
PRECLINICAL AND
CLINICAL

SPECTROSCOPY -
Full Papers

Longitudinal MR Assessment of Hypoxic Ischemic
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Extremely preterm infants commonly show brain injury with
long-term structural and functional consequences. Three-day-
old (P3) rat pups share some similarities in terms of cerebral de-
velopment with the very preterm infant (born at 24–28 weeks of
gestation). The aim of this study was to assess longitudinally
the cerebral structural and metabolic changes resulting from a
moderate neonatal hypoxic ischemic injury in the P3 rat pup
using high-field (9.4 T) MRI and localized 1H magnetic resonance
spectroscopy techniques. The rats were scanned longitudinally
at P3, P4, P11, and P25. Volumetric measurements showed that
the percentage of cortical loss in the long term correlated with
size of damage 6 h after hypoxia–ischemia, male pups being
more affected than female. The neurochemical profiles revealed
an acute decrease of most of metabolite concentrations and an
increase in lactate 24 h after hypoxia–ischemia, followed by a
recovery phase leading to minor metabolic changes at P25 in
spite of an abnormal brain development. Further, the increase of
lactate concentration at P4 correlated with the cortical loss at
P25, giving insight into the early prediction of long-term cerebral
alterations following a moderate hypoxia–ischemia insult that
could be of interest in clinical practice. Magn Reson Med
65:305–312, 2011. VC 2010 Wiley-Liss, Inc.
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Brain injury in the very preterm infant (born at 24–28
weeks of gestation) remains an important health prob-
lem: of those infants with a birth weight under 1500 g,
25%–50% later exhibit developmental disabilities and
up to 5%–15% having cerebral palsy (1). The pattern of
brain injury associated with prematurity is unique with
a specific loss of developing cerebral gray and white
matters (2). The 3-day-old (P3) rat shares some similar-

ities in terms of cortical neuronal, glial, and oligodendro-
glial development with the very preterm infant corre-
sponding to a human preterm brain development at 24–
28 weeks of gestation (3). Furthermore, cerebral injuries
seen in the P3 rat pup following hypoxia–ischemia (HI)
are related to those of early preterm infants with white
matter injury and altered cortical development (4,5). Sev-
eral previous studies have shown gender vulnerability
differences following HI on the P7 rat pup brain related
to different mechanisms of cellular death after neonatal
brain injury in males and females (6–8) but a difference
in this very early injury has been less studied.

Magnetic resonance imaging (MRI) techniques have
been widely used to study normal or pathological rodent
brain cerebral development (9–13). Several authors have
performed conventional MRI techniques in the early
stage following HI induced in P7 rat pup brain (10,12),
but consequences of early HI in the very immature P3 rat
pup brain are less frequently investigated (11). Sizo-
nenko et al. (11) performed MR diffusion tensor imaging
(DTI) after HI at P3, showing acute reduced apparent dif-
fusion coefficient and fractional anisotropy in the ipsilat-
eral cortex that persisted at P6. Cortical eigenvector
maps derived from diffusion tensor images revealed
microstructural disruption of the radial organization cor-
responding to regions of neuronal death, radial glial
disruption, and astrocytosis. These microstructural modi-
fications might induce permanent changes in the devel-
opment of the brain, and only longitudinal studies will
probe more accurately modifications of the developing
brain architecture following HI (11). More recently, Yang
et al. (13) have detected cortical gray matter lesion in the
late phase of mild HI injury by manganese-enhanced
MRI. Human MRI studies in preterm infants have not
only shown white matter damage but also developmental
alteration of gray matter (14,15).

Recently, with the development of advanced localized
1H magnetic resonance spectroscopy (1H MRS) technique
at high magnetic field, it has been possible to follow the
changes in ‘‘neurochemical profile’’ of the rat brain dur-
ing cerebral development (16). This technique allows
assessment of several metabolite concentrations (the neu-
rochemical profile), including antioxidants, compounds
related to energy metabolism, neurotransmission, mem-
brane precursor, osmoregulation, myelinization, neuronal
markers, glial markers, and neuroprotection. Previous
studies have shown that ischemia on adult rat brain
leads to specific changes in the neurochemical profile
(17). In view of the ability to perform longitudinal
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studies and to translate observations made to humans,
1H MRS was chosen to assess the acute and long-term
metabolic effects of HI on the immature brain.

