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|ncreased Detectability of Alpha Brain Glutamate/
Glutamine in Neonatal Hypoxic-Ischemic Encephalopathy

Yonglin Pu, Qing-Feng Li, Chao-Mei Zeng, Jian Gao, Jing Qi, De-Xin Luo, Srikanth Mahankali, Peter T. Fox, and

JiasHong Gao

BACKGROUND AND PURPOSE: Proton MR spectroscopy (MRS) detectability of brain glu-
tamate/glutamine (GIx) is increased in hypoxic-ischemic insults and is implicated in the neu-
ronal injury and death that follows. Our aim was to correlate the proton MRS detectability of
a-CH protons of GIx (a-Glx) with the Sarnat stage of neonatal hypoxic-ischemic encephalop-
athy (HIE).

METHODS: Initial and follow-up proton MRS studies at 1.9 T were performed in 28 neo-
nates aged 1 to 7 days (seven healthy control subjectsand 21 with HIE: 10 mild, nine moder ate,
and two severe) and in 12 neonates aged 13 to 17 days (12 with HIE: eight mild, three moder ate,
and one severe), respectively. Both point-resolved spectroscopy (PRESS) and stimulated-echo
acquisition mode (STEAM) sequences were used. The spectral volume of interest was in the
basal ganglia, thalami, and adjoining regions. The detectability of a-Glx was assessed by two
different parameters: the detection rate of the a-GlIx peak and the peak-area ratio of a-GlIx to
creatine and phosphocreatine.

RESULTS: On both the initial and follow-up PRESS studies, all the neonates with moder ate
and severe HIE showed an a-GlIx peak, compared with one healthy control subject in theinitial
study and one neonate with mild HIE in both the studies. They also demonstrated a significantly
higher peak-area ratio of a-Glx/(creatine and phosphocreatine) on both the initial and follow-
up studies. The peak-area ratios in neonates with HIE positively correlated with the Sarnat
stage of HIE on both the initial and follow-up studies. Neonates with moder ate and severe HIE
also showed a consistently higher a-Glx peak on both theinitial and follow-up studies with the

STEAM sequence.

CONCLUSION: Proton MRS detectability of a-Glx isincreased in moderate and severe HIE

and correlates with the Sarnat stage of HIE.

The basic underlying pathophysiological cause of
hypoxic-ischemic encephalopathy (HIE) is a tissue
oxygen deficiency brought about by hypoxemia,
ischemia, or asphyxia neonatorum (1). Previous an-
imal and human studies involving the use of mi-
crodialysis and immunocytochemical techniques
have clearly indicated that with ischemia, hypoxic-
ischemic insults, or seizures, glutamate, a major ex-
citatory amino acid neurotransmitter in the brain
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(2), increases rapidly in the extracellular spaces and
glia cellsin the brain and decreases concomitantly
in the neuronal cells owing to energy failure (3-9).
In addition, other studies suggest that it is the in-
creased glutamate in the extracellular spaces of the
brain that plays an important role in neuronal injury
and death, as well as in the epileptogenesis and
seizure expression induced by ischemia and hypox-
emia (10-12). Consequently, glutamate is intimate-
ly involved in the pathogenesis of HIE (13).

MR spectroscopy (MRS) is a noninvasive meth-
od that can be used to measure the in vivo concen-
trations of intracerebral metabolites, such as glu-
tamate/glutamine (GIx), N-acetylaspartate (NAA),
lactate (Lac), choline-containing compounds (Cho),
creatine and phosphocreatine (Cr + PCr), and myo-
inositol (M-Ino) (14-17). It has been documented
that Glx in human brain can be detected with both
short- and long-echo proton MRS pulse sequences
(15, 18, 19). Studies in superfused guinea pig brain
slices (20, 21) at long TEs using high magnetic
field MRS systems show that under normal con-
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TABLE 1: Clinical characteristics of neonates with hypoxic-ischemic encephalopathy (HIE)

AJINR: 21, January 2000

Gestational Apgar Score
Sarnat Stage Age Birth Weight (12 min/5 min/10 Duration of

Case/Sex of HIE (wk) (9) Type of Delivery min) HIE (days) Cause of HIE

UF 1 35 1650 C. section 4/5/10 1 PE & E

2IM 1 38 4050 Forceps 6/8/9 2 CPD

3/F 1 38 3500 Normal 6/9/10 1 UCE

4/M 1 41 3375 C. section 7/9/9 2 PE & E

5/M 1 40 2700 Normal 3/7/10 2 PI

6/M 1 35 2050 Normal 71719 1 RD

7IF 1 37 2150 C. section 7/10/10 1 AP

8/M 1 41 2300 Normal 3/7/9 3 PMR

9IM 1 38 2300 C. section 4/8/9 3 PE& E
10/M 1 39 3350 C. section 8/3/10 1 PMR
1UF 2 35 2150 Normal 8/10/10 5 FD+AP
12/F 2 36 2750 C. section 9/10/10 3 SL
13/F 2 36 2500 Normal 10/10/10 3 ICH
14/M 2 41 4000 Normal 3/5/7 4 PMR
15/M 2 39 3100 Vacuum 3/5/8 6 FD
16/M 2 42 3400 Forceps 3/4/4 7 FD
17/M 2 40 3200 Normal 4/5/7 5 UCE
18/M 2 41 3200 Normal 6/8/10 7 FD
19/F 2 40 3400 Forceps 6/5/10 6 FD
20/F 3 34 2600 Normal 7189 To death PMR
2UF 3 40 3250 Normal 31717 To death FD

