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Proton MR Spectroscopy for the Evaluation of Brain
Injury in Asphyxiated, Term Neonates

A. James Barkovich, Karen Baranski, Daniel Vigneron, J. Colin Partridge, Daniel K. Hallam, Beatrice Latal Hajnal,
and Donna M. Ferriero

BACKGROUND AND PURPOSE: Neurologic and developmental outcomes of asphyxiated,
term neonates are difficult to predict applying clinical or laboratory criteria. In this study, we
investigated the association of MR spectroscopy (MRS) results with neurodevelopmental status
at age 12 months.

METHOD: Thirty-one term neonates, who were enrolled in a prospective study of the utility
of MR imaging for the determination of neurologic and developmental status, underwent single-
voxel proton MRS of the basal nuclei and intervascular boundary zones. Ratios of lactate,
choline, creatine, and N-acetylaspartate (NAA) peaks were calculated and tested for association
with neuromotor scores and Mental Development Index of the Bayley Scores of Infant Devel-
opment obtained at age 12 months.

RESULTS: Elevated lactate and diminished NAA were the most common findings in infants
with neurologic and developmental abnormalities at age 12 months. Although many ratios had
statistically significant associations with outcome (P,.05), the highest significance was obtained
with lactate/choline ratios in the basal nuclei. A false-positive finding was seen in a patient who
was born after a 36-week gestation period (high lactate/choline but normal neurodevelopmental
status at 12 months) and in three patients with apparent watershed injury (high watershed
lactate/choline but normal neurodevelopmental status at 12 months). A false-negative MRS
finding (normal lactate/choline but abnormal outcome) was seen in a patient who had an ap-
parent prenatal injury.

CONCLUSION: Proton MRS appears to be a useful tool for assessing brain injury in neo-
nates who have suffered hypoxia or ischemia. Correlation with gestational age and imaging
findings are essential for proper interpretation of the spectra. Patients with apparent watershed
injuries may have normal neurodevelopmental status at age 12 months.

MR imaging has been found to be a useful tool for
the early evaluation of brain injury in asphyxiated
neonates (1–6). In addition, a number of studies (7–
10) have suggested the potential utility of proton
MR spectroscopy (MRS) for the evaluation of brain
injury in asphyxiated neonates. Herein, we report
the results of proton MRS of 31 neonates who were
studied as part of an ongoing prospective study of
the utility of MR imaging of neonates who have
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had hypoxia or ischemia in the perinatal period. In
addition, we correlate the MRS results with neu-
rologic and developmental status at age 12 months.

Methods

Patient Data

As part of an ongoing study of the utility of neonatal brain
MR imaging for the assessment of brain damage in asphyxi-
ated, term neonates, 3361 consecutive, term neonates born at
or transferred to our institution’s intensive care nursery were
screened using the following entry criteria: 1) umbilical-artery
pH less than 7.1; 2) umbilical-artery base deficit greater than
10; and 3) 5-minute Apgar score less than or equal to 5. Pa-
tients fulfilling any one of these criteria were considered eli-
gible for this study. Patients with suspected or confirmed con-
genital malformations or congenital infections and patients
born prior to reaching a 36-week gestational age were excluded
from the study. The protocol was approved by the Committee
on Human Research. Participation in the study was voluntary;
the infants were studied after informed consent from their par-
ents was obtained.
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FIG 1. Location of voxels and normal neonatal proton spectra.
A, The deep gray nuclei voxel includes most of the lentiform nucleus, the ventrolateral thalamus, and the posterior limb of the internal

capsule. The spectrum reveals: 1) a small myoinositol peak, 2) a large choline peak, 3) two small creatine/phosphocreatine peaks, and
4) a medium-sized NAA peak.

B, The watershed voxel includes primarily white matter from the intravascular boundary zone. Note that the NAA and choline peaks
are relatively smaller in the less mature watershed zone than in the more mature deep gray nuclei. Minimal or no lactate was seen in
most patients who were developmentally normal at 12 months.