The aims of this study were to monitor volumetric and
metabolic changes with time and to establish relation-
ship with subsequent permanent changes in cerebral de-
velopment, with a particular attention to gender differen-
ces, in a model of neonatal HI injury in the P3 rat pup
brain using high-field MRI and 1H MRS techniques.

MATERIALS AND METHODS

The Geneva School of Medicine Animal Ethics Commit-
tee and the Geneva State Veterinary Service approved
these studies.

Animal Model

The unilateral HI model has been described previously
(4,5). Briefly, 3-day old (P3) Wistar pups had right ca-
rotid cauterization under isoflurane anesthesia. After a
30-min recovery period at 37�C, they underwent 6% O2

hypoxia for 30 min in the same thermoneutral condi-
tions. The pups then were returned to the dam and
maintained in normal holding conditions.

NMR Measurements

Five hours (P3), 24 h (P4), 8 (P11) days, and 22 (P25)
days after HI, each rat pup was placed supine within an
adapted rat holder to perform the MR scans. Throughout
the MR experiment, they were continuously anesthetized
under a flow of 1.5%–2% isoflurane in oxygen. The rat
body temperature was maintained at 37�C using a ther-
moregulated water circulation system placed under the
rat bed. Respiration and heart rate were also monitored
during MR acquisition.

Animal Groups

Two groups were investigated: a HI group showing dam-
age in the ipsilateral cortex, but not in the contralateral
cortex, and a control group. The rats of the control group
were not submitted to surgery and HI but underwent
MRI scans under the same conditions as the HI group.
The experiments were performed longitudinally using
for the HI group: eight rats from P3 to P25, 10 rats from
P3 to P11, and 13 rats from P3 to P4. For the control
group, seven rats were scanned from P4 to P25.

MR Experiments

All MR experiments were performed on a 9.4-T/31-cm
magnet (Magnex Scientific, Abington, UK) connected to
Direct Drive console (Varian, Palo Alto, CA) equipped
with 12-cm gradient coils (400 mT/m, 120 msec). A
homebuilt 17-mm-diameter 1H quadrature surface coil
was used for radiofrequency transmission and signal
reception. Five hours following HI, T2-weighted (T2W)
fast spin echo images with pulse repetition time/echo
time ¼ 4000/80 msec; field of view ¼ 15 � 15 mm2, a
matrix size ¼ 256 � 128, and eight averages were used
to detect presence of injury. Following HI, at 1, 8, and
22 day(s) fast spin echo images were performed on each
injured pup with the same parameters except the field of

view ¼ 20 � 20 mm2 at P11 and P25. Twenty-five to 30
slices of 0.8-mm thickness were acquired depending on
the size of the brain. Fast spin echo images were used to
position the volume of interest (VOI) as well as to deter-
mine the brain volume and the lesion volume for each
pup in the study.

For each time point, MRS VOI was carefully placed in
the somatosensory cortex at the level of the ventral hip-
pocampus (Fig. 3) corresponding to the site of the lesion
in this model as reported previously (4,5,11,18). Depend-
ing on extent of cortical loss (CL) at P11 and P25, the
VOI was positioned to avoid as much as possible partial
volume effect from other brain structures such as hippo-
campus. However, some contaminations cannot be
excluded. First- and second-order shims were adjusted
for each VOI of 1.5 � 1.5 � 2.5 mm3 using an echo-pla-
nar imaging version of the FASTMAP sequence (19). The
water linewidth ranged from 8 to 12 Hz. First, a water
spectrum was acquired as a reference for quantification
(eight averages), then spectra from cortex were acquired
using an ultrashort (echo time/pulse repetition time ¼
2.7/4000 msec) SPECIAL spectroscopy method. This
method combines 1D image-selected in vivo spectros-
copy in the vertical (Y) direction with a slice selective
spin echo in the X and Z directions and provides full
signal intensity available in the excited region (20). The
spectra were acquired in 30 blocks of 16 averages saved
separately for a total acquisition time of 32 min. Spectra
were acquired in the lateral cortex at the level of the
lesion (lesion, HI group), in the corresponding contralat-
eral area in the HI group (contralateral, HI group), as
well as in the corresponding cortical area on control
pups (control, control group) at P4 (HI group: n ¼ 13,
control group: n ¼ 7), P11 (HI group: n ¼ 10, control
group: n ¼ 7), and P25 (HI group: n ¼ 8, control group: n
¼ 7). The number of rats scanned decreased over time
(13, 10, and 8 rats at P4, P11, and P25, respectively): one
rat died between P4 and P11 [a male with a percentage
of injured cortex (%IC) equal to 43.6%] and two spectra
were removed at P11 as well as two at P25 due to mal-
functioning shim gradient, leading to increased line-
width and consequently insufficient signal-to-noise ratio
(SNR). To assess longitudinally up to P25 the effects of
HI in pup rat brain, all subjects scanned at P25 have also
been scanned at P11 and P4.