Note.—C. section indicates emergency cesarean section; forceps, forceps delivery; normal, normal per vagina delivery; vacuum, vacuum-assisted
delivery; to death, HIE persisted until death; PE & E, preeclampsia and eclampsia; CPD, cephalopelvic disproportion; UCE, umbilical cord
entanglement; PI, placental insufficiency; RD, rapid delivery (delivery within 3 hr after onset of labor); AP, aspiration pneumonia; PMR, premature
rupture of the fetal membranes; FD, fetal distress; SL, shock lung; ICH, intracranial hemorrhage.

ditions, only 70% to 80% of the total intracerebral
glutamate concentration can be detected when us-
ing proton MRS. The remaining 20% to 30% lies
in the intraneuronal neurotransmitter vesicles or
mitochondria, which compromises its proton MRS
detectability (20, 21). After a severe metabolic in-
sult (eg, aglycemic anoxia), however, al the intra-
cerebral glutamate becomes detectable (20). Re-
cently, a proton MRS study in patients with
hypoxic encephalopathy after near-drowning also
showed an increased detectability of the GIx peak
on brain proton MRS (22).

Although several proton MRS studies have been
performed in neonatal HIE (23—29), to the best of
our knowledge, no study has been done to correlate
the severity of HIE with the detectability of GlIx on
brain proton MRS. This proton MRS study was
performed to investigate the correlation between
the Sarnat stage of HIE and the brain proton MRS
detectability of the peak of the «-CH protons of
GIx (a-GIx) using both point-resolved spectrosco-
py (PRESS) (30) and stimulated-echo acquisition
mode (STEAM) (31, 32) sequences. Follow-up
proton MRS was performed to monitor the time
frame of the increased detectability of Glx as well.
Although there are three CH groups in GIx mole-
cules that can be detected by proton MRS («a-CH,
B-CH,, and y-CH,), in this study the changes of
GIx in HIE were assessed by the evaluation of the
a-GlIx peak at 3.75 ppm.

M ethods

Subjects

Twenty-eight neonates participated in this study, which was
approved by the institutional review board of our hospital.
They were divided into four groups on the basis of the pres-
ence and severity of HIE. Group | was composed of seven
healthy neonates who were recruited specifically as control
subjects for this study. Group Il consisted of 10 neonates with
mild HIE (Sarnat stage 1. hyperalertness and hyperexcitabili-
ty). Nine neonates with moderate HIE (Sarnat stage 2: lethargy,
hypotonia, and suppressed primitive reflexes) formed group 111.
Group IV consisted of two neonates with severe HIE (Sarnat
stage 3: stupor, flaccidity, and absent primitive reflexes) (33).
The diagnosis and grading of the Sarnat stage of HIE was
made by two pediatricians independently and was based on the
clinical signs and the presence of a history of asphyxia (1, 33).
In al cases, prescribed supportive treatment was started im-
mediately after the clinical diagnosis of HIE was made (1),
before the initia proton MRS study.

The clinical features of group | neonates were as follows:
the mean gestational age at time of birth was 39.3 weeks, mean
birth weight was 3386 g, the mean Apgar scores at 1, 5, and
10 minutes after birth were 9.4, 10.0, and 10.0, respectively.
All the group 1 neonates were delivered normally per vaginal
delivery. The clinical characteristics of neonates with HIE are
provided in Table 1. Gestational ages (in weeks) of al the
neonates were obtained from maternal dates, antenatal sonog-
raphy, and by a postpartum physica examination of the
neonates.

