ratio
asymmetry (MTR,qm) at frequency offset (Aw), as follows

Eq. (4),

Ssat (_ACO)_Ssat (+Aa))

MTRym(Aw) = So

(4)

where Sy and S, denote the signal intensities without and
with saturation pulse, respectively.

The CrCEST contrast map (CrCEST,,,,) was computed
by subtracting the normalized signals at the 1.65 and
1.98 ppm, from the symmetric signals at the corresponding
reference frequencies at the upfield from the water. In this
study, we averaged two MTR,gy, signals at the 1.65 and
1.98 ppm to define the CrCEST signal location, and also
acquired CrCEST,,,, using averaged signals pixel-by-pixel.
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To quantify the signal values on the CrCEST,,, two
regions of interest (ROIs) were set in the left and right
hippocampus regions.

"H MRS spectra were analyzed with a fully blind spectral
process, using Linear Combination Model (LCModel)
software (Version 6.2-1 L, Stephen Provencher Incorpo-
rated, Oakville, Canada) with a simulated basis set including
18 metabolites, as follows: alanine (Ala), aspartate (Asp),
myo-inositol (mlIns), Cr; gamma-aminobutyric acid
(GABA), PCr, Glu, glutamine (Gln), glucose (Glc), scyllo-
inositol (sl), glycine (Glyc), glycerophosphocholine (GPC),
lactate (Lac), N-acetylaspartylglutamate (NAAG), NAA,
glutathione (GSH), phosphocholine (PCh), taurine (Tau),
total NAA =NAA + NAAG, Glx=Glu+ Gln, tCr, and total
Cho=GPC+PCh. All signal intensities from the in vivo
basis set were processed with water referencing and eddy
current correction, and metabolite concentrations were
calculated (umol/g). All metabolite peaks were fitted in the
chemical shift range, from 0.3 to 4.3 ppm.

Statistical Analysis

For statistical analysis, the Mann-Whitney U test was used
to compare the ES and CTRL groups at each time point.
Within each group, multiple comparisons between each time
point were performed with the non-parametric Friedman test,
followed by post hoc analysis using the Wilcoxon signed-
rank test for pairwise comparison. A P value of <0.05 was
considered to be significant in all statistical analyses. For the
correlation analysis between the CrCEST signals and PCr
and total Cr concentrations, Spearman’s rank correlation
coefficient (r) and P values were calculated. All CrCEST-
related image processing and correlation analysis was
performed using in-house-written MATLAB R2014a (The
MathWorks, Inc., Natick, MA) scripts, and statistical tests
were performed with PASW statistics (version 18.0, SPSS
Inc., Chicago, IL).

Results

Figure 1 shows the MTR s, curves between each group for
time changes before and after KA injection. Before KA
injection, the MTR,s .y curves showed no significant
differences between ES and CTRL groups (Fig. la),
indicating that the values from two groups exhibit stable
status with the deviation around 1 % (4.61 £1.03 vs. 5.67 +
0.85 % at 1.65 ppm; 5.524+0.58 vs. 6.76+0.82 % at
1.98 ppm, ES and CTRL group, respectively). In addition,
when MTR,q, of the left and the right hippocampus was
compared, there was no significant difference in each group
(P>0.05). However, after KA injection, the CrCEST signals
in the ES group increased (Fig. 1b) relative to the CTRL
group until 5 h after KA injection (Fig. 1c), as expected
(8.27+1.28~9.77+0.64 %/6.11+0.76~7.21 £0.38 % for
ES group and CTRL group at 3 h, respectively, and 7.07 +
1.17~8.88+1.28 %/6.54+0.96 %~7.46+0.59 % for ES
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Fig. 1. Creatine CEST (CrCEST) signal features and conventional magnetisation transfer ratio asymmetry (MTRsym) Spectra as
a function of time, a before, b 3 h, and ¢ 5 h after kainic acid (KA) injection. Gray color indicates the point from 1.65 to 1.98 ppm
used for the quantification of CrCEST. (Lt. HCP hippocampus at left hemisphere, Rt. HCP hippocampus at right hemisphere,
ES epileptic seizure group by KA injection, and CTRL control group).

group and CTRL group at 5 h, respectively; all values
indicated the minimum and maximum values at hippocam-
pus on right and left hemisphere between two frequency
offsets). Interestingly, the CrCEST signals at 5 h after KA
injection were reduced, compared with those at 3 h, although
the signals of the ES group were higher than the CTRL
group until 5 h.