Data Analysis

The 30 blocks were corrected for amplitude of static
(polarizing) field shift before summation and then an
eddy-current correction was applied. The metabolite
concentrations were quantified using LCModel (21) that
analyzed the spectrum as a linear combination of model
spectra from individual metabolites according to previ-
ously described procedures (22). The water spectra were
used as reference as in previous studies (16) assuming a
water content of 88.0% in the rat brain at P4, 86.3% in
the rat brain at P11, and 80.6% in the rat brain at P25
(16). To correct the water content in the lesion at P4,
proton density images (a gradient echo multislices
sequence, echo time/pulse repetition time ¼ 3.6/2000
msec, flip angle ¼ 45�) were performed on four injured
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rat pups. An increase in average water content of 5%
was observed in the lesion. As a result, a water content
of 93.0% in the P4 injured rat brain cortex was assumed
and used for metabolic concentration quantification.

The results provided the quantification of the follow-
ing 17 metabolite concentrations: macromolecules (Mac),
ascorbate (Asc), beta-hydroxybutyrate (bhB), phosphoryl-
choline (PCho), creatine (Cr), phosphocreatine (PCr), g-
aminobutyric acid (GABA), glucose (Glc), glutamate
(Glu), glutamine (Gln), myo-inositol (myo-Ins), lactate
(Lac), N-acetylaspartate (NAA), N-acetylaspartylgluta-
mate (NAAG), phosphoethanolamine (PE), and taurine
(Tau). The accuracy in the quantification is given by the
Cramer-Rao lower bounds directly calculated by LCMo-
del. The percentage of variation of metabolite concentra-
tion between ipsilateral and contralateral cortex at P4
was calculated to assess correlations with the percentage
of cortical loss (%CL) at P25.

Volumetric measurements were manually performed

using Anatomist/Brain Visa free software (23). At P3 and

P4, ipsilateral cortical volume as well as lesion volume

were measured to assess the %IC [%IC ¼ (lesion vol-

ume/ipsilateral cortical volume) � 100]. At P11 and P25,

measurements of ipsilateral cortical volume and contra-

lateral cortical volume were performed to quantify the

%CL {%CL ¼ ([contralateral cortical volume � ipsilateral

cortical volume]/contralateral cortical volume) � 100}

following HI. Note that at P3–P4, the %IC was quantified

on the hyperintense signal seen on T2W images, and

compared with the entire ipsilateral cortical volume

whereas at P11–P25, the %CL was based on the differ-

ence between anatomical volumes of contralateral and

ipsilateral cortices.

Statistical Analysis

A Mann Whitney test was used to compare concentra-
tions measured within the damaged area of the HI group
and in the same region in the control group as well as
metabolite concentrations between males and females in
the injured and control groups, respectively. Significant
gender and time differences of the brain volumes (%IC
at P3/P4 and %CL at P11/P25) were similarly compared.
For both tests, P value under 0.05 was considered signifi-
cant. Correlation coefficients between percentage of vari-
ation of metabolite concentration at P4 and %CL at P25
was assessed with Matlab (Mathworks, Natick, MA); cor-
relation was considered as significant when P < 0.05.