Data Acquisition
Proton MRS data were acquired using a 1.9-T Elscint Gyrex

MR imaging/MRS scanner with a circularly polarized head
coil (Elscint, Haifa, Israel). Before the start of the MRS study,
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Fic 1. Axial T2-weighted fast spin-echo MR image (4400/96./
1) shows spectral volume in the neonatal brain that was chosen
for the study.

the following images were acquired for MRS localization and
imaging diagnosis: gradient-echo images in three planes at 25/
6/1 (TR/TE/excitations) with a flip angle of 25° and a section
thickness of 7 mm; whole-head axial T1-weighted spin-echo
images (620/12/1) with a section thickness of 5 mm; and
whole-head axia T2-weighted fast spin-echo images (4400/
96+/1) with an echo train length of 12 and a section thickness
of 5 mm. MR imaging and MRS were performed during nat-
ural sleep in healthy control subjects, except in the case of one
neonate, who was sedated with 10% chloral hydrate. All ne-
onates with HIE were under sedation induced by 10% chloral
hydrate during the performance of MR imaging and MRS. The
neonates were monitored throughout the imaging procedures
by a pediatrician and with an MR-compatible pulse oximeter
(In vivo 4500 MR imaging, In vivo Research, Orlando, FL).
Pure oxygen breathing was maintained throughout the scan-
ning procedure by an MR-compatible oxygen delivery system.

In our study, the single spectral volume of interest in all
neonates was chosen in the regions of the basal ganglia, thal-
ami, and the adjoining centra semiovales, and in a portion of
the third and lateral ventricles. Since the basal ganglia and
thalami are most sensitive to the effects of acute anoxia, as
indicated by earlier studies performed in primates and human
newborns with severe perinatal asphyxia (34-37), this single
voxel can reflect the global disturbances in HIE. The section
thickness was 20 mm and the anterior-to-posterior and right-
to-left dimensions were 30 X 30 mm (Fig 1). The multiplanar
anatomic MR images obtained before the start of the MRS
study were valuable in acquiring data from identical spectral
volumes in each neonate on both the initial and follow-up pro-
ton MRS studies.

The scan parameters for the PRESS sequence were 2000/
135/250. The scan parameters for the STEAM sequence were
2000/24/250, with a middle time of 63 milliseconds. The spec-
tral bandwidth and number of samples for both sequences were
2000 Hz and 1024 points, respectively. The magnetic field was
carefully shimmed within the selected volume, which resulted
in a full width at half height of the unsuppressed water peak
of less than 0.1 ppm in all subjects. After shimming, water
suppression calibration scans were obtained with three cycles
of a chemical-shift selective water suppression sequence
(CHESS X 3) (38). This procedure was accomplished by
changing the tip angle of the CHESS X 3 pulse sequence until
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the water signal was minimized. The nominal bandwidth of
the CHESS X 3 radio-frequency pulse was +48 Hz (+0.6
ppm). This narrow bandwidth can avoid suppression of the
resonance peak of the a-Glx at 3.75 ppm. The spectral acqui-
sition with both the PRESS and STEAM sequences was then
performed with a CHESS X 3 water suppression sequence
using the predefined tip angle, thereby minimizing the water
signal. The total examination time was approximately 50
minutes.

Because the T2 relaxation time of Glx is difficult to measure
and thus unknown (20, 39), the initial and follow-up proton
MRS studies were acquired with the long-TE PRESS and
short-TE STEAM sequences in the same session to be certain
that GIx could be detected. In both initial and follow-up stud-
ies, the same MR and MRS sequences and parameters were
used.

Initial proton MRS with the STEAM sequence and follow-
up proton MRS with both the PRESS and STEAM sequences
were not performed in some neonates, owing to either their
withdrawal from further participation in the study by their par-
ents or their poor general condition.

The initial proton MRS study was performed in all subjects
using the PRESS sequence. The initial proton MRS studies
were also performed with the STEAM sequence in two of sev-
en subjects in group |, in nine of 10 in group I, in three of
nine in group |11, and in one of two in group IV.

With the PRESS sequence, the follow-up proton MRS study
was performed in eight of 10 subjects in group |1, in three of
nine in group 111, and in one of two in group 1V. The STEAM
sequence was performed in five of 10 subjects in group I, in
two of nine in group 11, and in one of two in group IV.

Metabolite Quantification

The water-suppressed spectra acquired with both the PRESS
and STEAM sequences were compensated for phase shifts due
to eddy currents by reference to an unsuppressed water spec-
trum with Elscint MRS postprocessing software. A line broad-
ening of 2 Hz and a zero-filling from 1024 to 2048 data points
were applied. The signal of the free induction decay were then
Fourier-transformed. Phased spectra were displayed with zero-
order phase correction in al spectra. On all the proton MRS
studies, the prominent NAA peak at 2.0 ppm was used as an
internal chemical shift reference (16, 17). The spectraexhibited
peaks of Cho at 3.2 ppm, of (Cr + PCr) at 3.02 and 3.90 ppm,
of M-Ino at 3.5 ppm (16, 17), and of «-GIx at 3.75 ppm (15,
19, 40). The peaks of the B- and y-CH, protons of GIx (8-
and y-GlIx) were observed within a range of 2.0 to 2.5 ppm
(22, 29, 40). Water resonance was approximately at 4.7 ppm.
For relative quantification of the metabolites detected with pro-
ton MRS, the areas under the resonance peaks of the metab-
olites were measured. This was accomplished by computer in-
tegration of the peaks on the spectra acquired with the PRESS
pulse sequence. The measurements were given as peak-area
ratios of a-Glx, NAA, and Cho to (Cr + PCr), because the
peak of (Cr + PCr) at 3.02 ppm is an accepted internal am-
plitude reference (22, 24, 26, 27). The detectability of a-Glx
was assessed by two different parameters: the detection rate of
the a-GlIx peak and the peak-area ratio of the a-Glx to (Cr +
PCr). The measurements were not performed on the spectra
obtained with the short-TE STEAM sequence because the
baseline was not uniform.