TABLE 1: Neuromotor scoring system

Score Features

0 Normal
1 Abnormal tone or reflexes or primitive reflexes
2 Abnormal tone and reflexes
3 Decreased power in addition to tone or reflex abnor-

mality
4 Cranial-nerve involvement in addition to any motor

abnormality
5 Cranial-nerve involvement and spastic quadriparesis

(tone, reflexes, and power affected)
6 Expired

Of the 3361 patients screened, 84 patients have been en-
rolled and studied by MR imaging, 63 have been studied by
proton MRS. Of the 63, five died before the 12-month neu-
rodevelopmental examinations; 31 completed the 12-month
neurodevelopmental examinations; 24 are awaiting the 12-
month neurodevelopmental examinations, and three are lost to
follow-up. The 31 patients with completed 12-month exami-
nations comprise the group reported in this article. Patient age
at the time of the MR examination ranged from 1 to 11 days,
with a mean age of 4.5 days. An attempt was made to image
the patients as soon as they were stable enough to be trans-
ported safely to the MR scanner; thus, most patients (68%)
were imaged during the first week of life. Nevertheless, factors
such as patient instability, constraints of the MR schedule,
availability of a physician to transport and monitor the infant,
and delays in obtaining parental consent sometimes caused de-
lays in performing MR imaging.

MR Data

In all patients, proton spectra were acquired in 2 voxels, one
located in the deep gray matter nuclei, including the thalamus
and lentiform nucleus, and the other in the frontal intervascular
boundary zone (‘‘watershed zone’’) (Fig 1). The spectra were
all acquired in conjunction with an MR imaging study of the
brain that included 4-mm (1-mm ‘‘gap’’) sagittal spin-echo
(SE) (500/11/2 [TR/TE/excitations]) images, 4-mm (1- mm
‘‘gap’’ axial SE (500/11/2) images, and 4-mm (2-mm ‘‘‘‘gap’’)
axial SE (3000/60,120/1) images through the entire brain.
These images were used to guide the MRS volume selection,
which was performed using the point-resolved spectroscopy
(PRESS) technique to acquire the MR spectra from approxi-
mately 5.5 cm3 of tissue for both regions. The spectrum for
each location was acquired using the PROBE (PROton Brain
Exam, General Electric, Milwaukee, WI) sequence in under 5
minutes with a TR of 2 seconds, a TE of 288 milliseconds,
and a total of 128 acquisitions. The MRS timings and voxel
localization were chosen to maximize the detection of lactate
and to minimize the spectral contamination from extracranial
adipose tissues. The two spectra were obtained with the same
parameters and voxel size centered on the deep gray matter
and then on the white matter. In five of the patients who had
doublet peaks centered at 1.31 ppm, a PRESS spectrum was
acquired with a TR of 2 seconds, a TE of 135 milliseconds,
and a total of 128 acquisitions to determine whether the dou-
blet inverted. Inversion of the doublet was interpreted as a
confirmation that the doublet represented lactate.

After acquisition, the MRS data were transferred off-line and
analyzed on a SPARC Workstation (Sun Microsystems, Moun-
tain View, CA) equipped with software developed in-house for
spectral quantitation. All of the spectra were analyzed by both

a neuroradiologist and a basic scientist with extensive experi-
ence in MRS. The MRS data were Fourier-transformed and
baseline-fitted; the peak areas were integrated for the choline,
creatine, N-acetylaspartate (NAA), and lactate resonances.
Peak-area ratios of lactate/choline, lactate/NAA and NAA/cho-
line were calculated for each voxel.

Developmental Examinations

At age 12 months, the patients were examined by an expe-
rienced pediatric neurologist who was blinded to the results of
the imaging studies and to the neonatal course of the infants.
In a standard neurologic examination, the infants were graded
by a score ranging from 0 to 6 (Table 1). In addition, neuro-
development was assessed by administering the Mental De-
velopmental Index (MDI) of the Bayley Scales of Infant De-
velopment II (BSID) (11).

Data Analysis

Statistical analysis was performed using Statistica-
TMStatsoft (Statistica, Tulsa, OK). Predictor variables were the
ratios of the MRS peaks (NAA/creatine, NAA/choline, lactate/
creatine, lactate/choline, lactate/NAA, choline/creatine) in each
voxel. Outcome variables included the results of the neurom-
otor examination and the MDI of the BSID. Association with
neuromotor outcome was calculated using both numerical
scores and using normal (score 5 0), unclear (score 5 1),
mildly abnormal (score 5 2 or 3), or severely abnormal (score
5 4–6) scores as outcome variables. Association between ra-
tios of MRS peaks with neurologic outcome (as measured by
neurologic examination) and mental/cognitive outcome (as
measured with the MDI of the BSID) was performed using
Kruskal-Wallis analysis of variance by ranks.
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TABLE 2: Correlation of MRS ratios with 1-year neuromotor
scores