RESULTS

Volumetric Measurements

Figure 1 shows multislice typical longitudinal T2W fast
spin echo image of a P3, P4, P11, and P25 HI rat pup
brain. Early after injury (5 h), an increase in signal inten-
sity was present in the ipsilateral cortex and was still
apparent 24-h post-HI injury. At P11, the ipsilateral
hypersignal decreased and was apparent on all the males
but only on 37% of the females. At that time point, CL
was already visible with a clear dissymmetry between ip-
silateral and contralateral cortices. At P25, there was no
signal intensity change, but MR images showed CL in
the ipsilateral parietal cortex. On volumetric measure-
ments, differences between males and females were
detected for all the time points (Fig. 2A,B). At P3 and
P4, the %IC was lower in females compared with males
(P3: P ¼ 0.02 and P4: P ¼ 0.04), with no significant dif-
ference between the volume of injury at P3 and at P4.

FIG. 1. T2W images of a typical injured male rat pup at different time points [5 h (P3); 24 h (P4), 8 (P11) and 22 days (P25) after HI

injury] showing the evolution of the ischemic lesion in the ipsilateral cortex. During the first 24 h, oedema develops gradually. P11 ipsilat-
eral cortex shows a mix between lesion and beginning of CL. At P25, images present a large CL in the ipsilateral cortex. In the last col-
umn of each row, 3D reconstruction of the brain volume (transparent) and of the lesion (gray) at P3 and P4 as well as 3D reconstruction

of the brain volume (transparent) and of the CL (black) at P11 and P25.
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Later, at P11 and P25, the %CL was found to be higher
for the males compared with the females (P11: P ¼ 0.03
and P25: P ¼ 0.02), with an increased loss with time
from P11 to P25 (P ¼ 0.02). A strong correlation (Fig. 2C)
between the %IC at P3/P4 and the %CL at P25 (P3: r ¼
0.95, P ¼ 0.013; P4: r ¼ 0.94, P ¼ 0.014) was only found
for the males, whereas for the females, no correlation
was observed (P3: r ¼ 0.39, P ¼ 0.45; P4: r ¼ 0.23, P ¼
0.66).

1H MRS

In this study, FASTMAP shimming (first-order and sec-
ond-order correction of the magnetic field homogeneity)
enabled the realization of good-quality spectra. Because
of very thin cortical structure in the rat pup brain, MRS
was performed on a very small volume of 12 mL placed
on the parietal cortex (Fig. 3). The average signal-to-noise
ratio calculated on all acquired spectra (i.e., P4, P11, and
P25) was 13 6 4.

Such consistent data were subjected to spectral analy-
sis and to absolute quantification by LCModel, thus pro-
viding the concentration of 17 metabolites (‘‘the neuro-
chemical profile"—Table 1). The Cramer-Rao lower
bounds were below 20% for most of the metabolites in
all age groups.

For all time points, there were no significant differen-
ces in metabolite concentrations measured in the IC of
the males compared with the IC of the females (P > 0.05,
data not shown). Indeed, no significant changes were
found between males and females in the control group
(P > 0.05, data not shown). As a result, males and
females were pooled for MRS results to increase the sta-
tistical power.

At P4, the neurochemical profile of the lesion cortex
indicated significant differences for several metabolites
compared with the control cortex (Table 1). As summar-
ized in Table 1, 24 h after HI injury and during the acute
phase, concentrations of most of the quantified metabo-
lites in the cortical lesion, such as [Mac], [Asc], [PCho],
[Cr], [PCr], [GABA], [Glu], [myo-Ins], [NAA], [NAAG],
[PE], [Tau], [NAA] þ [NAAG](¼[tNAA]), [Glu] þ [Gln],
[GPC] þ [PCho](¼[tCho]), and [Cr] þ [PCr] (¼[tCr]), as
well as the ratio [Glu]/[Gln], were decreased. At the
same time point, only [Lac] was found to be increased in
the injured tissue.

At a later time point (P11), many of the differences
disappeared with metabolites in the lesion cortex return-
ing to similar level as in the control cortex. Noticeable
significant changes were an increase of [Glc] and [Gln]
resulting in a decrease of the [Glu]/[Gln] ratio. Further-
more, NAA and total NAA concentrations were found
lower in the lesion cortex compared with control one.

For the last time point (P25), major part of the metabo-
lite concentrations of the lesion cortex recovered show-
ing no statistically significant difference compared with
the control ones. The only decreases observed were
[tNAA], [Glu] þ [Gln], and [tCr].

