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Variations in the in Vivo P-31 MR Spectra of the
Developing Human Brain during Postnatal Life

With use of a modified surface coil
technique, the authors recorded
phosphorus-31 magnetic resonance
(MR) spectra of the brains of 40 neo-
nates and infants (48 examinations)
ranging from 33 weeks postconcep-
tional age to 6 years of age. Signals
of phosphorus metabolites were col-
lected in the frontotemporal region
of the brain, and various P-31 MR
spectral variables were compared at
different times during postnatal
life. The ratio of the phosphomono-
ester signal to the phosphodiester
signal, which is related to phospho-
lipid synthesis, decreases within the
first 6 months of life; during the
same time period, the ratio of the
phosphocreatine (PCr) signal to the
B-adenosine triphosphate (ATP) sig-
nal increases. In addition, a differ-
ence was observed between the ar-
eas under the a- and 8-ATP peaks.
This difference increases with age
and correlates with the PCr/S8-ATP
signal ratio. The variation of the a-
ATP peak with age might be ex-
plained by overlap of the signals of
nicotinamide adenine dinucleotide
(NAD) and a-ATP.
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THE potential of magnetic reso-
nance (MR) spectroscopy in ana-
lyzing the metabolism of the living
brain noninvasively is of great inter-
est, especially in pediatric medicine.
Investigations in humans (1-6) and
in animals (7,8) have revealed signif-
icant differences among the phos-
phorus-31 spectra of brains of differ-
ent ages, predominantly in the phos-
phomonoester (PME) region (see Fig
1 for resonance assignments). This
finding suggests two conclusions:
(2) When interpreting the clinical
spectra of neonates, one should apply
standards that take into account the
natural development of the brain.
(b) The maturation score (9) based on
the progression of myelination as
seen with MR imaging (10,11) might
be supplemented by a spectroscopic
maturation index of the developing
brain describing “ripeness” of two
different metabolic domains.

Phosphorylethanolamine has been
identified as the major constituent of
the PME signal (12), whereas mobile
brain phospholipids (glycerophos-
phorylcholine/ethanolamine) con-
tribute to the resonances in the phos-
phodiester (PDE) region (13). Varia-
tions of the PME/PDE ratio might
thus reflect metabolic turnover in
synthesis of the neuronal cell mem-
brane. In addition, long-term
changes of the phosphocreatine
(PCr), inorganic phosphate (Pi), and
adenosine triphosphate (ATP) reso-
nances might reflect the developing
energy status of the human brain.

In this study, we examined in vivo
the changing patterns in human

! From the MR Unit (C.B., R.G., EM.) and the Department of Neonatology (G.D.), University
Children’s Hospital, Steinwiesstrasse 75, CH-8032 Zurich, and ETH-Hénggerberg, Zurich (R.G.,
K.W.). From the 1988 RSNA annual meeting. Received November 21, 1988; revision requested Jan-
uary 16, 1989; revision received February 5; accepted February 16. Supported by grants from the
Swiss National Science Foundation (3.941-0.84 and 4.894-0.85.18), the Committee for the Promo-
tion of Applied Scientific Research, the Kamillo-Eissner Foundation, the Swiss Federal Institute of
Technology, and Spectrospin. Address reprint requests to C.B.

©RSNA, 1989

brain P-31 MR spectra during postna-
tal life.

PATIENTS AND METHODS

Forty neonates, infants, and children
ranging from 33 weeks postconceptional
age to 6 years of age (median, 43 weeks
postconceptional age) were included in
the study, after parental consent had been
obtained. Neonates were examined dur-
ing postprandial sleep. Infants and chil-
dren had to be sedated with chloral hy-
drate (Rectiole; Dentinox, Berlin), 75-100
mg/kg of body weight (14).