Figure 2 shows the calculated CrCEST signals that were
averaged between two frequency offsets between each group
for time changes. All values are summarized in Table 1. The
CrCEST signals of the ES group in the left hippocampus
(Fig. 2a) indicated that the signal increased significantly
(9.8+0.8 % at 3 h, and 8.5+ 1.2 % at 5 h), compared with
the CTRL group. There were statistically significant differ-
ences between the two groups after KA injection (all P=
0.009). The CrCEST signals of the ES group in the right
hippocampus (Fig. 2a) indicated that the signal increased
significantly (8.9+2.9 % at 3 h, and 7.5+2.5 % at 5 h)
compared with the CTRL group, similar to the values in the
left hippocampus. There was also a statistical difference
between the two groups after KA injection (P=0.009 at
3 h). In addition, the statistical analysis of CrCEST signals
between both hippocampus regions showed no significant
differences within each group (P> 0.05). Overall, in both
hippocampus regions of the ES group (Fig. 2a, b), the
quantified CrCEST signals showed statistically significant
differences among all time points (y*=10.000; P=0.007
with post-hoc all P<0.043 on left hippocampus, and y*=
8.400; P=0.015 with post-hoc all P<0.043 on right
hippocampus), while those signals in the CTRL group were
not significant (P> 0.05). In both hippocampus regions of
the ES group (Fig. 2a, b), the quantified CrCEST signals at
5 h after injection were slightly decreased, compared with
those at 3 h after injection. However, the results showed
statistically significances in comparisons among all time
points (> =10.000; P =0.007 with post-hoc all P<0.043 on
left hippocampus, and y*=8.400; P=0.015 with post-hoc
all P<0.043 on right hippocampus), while those signals in
the CTRL group were not significant (P>0.05). The
comparisons of CrCEST contrast (Fig. 2c¢) showed the

distinct difference in values after 3 and 5 h, compared with
before injection (—0.59+1.48 %/—0.96+1.17 %, 2.73+
0.69 %/2.57+1.98 %, and 1.37+1.01 %/0.44+£1.55 % at
before injection, as well as 3 and 5 h after injection on left/
right hippocampus, respectively). The contrast values within
each hippocampus were statistically significantly different
(¢ =18.200; P=0.000 with post-hoc all P<0.007 on left
hippocampus, and y*=13.400; P=0.001 with post-hoc all
P<0.037 on right hippocampus), but there was no differ-
ence in the comparisons between hippocampi (all P>0.131).

Figure 3 shows the correlation results between CrCEST
signals and PCr and total Cr (PCr + Cr) concentrations at the
left hippocampus region in terms of the elapsed time after
KA injection. The CrCEST signals after KA injection were
relatively increased, compared with the signal of pre-
injection as mentioned in Fig. 2, whereas the PCr concen-
tration was decreased (3.55+0.28, 3.13+0.39, and 2.59+
0.49 pmol/g at each time point, respectively). The strong
correlation (all || >0.59; all P<0.05) was observed as in
Fig. 3a. In contrast to PCr, the total Cr concentration (6.33 £+
0.21, 6.57+£0.91, and 6.31 £0.46 pmol/g at each time point,
respectively) showed no significant correlations (all [r| <
0.22; all P>0.05, Fig. 3b), despite the increase in CrCEST
signal.

Figure 4 shows the reconstructed CrCEST,, in both
hippocampus regions of ES and CTRL groups over all time
periods. Whereas both hippocampus presented hyper-
intensities in the ES group (Fig. 4a) as compared to pre-
injection of KA in CrCESTy,,,, there was no signal
difference in the CTRL group (Fig. 4b).

Discussion

Cr is well-known as a factor that plays an essential role for
energy metabolism as an active form of PCr [21, 23]. In
ATP synthesis, such as the PCr + ADP < ATP + Cr
relationship, PCr acts as a donor of high energy phosphate
molecules to adenosine diphosphate (ADP) to form ATP.
ATP is also a phosphate donor and supplies energy for
energy-requiring processes. Thus, PCr is broken down by
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Fig. 2. Quantitative values of creatine CEST (CrCEST) between ES and CTRL groups at a left hippocampus, b right
hippocampus, and ¢ CrCEST signal contrasts between ES and CTRL groups at both hippocampus as a function of time after
kainic acid (KA) injection. (Lt. HCP hippocampus at left hemisphere, Rt. HCP hippocampus at right hemisphere, ES epileptic
seizure group by KA injection, and CTRL control group). *P <0.05, and **P <0.005.

creatine kinase, which serves to stabilize the effective
reaction, leading to an increase in Cr. Because of these
relationships, the epileptic mechanism can lead to a decrease
in PCr and an increase in Cr. To demonstrate the metabolic
change of Cr and PCr, "H MRS as used in this study and *'P
MRS would be the powerful and appropriate imaging.

However, the use of *'P MRS in particular has some
limitations, such as poor spatial resolution and sensitivity,
and it is difficult to measure free Cr signal with sufficient
accuracy [25, 26]. As an alternative to this issue, CEST has
become widely used as a new MRI technique for indirect
metabolite measurement using exchange-related properties;
the signals of several metabolites, such as Cr, amide, amine,
glucose, and glutamate, can be measured [29, 33-35].