The %CL at P25 was correlated with the percentage of
increase of lactate concentration in the ipsilateral cortex
at P4 (Fig. 4; r ¼ 0.57, P ¼ 0.04). No correlation between
loss of cortex and other metabolite variations such as
tNAA, tCr, or Glu þ Gln was found significant (data not
shown).

DISCUSSION

Volumetric Measurements

At P3 and P4, the injury was clearly visible as a hyperin-
tense signal on the T2W images due to presence of
oedema 6 h following HI and persistent at 24 h postle-
sion. T2W MRI has been widely used to detect presence
and assess temporal evolution of cerebral oedema in ani-
mal model of ischemia (24,25) as well as in clinical prac-
tice (26). There were no significant differences in the
%IC between P3 and P4 but, at both time points, cortex
of male was more injured than that of female. Interest-
ingly, a trend toward an increase in the volume of injury
between these early time points was seen in males,
reflecting persistent oedema expansion that was not
present in the female brains (Fig. 2A). At P11, a remain-
ing lesion (i.e., T2W hypersignal) was apparent on all
males but in only 37% of the females. Nevertheless, at
this later time point, CL was higher for the males than
for the females. Finally, at P25, CL was obvious and
once again the %CL was higher for the males than for
the females. HI led to a subsequent abnormal develop-
ment of the brain with a major CL 22 days postinjury.

FIG. 2. A: Box plot of the %IC (calculated from the size of hyper-
intense signal on the T2W images) as a function of age from P3 to

P4 for the males and the females. B: Box plot of the %CL as a
function of age from P11 to P25 for the males and the females. C:
Scatter plots of the %CL at P25 as a function of the %IC at P3
and P4 for the males and the females. For all the figures, genders
have been separated in regard to the differences in the lesion

size.
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The males were more damaged than the females at P3
and consequently had a major CL at P25. Indeed, only
for the males, the percentage of cortex injured at P3/P4
correlated to the %CL at P25 (Fig. 2C). In our study, after
the same HI injury, the damage in males appears more
pronounced than in females leading to increased cerebral
developmental abnormalities in males. The females that
are less injured at the early stage are showing better
recovery with a reduced CL compared with the males.
This is consistent with the persistent hypersignal on
T2W images at P11 for all the males but for only 37% of
the females. Even if the reason of these gender vulner-
ability differences is not fully known, it has been shown
that mechanisms of cellular death after neonatal brain
injury are not similar in males and females. In the imma-
ture male brains, neurons displayed a more pronounced
translocation of apoptosis-inducing factor with mito-
chondrial outer-membrane permeabilization and cyto-
chrome C release in the cytosol after HI. This major mi-
tochondrial dysfunction in males is associated with an
increased vulnerability to oxidative stress leading to
increased production of oxidative species into the mito-
chondria. In the female brain, cell death is mediated by

activation of plasma membrane death receptors and acti-
vation of the caspase cascade (6–8). It must be noted that
the amount of CL remains similar between P11 and P25
in the females, whereas it increases in the males (Fig.
2B). The initial severity of damage could explain this
gender-related evolution, but different mechanisms of
repair and plasticity between males and females might
also be involved (27). As a result, we conclude that early
after HI injury (5 h), a gender difference in the response
to the injury is already present, and the size of the lesion
at P3 determines the level of cortical disruption for the
males only.

1H MRS

In the early phase (24 h), HI injury leads to major
changes in the neurochemical profile in the IC compared
with the control one. Most metabolites showed
decreased concentrations except for Lac, which was
increased, and bhB, Glc, and Gln that did not change sig-
nificantly. The significant decrease of Mac—a putative
tissue integrity marker—and of total Cho and PE, major
components of cell membrane, provides in vivo evidence