Satistical Methods

Statistical analysis was performed using Statview 5.0 statis-
tical software (Abacus Concepts, Berkeley, CA). The datawere
described using median/range. Nonparametric tests were used
because the data were not normally distributed. Fisher’s exact
tests among groups I, 11, 111, and 1V were performed for the
detection rate of the a-Glx peak on the initial and follow-up
proton MRS studies with both the PRESS and STEAM se-
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Fic 2. A and B, Brain proton MRS in a healthy neonate obtained at 4 days of age. Both PRESS (2000/135/250) (A) and STEAM
(2000/24/250) (B) proton MRS studies show the peaks of NAA at 2.0 ppm, - and y-Glx at 2.0 to 2.5 ppm, Cho at 3.2 ppm, (Cr + PCr)
at 3.02 and 3.90 ppm, and M-Ino at 3.5 ppm. There is a barely visible peak of a-GlIx at 3.75 ppm. The peaks of Lac + Lipid at 0.75 to
1.75 ppm are visible on STEAM proton MRS study. NAA indicates N-acetylaspartate; - and y-Glx, - and y-CH, protons of Glx; Cr +
PCr, creatine and phosphocreatine; Cho, choline-containing compounds; M-Ino, myo-inositol; a-Glx, a-CH protons of Glx; Lac + Lipid,

lactate and lipid.

quences. Unpaired Mann-Whitney U tests were carried out for
the differences of the peak-arearatios of a-GIx, NAA, and Cho
to (Cr + PCr) among groups I, I, and Il + IV on the initial
proton MRS study and between groups Il and 111 + IV on the
follow-up proton MRS study. For the purpose of the Fisher's
exact test and the U test, groups Il and 1V were combined
owing to the small number of patients with severe HIE. Spear-
man rank correlations were performed to correlate the Sarnat
stage of HIE in groups 1, 111, and 1V with the peak-arearatios
of a-Glx, NAA, and Cho to (Cr + PCr) measured on the initia
and follow-up PRESS proton MRS studies. Results were
judged significant at the P < .05 level.

Results

Initial Proton MRS Studies (in Healthy Control
Subjects and in Neonates in the First Week of HIE)

Proton MRS Acquired with the PRESS Se
quence—A peak of a-Glx at 3.75 ppm was ob-
served in one of seven neonates in group |, in one
of 10 in group I, in @l nine in group I, and in
both subjects in group V. The detection rate of the
peak was significantly higher in group Il + IV
than in groups | and Il (P < .05). The peaks of
NAA, Cho, and (Cr + PCr) were clearly seen in
al the neonates. The typical spectra obtained in
healthy control subjects and in neonates with mild,
moderate, and severe HIE are shown in Figs 2A,
3A, 4A, and 5A, respectively.

Proton MRS Acquired with the STEAM Se-
quence.—The peak of «-GIx was observed in all
subjects who underwent STEAM proton MRS (two
of two in group I, nine of nine in group Il, three
of three in group I, and one of one in group V).
The relative height of the a-Glx peak at 3.75 ppm
compared with the (Cr + PCr) peak at 3.02 ppm
was consistently higher in all group Il and group
IV neonates than that obtained in neonates in
groups | and Il. The typical spectra obtained in
healthy control subjects and in neonates with mild,
moderate, and severe HIE are shown in Figs 2B,
3B, 4B, and 5B, respectively. The peaks of NAA,
Cho, and (Cr + PCr) were clearly seen in al ne-
onates, except in the case of one neonate who had
severe HIE and an undefined NAA peak (Fig 5B).