By exploiting the features and merits of CrCEST
technique, a hypothesis could be established. When the
epilepsy occurs, change in the Cr signal in the hippocampus
may also occur due to energy metabolism. As shown in
results, it was available to detect signal changes using
CrCEST imaging in KA-induced epilepsy model. Further-
more, by demonstrating the significant correlation between
CrCEST and PCr and suggesting the reconstructed

CrCEST\yap, monitoring the signal changes of the Cr would
be an important and useful factor to detect epileptic seizure
in the rat model.

For the accuracy of '"H MRS, we utilized a basis set,
which can observe the concentration changes by LCModel,
and performed a fully blind spectral analysis to minimize the
bias. Based on our results, quantified CrCEST signals
increased in the hippocampus after epilepsy onset, indicating
an increase of Cr concentration. Furthermore, quantified PCr
and tCR concentrations, using 'H MRS analysis as a
function of time, decreased and were not changed, respec-
tively. As can be seen from the ATP synthesis relationship
mentioned above, these phenomena can be explained by the
complementary relationship between PCr and Cr, in which
the concentration of Cr is increased to compensate for the
decrease in the concentration of PCr in the energy
metabolism relationship.

In addition, some previous literatures are concordant with
our current results. DeFrance and McCandless produced a
seizure state in rat and then measured key energy metabo-
lites in hippocampal layers (stratum orierns, stratum
pyramidale, and stratum radiatum) [36]. They showed that

Table 1. Summarized creatine signals (CrCEST) and contrast values between control (CTRL) and epileptic seizure (ES) groups at left and right hippocampus
regions as a function of time, before and after kainic acid (KA) injection. All values are presented as means + standard deviation. (Lt. HCP hippocampus at left

hemisphere, and Rt. HCP hippocampus at right hemisphere)

Pre KA injection

3 h after KA injection

5 h after KA injection

CTRL ES CTRL ES CTRL ES
Lt. HPC CrCEST (%) 58+13 52+06 7.1+05 9.8 + 0.8 7.2+0.9 8.5+ 120"
2% =10.000; P =0.007; post-hoc: all P <0.043®
Contrast (%) -0.59+0.88 2.73+0.69 1.37+1.01
2 =18.200; P =0.000; post-hoc: all P <0.007®
Rt. HPC CrCEST (%) 6.2+ 1.4 53+1.2 6.4+13 8.9 + 2.9 71+1.7 75+25
7 =8.400; P =0.015; post-hoc: all P <0.043®
Contrast (%) -0.96+1.17 2.57+1.30 0.44+1.31

2% =13.400; P =0.001; post-hoc: all P <0.037®

**P=(.009; Mann-Whitney U test between CTRL and ES groups, and *multiple comparisons using the non-parametric Friedman test between each time point

at ES group
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Fig. 3. Correlation analysis of creatine CEST (CrCEST) with a phosphocreatine (PCr) concentration and b total creatine (PCr +
Cr) concentration at left hippocampus. Red line indicates the correlation between pre-KA injection and 3 h after kainic acid (KA)
injection. Green line indicates the correlation between 3 and 5 h after KA injection. Blue line indicates the correlation between
pre-KA injection and 5 h after KA injection. (r Spearman’s rank correlation coefficient).

ATP and PCr were decreased significantly during the seizure
state. In other words, producing overt seizures results in an
increase in energy expenditure with resultant lowering of net
level of key energy metabolites such as ATP and pCr. Other
earlier in vivo NMR spectroscopy study found a significant
decrease in PCr at hippocampus, followed by a plateau
during the seizures in a rabbit [37]. In human clinical
applications, two previous '"H MRS studies have reported
increase Cr level in the human temporal lobe epilepsy [38,
39].

This study was performed with a limited sample size, and
utilized single-slice CrCEST imaging in the gross hippo-
campus region. However, it would be improved by increas-
ing the number of samples with multiple cross-sectional
CrCEST imaging analysis for measurements of the entire
epilepsy network at the anatomical location of the hippo-
campus (dorsal, ventral, and cortical regions). Furthermore,

Pre injection

T

CTRL

3h after injection

in addition to the relationship of Ct/PCr, measuring the
signal changes of a-, B-, and y-ATP, which can be obtained
using only *'P MRS, will provide more meaningful
information regarding ATP synthesis at the epileptic seizure
stage in the future.

Conclusions

The CrCEST imaging showed significant image contrast at
the stage of epileptic seizure, which was highly related with
changes in creatine signals during energy consumption in
the brain. The temporal evolution of the signal changes
from CrCEST metric, and the evaluated correlations with
PCr and total Cr results, clearly showed that CrCEST
imaging can be a useful approach to estimate energy
metabolism status in epilepsy.

5h after injection
12%

0%

Fig. 4. Reconstructed creatine CEST (CrCEST) imaging of a epileptic seizure group and b control group for a typical rat, as a

function of time after kainic acid injection.
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