FIG. 3. Time course of in vivo localized 1H NMR spectra in the cortex of a typical injured and a typical control rat pup from P4 to P25.
Respective metabolite assignments are indicated on the P25 control spectrum. All spectra (SPECIAL, echo time/pulse repetition time ¼
2.8/4000 msec, number of transients ¼ 320) were displayed with gaussian apodization (Gaussian filter ¼ 0.1 sec). Abbreviations: Mac,
macromolecules; Asc, ascorbate; bhB, beta-hydroxybutyrate; PCho, phosphorylcholine; Cr, creatine; PCr, phosphocreatine; GABA, g-
aminobutyric acid; Glc, glucose; Glu, glutamate; Gln, glutamine, myo-Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-

acetylaspartylglutamate; PE, phosphoethanolamine, and Tau, taurine.
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of tissue and cells integrity disruption. The decrease of
NAA, NAAG, and total NAA assumed to be neuronal
markers further demonstrates the presence of neuronal
damage. Both neuronal death and suffering can be
reflected in these changes as NAA has been hypothe-
sized as not only reflecting the number of neurons but
also the functional status of the neurons (17). An acute
neuronal disruption in this model has been clearly estab-
lished previously using complementary methods of his-
tology and DTI (4,11). Cell energy metabolism seemed to
be conserved as depicted by the conservation of the
[PCr]/[Cr] ratio.

The ischemic status of the brain is confirmed by the
persistent increase of Lac 24 h after HI, providing evi-
dence of anaerobic metabolism post-HI as previously
described in several ischemic rat studies (28,29). The
high levels of lactate found at 24 h might reflect produc-
tion of lactate by phagocytic cells infiltrating the brain
(28) or more likely relate to secondary energy failure that
occurs after perinatal cerebral HI and mitochondrial dys-
function as reported by others (30,31).

Asc was also decreased, and this might be due to an
increased consumption of Asc because of increased O2

free radicals arising from the reperfusion/reoxygenation
phase. In addition, the neurotransmission system was
altered as suggested by the decrease of GABA—an inhib-
itory neurotransmitter, Glu—an excitatory neurotransmit-
ter, and Tau, also implicated in neurotransmission. The
decrease of Tau, which plays an important role in osmor-
egulation, could also be related to post-HI ionic pumps
disturbance, leading to persistent cellular oedema 24 h

postinjury. From the glutamate decrease, the ratio [Glu]/
[Gln] was also decreased. The [Glu]/[Gln] ratio in normal
brain is an important parameter, because Glu and Gln
metabolism in the brain is closely related to neurotrans-
mission and Glu and Gln cycling between neurons and
glia (32). In addition, the decrease in [Glu]/[Gln] ratio
from a normal value is known to be a marker of a dys-
function of the Glu–Gln cycle (33). To summarize: at P4,
the modification of these metabolites reflects functional
alterations of the IC in the acute phase post-HI injury.

At the second time point P11, most of the metabolites
of the lesion cortex have recovered to a concentration
close to the one measured in the control cortex except
for NAA, total NAA, and Glu/Gln, which remain

Table 1
Neurochemical Profiles in Control Cortex (Ctl) and in the Lesion (Les) of Rat Pup at Different Time Points Following HI: P4, P11,

and P25

Metabolites P4 Ctl P4 Les P4 P11 Ctl P11 Les P11 P25 Ctl P25 Les P25

Mac 1.4 6 0.1 1.1 6 0.2 ;** 1.6 6 0.2 1.5 6 0.2 1.9 6 0.2 1.9 6 0.2

Asc 4.3 6 0.3 2.3 6 0.9 ;** 3.7 6 0.3 3.5 6 0.6 3.8 6 1.6 2.8 6 0.7
bHB 0.9 6 0.3 1.2 6 0.6 1.0 6 0.6 1.0 6 0.6 2.4 6 2.0 0.4 6 0.1
PCho 1.8 6 0.1 0.9 6 0.2 ;*** 0.9 6 0.1 0.7 6 0.1 0.6 6 0.2 0.5 6 0.2

Cr 2.2 6 0.3 1.6 6 0.4 ;** 2.6 6 0.3 2.3 6 0.4 3.6 6 0.5 3.3 6 0.5
PCr 3.6 6 0.5 2.3 6 0.7 ;*** 4.5 6 0.9 4.9 6 0.7 4.2 6 0.5 3.6 6 0.6 ;*
GABA 1.5 6 0.1 0.8 6 0.2 ;*** 1.6 6 0.3 1.5 6 0.2 1.8 6 0.9 1.1 6 0.5
Glc 1.3 6 0.3 2.3 6 1.1 1.6 6 0.4 2.3 6 0.5 :* 3.7 6 1.6 2.8 6 1.3
Gln 1.4 6 0.1 1.4 6 0.5 1.4 6 0.2 1.9 6 0.5 :** 3.3 6 1.0 2.5 6 0.7