NM Score 0 1 2–3 5–6

N of patients 13 7 7 4
BG Lac/Cho
BG Lac/NAA
WS Lac/Cho
WS Lac/NAA

0.02 (0.06)
0.11 (0.08)
0.10 (0.07)
0.21 (0.11)

0.06 (0.03)
0.14 (0.09)
0.20 (0.11)
0.28 (0.16)

0.12 (0.06)
0.13 (0.09)
0.13 (0.10)
0.33 (0.27)

0.42 (0.24)
0.48 (0.16)
0.48 (0.22)
1.10 (0.5)

Note.—No patients had a score of 4, so this score is not listed in
the table. Standard deviations are in parentheses. MRS indicates mag-
netic resonance spectroscopy; NM, neuromotor; N, number; BG, basal
ganglia; Lac, lactate; Cho, choline; NAA, N-acetylaspartate; WS, wa-
tershed.

FIG 2. Neonate with basal nuclei pattern of injury.
A and B, The basal nuclei voxel (A) shows marked elevation of the lactate peak (L) centered at 1.31 ppm. In this acute phase, the

relative sizes of the choline, creatine, and NAA peaks are normal. The watershed voxel (B) shows less elevated lactate (compare with
A).

Results

Spectroscopy Findings
The most consistently noted abnormality on the

spectra of our patients was the presence of a vari-
ably sized lactate doublet centered at 1.31 ppm;
proof of this peak as lactate was established by ob-
serving the inversion of the doublet peaks in all
five patients in whom this extra sequence was per-
formed. The amount of lactate (determined by in-
tegration of the lactate doublet) was either very
small or nonexistent in those patients who later had
low neuromotor scores. In contrast, lactate levels
were high in those patients with severe injuries or
high neuromotor scores. Intermediate levels were
found in those patients with neurologic examina-
tions scored in the intermediate range (Table 2).
The area under the NAA peaks was decreased in
some patients who subsequently had neurodevel-
opmental impairment as compared with the NAA
level in those patients in our series who had normal
neonatal clinical courses and who developed nor-
mally. NAA diminution primarily was found in pa-
tients studied more than 3 days after birth.

In those patients with elevated lactate, the lactate
level was increased in both the deep gray matter

voxel and in the watershed voxel (Figs 2 and 3).
Patients with the deep gray matter pattern of injury
(1, 2) on their accompanying imaging study had
greater elevations of lactate in the deep gray matter
than in the watershed region (Fig 2). Patients with
the watershed pattern of injury on their imaging
study (1, 2) had greater elevations of lactate in the
watershed region than in the deep gray matter (Fig
3). Table 2 shows the high degree of association of
many ratios of peak heights with clinical outcome.
No new or unexpected peaks were seen on the
MRS studies of any of the affected infants.

A very high association was seen between mul-
tiple MRS peak ratios (basal ganglia lactate/choline,
lactate/NAA, and NAA/choline, watershed lactate/
choline, lactate/NAA, and NAA/choline) and both
the 12-month neuromotor score and the 12-month
MDI (Table 3). For both outcome parameters, the
strongest association was with the basal ganglia
lactate/choline ratio.

Discussion
This study reveals highly significant associations

between the results of proton MRS of asphyxiated
infants performed in the early postnatal period and
both neurologic and mental/cognitive status at age
12 months. Our findings support those of Penrice
et al (8), Hanrahan et al (9), and Leth et al (10).
Our findings also substantiate those of Shu et al (7)
and those of Holshouser et al (12), and show that
the presence of lactate in the brain of an injured
neonate is a poor prognostic sign. We wish to point
out, however, that we have seen minimal amounts
of lactate in the watershed regions of neonates, par-
ticularly premature neonates, without any evidence
of asphyxia or other brain damage. Therefore, the
presence of a small amount of lactate in the neo-
natal brain is not, in itself, evidence of brain injury.

We found that lactate/choline ratios were more
strongly associated with neurodevelopmental status
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FIG 3. Neonate with watershed pattern of injury.
A and B, Both spectra show some lactate elevation at 1.31 ppm. The spectrum from the basal nuclei voxel (A), however, shows a

relatively smaller elevation of lactate (filled arrow) than the spectrum (open arrow) from the watershed voxel (B).