Measurements of Peak-Area Ratios.—The peak-
area ratios of «a-Glx, NAA, and Cho to (Cr + PCr)
obtained in all subjects in groups I, II, IIl, and 1V
on the initial PRESS proton MRS studies are listed
in Tables 2 and 3. The level of the peak-area ratio
of a-GIx/(Cr + PCr) in group Il + IV (median/
range = 0.38/2.63, n = 11) was significantly high-
er than that obtained in groups | (median/range =
0.00/0.12, P = .0005, n = 7) and Il (median/range
= 0.00/0.33, P = .0003, n = 10). The difference
in the level of this ratio was not significant between
groups | (median/range = 0.00/0.12, n = 7) and |1
(median/range = 0.00/0.33, n = 10) (P = .9223).
The level of this ratio in neonates with HIE (groups
I1, 111, and 1V) positively correlated with the Sarnat
stage of HIE (Spearman rank correlation, p = .89,
P < .0001). The difference in the level of the peak-
area ratio of NAA/(Cr + PCr) among group | (me-
dian/range = 1.00/0.47, n = 7), group Il (median/
range = 1.00/2.06, n = 10), and group Il + IV
(median/range = 1.00/1.10, n = 11) was not sig-
nificant (P > .05). The difference in the level of
the peak-area ratio of Cho/(Cr + PCr) among
group | (median/range = 1.50/1.59, n = 7), group
Il (median/range = 1.71/3.00, n = 10), and group
[ + IV (median/range = 1.50/1.27, n = 11) was
also not significant (P > .05). There was no sig-
nificant correlation between the peak-area ratios of
NAA and Cho to (Cr + PCr) and Sarnat stage of
HIE among the neonates with HIE on the initia
proton MRS studies.

Follow-up Proton MRS Sudies (after the First
Week of HIE)

Proton MRS Acquired with the PRESS Se-
quence.—The peak of «-GIx was visible in one of
eight neonates in group |1, in al three neonates in
group |11, and in the only neonate in group 1V. The
detection rate of the a-Glx peak was significantly
higher in the neonates in group 11l + IV than in
those in group Il (P < .05). The typical spectra
obtained in neonates with mild, moderate, and se-
vere HIE are shown in Figs 3C, 4C, and 5C, re-
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Fic 3. Initial and follow-up brain proton MRS studies in a neonate with mild HIE performed at 3 and 13 days of age, respectively. The
peaks of NAA, Cho, (Cr + PCr), and M-Ino are clearly visible in all the MRS studies.

A, Initial PRESS proton MRS study (2000/135/250) shows a barely visible peak of a-Glx at 3.75 ppm.

B, Initial STEAM proton MRS study (2000/24/250) shows the apparent peak of «-Glx at 3.75 ppm.

C, Follow-up PRESS proton MRS study (2000/135/250) shows no apparent changes as compared with the initial PRESS proton MRS
study.

D, Follow-up STEAM proton MRS study (2000/24/250) shows the decrease in the heights of the peaks of «-GlIx at 3.75 ppm and M-
Ino at 3.5 ppm as compared with those on the initial STEAM proton MRS. There are no apparent changes in the heights of the other
peaks. For abbreviations, see Figure 1.
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Fic 4. Initial and follow-up brain proton MRS studies in a neonate with moderate HIE performed at 4 and 15 days of age, respectively.
The peaks of NAA, Cho, and (Cr + PCr) are clearly visible in all the MRS studies. M-Ino is clearly visible in both the initial and follow-
up STEAM proton MRS studies, but is only barely seen on the PRESS proton MRS studies.

A, Initial PRESS proton MRS study (2000/135/250) shows an apparent «-GlIx peak at 3.75 ppm.

B, Initial STEAM proton MRS study (2000/24/250) shows a remarkable a-Glx peak.

C and D, Follow-up PRESS (2000/135/250) (C) and STEAM (2000/24/250) (D) proton MRS studies show that the height of the a-
GlIx peak at 3.75 ppm is decreased as compared with that obtained on the initial proton MRS studies with both the PRESS and STEAM

proton MRS sequences. Other peaks are similar on both the initial and follow-up PRESS and STEAM proton MRS studies. For abbre-
viations, see Figure 1.
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Fic 5. Initial and follow-up brain proton MRS studies in a neonate with severe HIE performed at 7 and 14 days of age, respectively.
The peaks of Cho and (Cr + PCr) are clearly visible in all the MRS studies. The NAA peak is easily detected on PRESS proton MRS.
However, in STEAM proton MRS studies, it is not well defined and is decreased in height. M-Ino is clearly visible on both the initial and
follow-up STEAM proton MRS studies, but is only barely seen on the PRESS proton MRS studies.

A, Initial PRESS proton MRS study (2000/135/250) shows a high peak of a-GIx at 3.75 ppm.

B, Initial STEAM proton MRS study (2000/24/250) shows a remarkable a-GIx peak at 3.75 ppm.

C and D, Follow-up PRESS (2000/135/250) (C) and STEAM (2000/24/250) (D) proton MRS studies show that the height of the a-
Glx peak at 3.75 ppm is decreased compared with that obtained on the initial PRESS and STEAM proton MRS studies. Other peaks
are similar on both the initial and follow-up PRESS and STEAM proton MRS studies. For abbreviations, see Figure 1.