Glu 4.0 6 0.3 2.4 6 0.5 ;*** 5.0 6 0.6 4.9 6 0.5 9.3 6 1.3 7.3 6 0.8 ;*
Ins 2.0 6 0.3 1.2 6 0.4 ;*** 1.9 6 0.3 2.2 6 0.3 3.5 6 1.4 4.0 6 0.6

Lac 1.0 6 0.3 2.1 6 1.1 :* 1.6 6 0.5 1.9 6 1.4 1.3 6 0.1 0.7 6 0.2
NAA 2.2 6 0.1 1.5 6 0.2 ;*** 4.4 6 0.5 3.7 6 0.4 ;* 9.0 6 0.8 7.5 6 0.6 ;*
NAAG 1.3 6 0.3 0.9 6 0.2 ;** 1.0 6 0.1 0.8 6 0.3 0.9 6 0.2 0.8 6 0.4

PE 6.5 6 0.3 4.2 6 1.1 ;** 6.1 6 0.4 6.7 6 1.0 3.5 6 2.2 2.3 6 0.5
Tau 16.0 6 0.9 8.9 6 2.2 ;*** 13.7 6 0.3 12.5 6 2.4 7.5 6 0.6 8.3 6 1.3
NAA þ NAAG 3.4 6 0.3 2.4 6 0.2 ;*** 5.3 6 0.6 4.4 6 0.5 ;** 9.9 6 1.0 8.2 6 0.7 ;*
Glu þ Gln 5.4 6 0.3 3.8 6 0.8 ;** 6.2 6 0.9 6.9 6 0.7 12.6 6 1.8 9.8 6 1.3 ;*
GPC þ PCho 1.8 6 0.1 1.1 6 0.4 ;** 0.8 6 0.1 0.7 6 0.2 0.5 6 0.3 0.6 6 0.1

Cr þ PCr 5.8 6 0.3 3.7 6 0.8 ;*** 6.8 6 0.2 7.0 6 0.8 7.9 6 0.8 6.9 6 0.5 ;*
PCr/Cr 1.7 6 0.5 1.7 6 0.6 1.7 6 0.3 2.2 6 0.6 1.2 6 0.2 1.2 6 0.3
Glu/Gln 3.0 6 0.5 2.1 6 1.2 ;* 3.9 6 1.0 2.6 6 0.6 ;** 3.0 6 0.9 3.2 6 1.1

All concentrations are presented as mean 6 SD in mM/g except the ratios. For each time point, changes are displayed with specific ori-

entated arrows: ‘‘:’’, increase and ‘‘;’’, decrease. The number of ‘‘*’’ represents significant level of P < 0.05, 0.01, and 0.001.
Abbreviations: Mac, macromolecules; Asc, ascorbate; bhB, beta-hydroxybutyrate; PCho, phosphorylcholine; Cr, creatine; PCr, phospho-

creatine; GABA, g-aminobutyric acid; Glc, glucose; Glu, glutamate; Gln, glutamine, myo-Ins, myo-inositol; Lac, lactate; NAA, N-acetylas-
partate; NAAG, N-acetylaspartylglutamate; PE, phosphoethanolamine, and Tau, taurine.

FIG. 4. Scatter plot of the %CL at P25 function of the percentage
of variation of lactate concentration at P4 (r ¼ 0.57, P ¼ 0.04).
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decreased, and Glc and Gln that are increased. The
increase of Glc, which is known to be an energy source
in the brain, could reflect increased energetic demand
that would be probably related to an enhancement of
intrinsic repair mechanisms taking place in response to
tissue damage (34). Nevertheless, it is difficult to con-
clude as blood glucose has not been measured and sev-
eral parameters can impact brain glucose concentration
such as time after feeding or period of the day. The NAA
and total NAA remain decreased confirming persistent
neuronal injuries. The high concentration of Gln result-
ing in a decreased [Glu]/[Gln] provided evidence for per-
sistent Glu–Gln cycle dysfunction probably related to
astrogliotic reaction already shown in this model (11).
For this second postinjury phase, the alteration of the
metabolism is persistent but the modifications of the
neurochemical profile in the IC are minor, consistent
with a recovery phase with intervening partial tissue
repair and defence mechanisms. For this second time
point, MRS VOI was placed exactly at the same place as
specified above, corresponding to the known site of the
lesion on this model reported by Sizonenko et al. (4,11).
Note that the VOI was out of the T2W hypersignal
remaining on several pups.