The 48 examinations of the 40 children
can be divided into two groups. Group A
consisted of 12 examinations of either
healthy children or patients who were ex-
pected to have undisturbed spectra for
amnestic and clinical reasons. Group B
was 36 studies of patients with a poten-
tially abnormal P-31 spectrum (including
patients recovering after infections and
asphyxia at birth, patients with seizures
treated with success, and patients with
mild disorders of neurologic develop-
ment).

P-31 MR spectroscopy was performed
on a 2.35-T combined imaging-spectros-
copy system (Medspec 24/40; Bruker/
Spectrospin, Fallanden, Switzerland) (14).
A modified surface coil technique (diame-
ter, 5.5 cm) was used to suppress possible
signals from superficial tissue (15). Spec-
tra were obtained from about 30 cm? of
the frontotemporal regions, bilaterally
whenever possible. Two hundred fifty-six
transients were recorded in 11 minutes
with a repetition time of 2,600 msec, a
sweep width of 6,100 Hz (150 ppm), and a
single pulse duration of 115 usec. Repro-
ducible pulse flip angles were ensured
with use of an external standard refer-
ence attached to the center of the surface
coil (signal minimized according to a
180° flip angle at the center of the coil).
Trapezoidal multiplication (0, 2, 50, 50
msec) of the free induction decay was ap-

Abbreviations: ATP = adenosine triphos-
phate, NAD = nicotinamide adenine dinucleo-
tide, PCr = phosphocreatine, PDE = phospho-
diester, Pi = inorganic phosphate, PME =
phosphomonoester.
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Figures 1, 2. (1) MR spectra, obtained with a surface coil, of two children at 43 weeks (lower spectrum) and 98 weeks (upper spectrum)

postconceptional age. Both children were born at term and were receiving anticonvulsant therapy (group B). 1 = PME (6.8 ppm), 2 = Pi (4.9
ppm), 3 = PDE (2.9 ppm), 4 = PCr (set to 0 ppm), 5 = y-ATP (—2.5 ppm), 6 = a-ATP (=7.6 ppm), 7 = 3-ATP (—16.2 ppm). The PME signal in-
tensity is decreased with age, whereas the PDE and PCr resonances are increased. A shoulder at the «-ATP signal can frequently be resolved
at —8.3 ppm (arrows), indicating that another resonance, possibly derived from nicotinamide adenine dinucleotide (NAD), adds to the inte-
gral. (2) Ratios of P-31 signal intensities as a function of postconceptional age. ® = group A children, O = group B patients. (A4) PME/PDE ra-
tio. (B) PCr/B-ATP ratio. (C) Ratio of the area of the peak at —7.6 ppm (indicated by a-ATP) to the area of the 8-ATP peak. The distinctly
higher values of the a-ATP signal could be explained by overlap with an additional resonance at —8.3 ppm (Fig 1), which was tentatively as-

signed to NAD.

plied before Fourier transformation. This
ensured elimination of the broad hump
without a substantial influence on the in-
tegrals of the much smaller metabolite
resonances. The chemical shift of PCr was
set to 0 ppm and used as a reference. Ar-
eas under peaks were determined by inte-
gration of the signals with use of fixed
limits.

RESULTS

Figure 1 illustrates the experimen-
tal basis for our work, with a display
of two P-31 MR spectra from children
of 42 and 98 weeks postconceptional
age.

The plots shown in Figures 2 and
3, which relate the intensities of dif-
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ferent individual peaks in these spec-
tra, were obtained from the 48 P-31
examinations from the 40 children.
The PME/PDE signal ratio showed a
steep initial decrease, reaching a pla-
teau at approximately 70 weeks post-
conceptional age (Fig 2a). The chemi-
cal shift of the PME peak did not
vary with age (6.74 ppm + 0.04). An
obvious increase in the PCr/3-ATP
signal ratio was noted in group A
children, whereas the data for the
group B patients were widely scat-
tered (Fig 2b). The ratio of the signal
intensity of the a-ATP resonance at
—7.6 ppm (integral limits, —6.5 to
—9.5 ppm) to that of the 8-ATP reso-
nance was always considerably great-

er than 1 and increased with age (Fig
2c). Correlation of the presumed «-
ATP resonance at —7.6 ppm with the
PCr peak showed a mutual depen-
dence of these signals (Fig 3). A pos-
sible explanation for the increased
area of the peak at the position of the
a-ATP resonance is presented in Fig-
ure 1: Frequently, a shoulder on this
resonance at —8.3 ppm could be re-
solved, originating from an addition-
al resonance at this position.