TABLE 2: The peak-area ratios of a-Glx, NAA, and Cho to (Cr
+ PCr) on the initial PRESS proton MRS studies in healthy nor-
mal control subjects

a-GIx/ NAA/ Cho/ Age

Neonate (Cr + PCr) (Cr + PCr) (Cr + PCr) (days)
1 0.00 1.20 1.40 4.00

2 0.00 1.00 2.00 2.00

3 0.00 1.20 1.40 3.00

4 0.00 0.73 0.91 3.00

5 0.00 1.00 1.50 3.00

6 0.00 1.00 2.50 3.00

7 0.12 0.77 1.65 3.00

Notes—a-Glx indicates a-glutamate/glutamine; NAA, N-acetylas-
partate; Cho; choline-containing compounds; Cr + PCr, creatine plus
phosphocreatine; age, age at which the proton MRS study was
performed.

spectively. The peaks of NAA, Cho, and (Cr +
PCr) were clearly seen in all neonates.

Proton MRS Acquired with the STEAM Se
gquence.—The peak of a-GIx was seen in three of
the five neonates in group |1, in both neonates in
group |11, and in the only neonate in group 1V. The
detection rate of the a-GIx peak was not significant

among the three groups (P > .05). The relative
height of the a-GIx peak at 3.75 ppm to the (Cr +
PCr) peak at 3.02 ppm was consistently higher in
al group Il + IV neonates as compared with
group Il neonates. The typical spectra obtained in
neonates with mild, moderate, and severe HIE are
shown in Figs 3D, 4D, and 5D, respectively. The
peaks of NAA, Cho, and (Cr + PCr) were clearly
seen in al neonates, except in the case of one who
had severe HIE and an undefined NAA peak (Fig
5D).

Measurements of Peak-Area Ratios.—The peak-
arearatios of a-GIx, NAA, and Cho to (Cr + PCr)
in al subjects of al three groups on the follow-up
PRESS proton MRS studies are enumerated in Ta-
ble 3. The level of the peak-arearatio of a-GIx/(Cr
+ PCr) in group Il + IV (median/range = 0.37/
0.71, n = 4) continued to be significantly higher
than that observed in group Il (median/range =
0.00/0.22, P = .0066, n = 8) on the follow-up
studies. The level of thisratio in neonates with HIE
(groups Il and 111 + 1V) positively correlated with
the Sarnat stage of HIE (Spearman rank correlation,
p = .944, P = .0017). The difference in the level
of the peak-arearatio of NAA/(Cr + PCr) between
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TABLE 3: The peak area ratios of a-Glx, NAA, and Cho to (Cr + PCr) on the initial and follow-up PRESS proton studies in neonates
with hypoxic-ischemic encephalopathy (HIE)

Case/Sarnat Stage a-GIx (Cr + PCr) NAA/(Cr + PCr) Cho/(Cr + PCr) Age (days)
of HIE Initial/Follow-up Initial/Follow-up Initial/Follow-up Initial/Follow-up
1 0.00/0.00 1.00/1.25 3.00/3.00 2.25/11.25
2/11 0.00/0.00 1.00/1.33 1.00/2.67 2.00/11.00
31 0.00/NR 1.00/NR 1.63/NR 3.00/NR
4/1 0.00/0.00 1.00/1.40 1.75/2.00 3.00/13.00
5/1 0.00/0.00 2.00/1.20 3.00/1.90 2.00/10.00
6/1 0.00/0.00 0.94/1.00 1.94/1.80 2.00/12.00
711 0.00/NR 1.00/NR 1.40/NR 3.00/NR
8/1 0.00/0.00 1.00/1.17 1.67/1.67 3.00/12.00
91 0.00/0.22 1.00/0.67 1.00/2.00 4.00/17.00
10/1 0.33/0.00 1.17/1.20 1.83/1.40 2.00/13.00
11/2 0.17/NR 0.83/NR 1.33/NR 5.00/NR
12/2 0.25/NR 1.00/NR 1.50/NR 4.00/NR
13/2 0.25/NR 1.00/NR 1.75/NR 3.00/NR
14/2 0.38/NR 0.88/NR 1.50/NR 4.00/NR
15/2 0.38/NR 1.00/NR 1.75/NR 2.00/NR
16/2 0.50/0.40 1.00/1.00 1.50/1.60 5.00/13.00
17/2 0.50/0.33 0.50/1.11 1.50/1.67 4.00/15.00
18/2 0.50/0.29 0.50/0.71 2.50/1.14 3.50/16.50
19/2 0.20/NR 1.03/NR 1.50/NR 7.00/NR
20/3 0.50/NR 1.50/NR 2.00/NR 1.00/NR
21/3 2.80/1.00 1.60/2.50 2.60/3.50 7.00/14.00

Note.—Initial/follow-up indicates initial and follow-up proton MRS studies; NR, not recorded. For other abbreviations, see Table 2.

group Il (median/range = 1.20/0.73, n = 8) and
group Il + IV (median/range = 1.06/1.79, n = 4)
was not significant (P > .05). The difference in the
level of the peak-area ratio of Cho/(Cr + PCr) be-
tween group Il (median/range = 1.95/1.60, n = 8)
and group Il + IV (median/range = 1.64/2.36, n
= 4) was a'so not significant (P > .05). There was
no significant correlation between the peak-areara-
tios of NAA and Cho to (Cr + PCr) and the Sarnat
stage of HIE among the neonates with HIE on the
follow-up proton MRS studies.