At the last time point, significant decrease of tNAA, Glu
þ Gln, and tCr was observed in the cortical lesion. The
low tNAA provides evidence of persistent neuronal dam-
age 22 days following HI. Indeed, the decreased Glu þ
Gln known as an excitatory neurotransmitter is due to the
persistent altered neurotransmission and astrogliotic reac-
tion. At this last time point, the neurochemical changes
are related to the ongoing glial scar and neuronal damage
because of the HI insult (5). The near complete recovery
of the metabolic profile 22 days after injury, despite early
metabolic changes and altered persistent macrostructure,
is not unexpected. The injury happens on a developing
brain with important ability to recover and adapt to dam-
age by mechanisms that are often referred to as ‘‘develop-
mental plasticity" (34,35). The consequences of the HI
insult are different in newborns and adults, with a mix
between reduced vulnerability compared with adults,
increased defense mechanisms, and subsequent cerebral
development. Further, a partial functional recovery of
whisker elicited somatosensory cortex response is also
present at P21 in this model despite altered cortex (36).

1H MRS and MRI Relations

At all time points, no differences in the metabolic
changes were detected between males and females. This
indicates that the level of initial compromise is similar
in both genders but results in different size of injury and
CL between genders. This clearly supports differential
vulnerability and repair between males and females that
cannot only be attributed to gender differences in cell
death pathways. At this point, we must emphasize that
the neurochemical profile obtained with 1H MRS meas-
ures only 17 metabolites in the brain in vivo and there-
fore limited cerebral metabolism mechanisms are eval-
uated. Thus, the absence of difference in the metabolic
profile between males and females, despite anatomical
differences, does not rule out differences in other nonde-

tectable metabolic pathways leading to differential level
of damage.

To find specific markers of the outcome following neona-
tal HI, correlations were assessed between percentage of
variation of metabolite concentration at P4 and%CL at P25.
As a result, the degree of CL at P25 was correlated with the
variation of the concentration of Lac confirming that the
degree of acute metabolic changes permits the early detec-
tion of the severity of the subsequent damage. The increase
of Lac at P4 relates to the degree of injury at P25 confirming
its clinical role as an early ischemia marker in HI injury
(30,37). Several animal studies (38,39) have concluded that
the secondary failure in cerebral energy status after HI is a
significant contributor to the ultimate brain damage and
neurologic compromise. This hypothesis is confirmed by
our result where the variation of lactate concentration that
can be used as a marker of secondary energy failure depth
is linked to the long-term consequences following HI.

Longitudinally, the majority of the observed develop-
mental changes of the neurochemical profile of the rat
brain cortex (Fig. 3, Table 1) specifically the increase of
NAA, Glu, Gln, and total Cr, the decrease of total Cho,
PE, and Tau as well as the minor developmental
changes in concentrations observed for GABA and
NAAG are in excellent agreement with previously pub-
lished data (16).

CONCLUSIONS

This is the first in vivo longitudinal assessment of anatomi-
cal and metabolic changes after HI at P3 in the developing
brain using high-field MRI and localized 1H MRS. We
believe that the multimodal approach using MRI and MRS
definitely offers new in vivo insight into the evolution of
HI injury and subsequent alterations in brain development
through neurochemical and anatomical assessment. We
showed acute modifications within the IC of major meta-
bolic components early after HI. These changes resulted
from neuronal, glial, and metabolic reaction and compro-
mise arising from the injury. In the long-term, defence/
repair mechanisms together with cerebral development led
to minor metabolic changes at P25 despite abnormal brain
development with CL. Males and females showed different
acute and long-term responses to the same initial injury. In
addition to gender-different cell death mechanisms, differ-
ential vulnerability, repair and plasticity are possibly par-
ticipating in the evolution of the damage. The potential of
these early markers to predict long-term anatomical dam-
age certainly needs further investigation prior to use in
clinical practice. It could also be postulated that these
markers will offer means of assessing the effects of thera-
peutic interventions in developing brain injury.
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