TABLE 3: Significance of MRS with 12-month neurodevelopmen-
tal status

Significance of associations of MRS ratios with neuromotor outcome
(Kruskal-Wallis)

BG Lac/Cho: P 5 .0001
BG Lac/NAA: P 5 .0003
BG NAA/Cho: P 5 .001

WS Lac/Cho: P 5 .005
WS Lac/NAA: P 5 .01
WS NAA/Cho: P 5 .001

Significance of correlations of MRS ratios with cognitive outcome
(Kruskal-Wallis)

BG Lac/Cho: P 5 .0003
BG Lac/NAA: P 5 .001
BG NAA/Cho: P 5 .004

WM Lac/Cho: P 5 .003
WM Lac/NAA: P 5 .02
WM NAA/Cho: P 5 .004

Note.—MRS indicates magnetic resonance spectroscopy; BG, basal
ganglia; Lac, lactate; Cho, choline; WS, watershed; NAA, N-acetylas-
partate; WM, white matter.

at age 12 months than were NAA levels (NAA/
choline, creatine/NAA, or lactate/NAA ratios), a
finding that supports Cady’s discovery that choline
levels are reduced and lactate levels are increased
in the deep gray matter of human infants with hy-
poxic-ischemic injury (13). Our results differed
from those of Shu et al (7) and of Groenendaal et
al (14), who found stronger associations with NAA
levels. It seems likely that this difference is related
to the timing of the MRS with respect to the hyp-
oxic-ischemic event. The mean time from injury to
MRS in our patients was 4.5 days; for the patients
of Hanrahan et al it was less than 24 hours; and
for those of Leth et al it averaged less than 5 days.
In contrast, the patients of Shu et al experienced
injury an average of more than 6 days before MRS
and those of Groenendaal et al had a hypoxic/ische-
mic event an average of 7.1 days before imaging.
It has been reported (8, 9) that the lactate level of
the injured brain increases within the first 24 hours
and remains elevated after 24 hours, presumably
because of energy failure and the necessity to me-
tabolize glucose anaerobically. Nevertheless, the
NAA level does not diminish significantly until
some time beyond 48 hours (15). The precise time

at which NAA begins to diminish in asphyxiated
neonates is not precisely known. We postulate,
therefore, that the reason the NAA was more sig-
nificantly diminished in some previous studies is
that those patients were further removed temporally
from the hypoxic-ischemic event at the time of the
MRS studies; therefore, the NAA had adequate
time to diminish.

Another factor that might have contributed to the
differences between our results and those of others
(7) is the difference in the TE used to acquire the
spectra. We used long TE to acquire our spectra.
Lactate has a long T2 relaxation time and is, there-
fore, detected and quantitated well on long TE
spectra. In contrast, Shu et al used a short (20 mil-
liseconds) TE, which is not as accurate for the de-
tection and quantitation of lactate.

Although the correlations between MRS ratios
and neurodevelopmental status were excellent, we
nonetheless found five patients whom we classified
as ‘‘outliers’’ because their lactate/choline MRS ra-
tios did not fall within 2 standard deviations of the
mean ratio of their outcome group. These patients
fell into three categories. The first category includ-
ed one patient. This infant had a low NAA value
and a high lactate value (Fig 4) in both the water-
shed and deep gray nuclei voxels. Nonetheless, the
patient had normal 12-month neuromotor and cog-
nitive scores. This patient was the youngest in our
cohort, with a postconceptional age of 36 weeks, 3
days on the day of his scan and spectrum. It is
known that premature infants normally have de-
tectable lactate peaks and small NAA peaks and
that the lactate diminishes and NAA increases as
the infants reach term (8, 16, 17). Therefore, it is
likely that the spectrum in this child, with its small
NAA peak and detectable lactate peak, was normal
for this postconceptional age. This false-positive
result raises the important issue that one must know
the postconceptional age of the patients before try-
ing to interpret their spectra.
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FIG 4. False-positive spectra in an immature (36-week gestation) neonate
at 2-day postnatal age.

A, Spectrum from the voxel in the basal nuclei voxel shows a relatively
low NAA level, suggesting immaturity of the brain. Minimal or no lactate peak
is seen in this voxel.