Discussion

Our study shows that neonates with mild HIE
had either no increase in the detectability of a-Glx
or an insignificant increase as compared with the
healthy control neonates. In contrast, the proton
MRS detectability of a-Glx was increased signifi-
cantly in neonates with both moderate and severe
HIE. The increase of a-Glx persisted for at least 2
weeks after the onset of HIE, as indicated by both
the initial and follow-up proton MRS studies. Fur-
ther, the level of the a-GIx/(Cr + PCr) peak-area
ratio from brain proton MRS also correlated posi-
tively with the Sarnat stage of HIE. Since the
height and peak-area ratio of «-Glx peak is pro-
portional to the number of the «-Glx protons,
which in turn is proportional to the number of Glx
molecules in the region of interest of the brain, the
detectability of a-Glx actually reflects the changes
of Glx in the brain. These findings are in agreement
with previous studies using microdialysis and im-
munocytochemical techniques (4, 41, 42).

Under physiological conditions, glutamate is re-
leased by nerve terminals into the synapse through
a process called exocytosis, following which it
binds to postsynaptic glutamate receptors. A frac-
tion of the released glutamate then undergoes up-
take by transporters in the adjacent glial processes,
while the uptake of the residual glutamate is me-
diated through the presynaptic or postsynaptic neu-
ronal transporters. The glutamate reabsorbed by
glial cells is effectively converted to glutamine by
the enzyme glutamine synthetase or metabolized to
oxoglutarate and aspartate by other enzymes, such
as glutamate dehydrogenase and aspartate amino-
transferase (5). Glutamine is then transferred intra-
neuronally, where it acts as a substrate in the syn-
thesis of glutamate.

Thetissue level of glutamate, as recorded by bio-
chemical methods in the hippocampus, is largely
unchanged after atransient ischemic insult (41, 42),
and the intravesicular or intramitochondrial gluta-
mate is invisible by proton MRS (20 21). In cere-
bral ischemia or hypoxemia, vesicle exocytosis of
glutamate is inhibited while transporters on neu-
ronal somata, dendrites, and axon terminals prob-
ably show a reversed uptake due to the breakdown
of the ion gradients (4). The residual glutamate up-
take in glial cells causes an accumulation of glu-
tamate within them, since glutamine synthetase is
shut down as a result of the depletion of ATP and
consequent energy failure. This leads to glutamate
increase in the extracellular spaces and glial cells
and a concomitant decrease in the neuronal cells
(including that in the neurotransmitter vesicles or
mitochondria) in the brain (4), thereby enhancing



210 PU

the proton MRS detectability of glutamate. These
changes of Glx in the brain tissue compartments
may explain the observation of a higher a-Glx peak
on brain proton MRS in our study in neonates with
moderate and severe HIE as compared with neo-
nates with mild HIE and healthy control subjects,
since neonates with moderate and severe HIE have
more severe energy failure. These changes of Glx
in the brain may also explain the observation of the
high peak-area ratio of o-GIx/(Cr + PCr) in the
neonates in group Il + IV as compared with that
seen in the neonates in groups | and I, and the
correlation of the Sarnat stage of HIE with peak-
area ratio of a-GIx/(Cr + PCr). The increased de-
tectability of a-Glx or the peak-arearatio of a-GlIx/
(Cr + PCr) on proton MRS therefore may reflect
a redistribution of the intracerebral Glx in various
brain tissue compartments due to hypoxemia and
ischemia.

It is known that with ischemia, hypoxic-ischemic
insults, or seizures, the change in glutamate con-
centration caused by its redistribution in the differ-
ent compartments of brain tissue is much greater
than that of glutamine (4, 13). In our study, how-
ever, we measured the GIx complex as a whole,
because glutamate and glutamine are structurally
very similar and cannot be separated individually
by presently available clinical MR imaging/MRS
systems (18).

As we mentioned earlier, structurally, GIx has
three kinds of protons, a-CH and B- and y-CH,,
that can be detected by proton MRS. In our study,
however, Glx was measured only at its a-CH pro-
ton peak at 3.75 ppm (a-GIx) because the peaks of
B- and y-GIx were complicated by their complex
phase modulation (18). Therefore, there were no
defined peaks of - and y-GlIx on the spectrum ob-
tained with our clinical MR imaging/MRS system
at 1.9-T magnetic field strength. The more severe
phase modulation between 8- and y-Glx than be-
tween «- and B-GIx was due to the fact that the
chemical shift difference relative to the value of
spin-spin coupling constant was much smaller be-
tween B- and y-GlIx than between o- and B-Glx
(40, 43, 44). Studiesinvolving liver failure (15) and
ornithine carbamoyl transferase deficiency (19)
performed on other clinicld MR imaging/MRS
units have also demonstrated a similarly well-de-
fined a-GIx peak and poorly defined - and y-Glx
peaks.