B, Spectrum from the less mature watershed voxel shows a very low NAA
peak (open arrow) and a small- to moderate-sized lactate peak (solid arrow).
This patient shows appropriate development at age 12 months, suggesting
that the low NAA and high lactate are the result of immaturity, not injury.

C, Axial SE (500/12) image shows an immature gyral pattern, confirming
the immaturity of the infant’s brain.

The second category also included only a single
patient. This patient was abnormal in both neuro-
logic and cognitive outcome despite normal lactate/
choline ratios on the MRS performed on the second
day of life (Figs 5A-B). Examination of the images
of this patient revealed that the T1 shortening in
the basal ganglia (indicative of hypoxic-ischemic
injury) was in a globular configuration (Fig 5C)
that has been described in patients only at times
between 1 week and several months after injury
(1). Thus, we suspect that the injury in this patient
was prenatal, occurring at least (and probably more
than) 8 days prior. We postulate that the lactate lev-
el would have been higher if the patient had been
studied earlier in the post-injury period. Indeed, in
the work of Leth et al (10), although the presence
of lactate persisted, the lactate level always
dropped on follow-up spectra performed weeks to
several months after the injury. This false-negative
result raises the important issue that the MRS can-
not be interpreted without interpreting the MR im-
aging study in conjunction with it. It also raises the
issue that we do not know the precise rate at which
lactate levels return to normal after hypoxic-isch-

emic injury in the neonate. Evidence suggests that,
in certain patients, some lactate persists in injured
regions for months to years (18). This is an im-
portant area for future research.

The final group of outliers included three chil-
dren who had elevated watershed lactate levels
(lactate/cholineCho ranging from 0.25 to 0.35, lac-
tate/NAA ranging from 0.35 to 0.44) but had nor-
mal neurodevelopmental status at age 12 months.
Interestingly, all three of these children had abnor-
mal neuromotor scores (neuromotor scores of 2 or
3) at age 3 months. Imaging studies of all three at
the time of the MRS showed edema in the water-
shed cortex, a finding highly suggestive of water-
shed injury. We postulate that the plasticity of the
neonatal brain allows axons that normally would
regress to take over the function of the axons dam-
aged by the watershed injury and that this process
takes place during the entire first year of life. Such
plasticity would, perhaps, be expected to be greater
in the white matter than in the basal ganglia and
thalami, where alternative white matter pathways
and alternative synaptic connections at birth may
be fewer. It is well known, however, that some chil-
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FIG 5. Normal spectra in a 2-day-old infant with neonatal encephalopathy and abnormal neurologic development at age 12 months.
A, Spectrum from voxel in the basal nuclei voxel shows normal NAA, choline, and creatine/phosphocreatine peaks (compare with Fig

1A). Minimal lactate (arrow) is seen at 1.31 ppm; this level of lactate was seen in many infants who developed normally and was
interpreted as normal.

B, Spectrum from the watershed zone voxel also shows normal relative peak areas for choline, creatine/phosphocreatine, and NAA
(compare with Fig 1B). No lactate is appreciated in this voxel.

C, Axial SE (500/12) image at the level of the basal nuclei shows globular hyperintensity (arrows) in the lentiform nuclei, indicative of
an injury more than 1 week old.

D, Axial SE (500/12) image in a child with normal neonatal course and normal postnatal development shows the normal appearance
of the neonatal basal nuclei. The hyperintensity in the vein of Galen and superior sagittal sinus is the result of inflow of unsaturated
protons.

dren with white matter injury can be neurologically
and cognitively normal in infancy and early child-
hood, only to manifest minor neurodevelopmental
abnormalities and learning disabilities upon reach-
ing school age (19–21). Therefore, it will be nec-
essary to follow up our cohort of patients for a
number of years before we can be confident of truly
normal outcomes.

Conclusion
Our study suggests that proton MRS is a valu-

able tool in the assessment of asphyxiated neonates.
We found statistically significant associations be-
tween results of proton MRS and both neurologic
and cognitive status at age 12 months. Neverthe-

less, it is important to be aware of the postconcep-
tional age of the infant and to correlate the MRS
findings with MR imaging findings to interpret the
spectra properly. Some patients with MR imaging
and MRS findings of watershed injury have only
subtle abnormalities on examination at age 12
months.
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