For a given pulse sequence at a given magnetic
field strength, the proton MRS signal intensity of a
compound is determined by its proton concentra-
tion, spin saturation effect, and T2 relaxation times
(45). The proton concentration of a-Glx is propor-
tional to the number of Glx molecules in the region
of interest of the brain. Although the TR of 2000
used in this study does not allow full relaxation of
al the protons of the metabolites between pulses
(implying that peak-area ratios do not correspond
directly to the concentration ratios of the metabo-
lites), the saturation factors (the ratio of fully re-
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laxed to saturated spectra) for NAA, Glx, and (Cr
+ PCr) were not high enough to require correction
of metabolite ratios for saturation, as indicated by
a previous study (20). The T2 values of NAA and
(Cr + PCr) are quite similar to each other under
the conditions of normoxia, anoxia, and anoxia plus
aglycaemia. Their values change, however, as the
blood oxygenation status changes (20). Because of
the complex phase modulation of the peaks of glu-
tamate, it is difficult to measure its T2 vaue (20,
39). Nevertheless, the better detection of a-GIx in
al groups of subjects in this study by short-TE
STEAM proton MRS compared with long-TE
PRESS proton MRS implies that a-GIx has a short
apparent T2 relaxation time in the brain of healthy
neonates and neonates with HIE (46). Based on the
discussion above, we think that the changes of «-
GIx detectability is mainly due to the changes of
proton MRS detectable concentration of Glx in the
spectral volume of interest.

The increased detectability of a-GIx on proton
MRS in moderate and severe HIE and the corre-
lation of the proton MRS detectability of «-GlIx
with the Sarnat stage of HIE demonstrated in this
study are important in the understanding of the
pathophysiology of HIE. Previous studies (4, 20,
21, 41, 42) that showed changes in glutamate con-
centration in the brain tissue compartments in
ischemia or hypoxemia were performed largely in
in vitro brain dlices or in in vivo animal experi-
ments. This human study, using a noninvasive clin-
ical MR imaging/ MRS system documents, changes
of the Glx in brain tissue compartments in neonatal
HIE. In addition, this study shows, for the first
time, that the proton MRS detectability of GIx in-
creases directly with the Sarnat stage of HIE, im-
plying that the brain proton MRS—detectable con-
centration increases with Sarnat stage of HIE. This
is consistent with the concept documented by pre-
vious studies (13) showing that glutamate plays an
important role in the pathogenesis of HIE in
neonates.

Glutamate antagonists (eg, ketamine and dizo-
cilpine) are available (47) and have been shown to
have protective effects against the glutamate redis-
tribution-induced neurodegeneration in hypoxemia
or ischemia (47, 48) and the development of sei-
zures (49, 50) in animal and in vitro models. The
increased detectability of a-Glx in HIE with proton
MRS and the positive correlation between the Sar-
nat stage of HIE and the peak-area ratio of a-GlIx/
(Cr + PCr) on proton MRS found in this human
study suggest that, at therapeutic levels, glutamate
antagonists may play a significant role in the pre-
vention and treatment of HIE and consequently
limit the long-term complications of HIE. Another
important application of this study in the treatment
of HIE with glutamate antagonists is that proton
MRS can be used to estimate the therapeutic win-
dow of the antagonists because it can measure and
monitor distribution changes of the GlIx in various
brain tissue compartments.
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It is worthwhile to mention that the focus of this
study was not the measurement of the Lac peak. In
order to clearly separate the Lac peak from the
peaks of Lip, PRESS spectra with TE values of
both 135 and 270 are often needed (51, 52). Be-
cause the general condition of neonates with mod-
erate and severe HIE who participated in this study
was very poor, it was impractical to perform an
additional PRESS proton MRS scan with a TE of
270 in these patients, since a longer scanning time
would be required. Therefore, the measurement of
the area under the Lac peak was not specifically
performed in the present study. It also should be
noted that the correlation of the peak-area ratio of
a-Glx to (Cr + PCr) with long-term outcome was
not included. This kind of study is now in progress.

Conclusion

This in vivo human study shows that the proton
MRS detectahility of a-Glx is increased in brains
of neonates with moderate and severe HIE. Our
study documents, for the first time, the existence of
a positive correlation between the proton MRS de-
tectability of «-Glx and the Sarnat stage of HIE.
Further, it also suggests that proton MRS can be
used to monitor the changes in the distribution of
GIx in various brain tissue compartments in HIE.
These findings may have important implications for
understanding the pathophysiology of HIE and in
the development of an effective therapeutic strategy
toward preventing or limiting the immediate and
long-term sequelae of HIE.
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