The intracellular pH, estimated by
the chemical shift difference be-
tween Pi and PCr (16), was 7.12 (stan-
dard deviation, 0.15; 47 examina-
tions) for all children studied and
7.08 (standard deviation, 0.10; 12 ex-
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Figure 3. Correlation between the stan-
dardized signal intensities of the resonance
at =7.6 ppm (indicated by a-ATP) and the
PCr resonance.

aminations) for the healthy children
(group A).

DISCUSSION

The observed decrease in the PME/
PDE signal ratio with postconceptional
age (Fig 2a) and the concomitant in-
crease of the PCr resonance (Fig 2b) are
in agreement with previous observa-
tions (2,4,7,8). Since the PME level re-
mains detectable even several hours af-
ter death (3), it seems not to be affected
within hours by acute illness. Thus, the
changes in PME level over the first 20
months of life seem to reflect lipid me-
tabolism and seem suitable for use as a
maturation index for the developing
human brain. By contrast, changes in
the PCr level can occur within minutes;
thus, correlation with age is difficult to
assess because short-term physiologic
or pathologic alterations may interfere.
Especially in group B patients, an influ-
ence on the high-energy phosphate
level cannot be excluded. As a conse-
quence, our data for PCr scatter much
more than those for PME and PDE.

From studies of acidic brain extracts
(12,13), the a-ATP peak is known to
contain signals from dinucleotides,
predominantly NAD. The consistent el-
evation of the signal at —7.6 ppm rela-
tive to the 3-ATP signal could be ex-
plained by an additional resonance at
this position, which is supported by the
frequent observation of a resonance
shoulder at —8.3 ppm (Fig 1). It thus
seems reasonable to consider the in-
creased intensity of the signal integral
between —6.5 and —9.5 ppm with post-
natal life as an indicator for an age-de-
pendent increase of the dinucleotide
signal (eg, NAD). In the future, more
precise statements will have to rely on
conversions of the MR signal intensi-
ties to metabolite concentrations. In
such interpretations, much care must
be exercised to prevent systematic er-
rors, for example, the contamination of
brain spectra by high-energy phos-
phates from muscle. In our study, this
contribution of unwanted signals was
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diminished with use of a ferromagneti-
cally dotted sheet (15) to broaden sig-
nals from surface tissue. In contrast to
MR imaging, in which voxel sizes suit-
able for separation of gray and white
matter are used, all P-31 MR spectrosco-
py studies require much larger vol-
umes, independent of the specific tech-
nique used for volume selection. This
leads to a certain inability to fully sepa-
rate gray and white matter in the neo-
natal brain, due to the small dimen-
sions and the complex geometry of the
gyri and nuclei. Thus, conclusions
about brain maturation based on MR
spectroscopy have so far relied on ob-
servations of resonance peaks that con-
tain contributions from both of these
tissue types. With the technique used
in our study, recordings are made pri-
marily near the surface, resulting in a
relatively high proportion of gray mat-
ter signal.

Use of a repetition time that is short
compared with the T1 relaxation times
results in partial saturation of the sig-
nals (2). For age-dependent saturation
of the resonances to be assessed, addi-
tional measurements of the T1 values
are necessary.

Overall, our study indicates that it
should be possible in clinical practice
to record standard curves for metabo-
lites detected by MR spectroscopy, per-
mitting assessment of phospholipid
synthesis (PME, PDE) and energy status
(PCr, NAD) in the developing human
brain. These spectroscopic observations
could possibly represent a maturation
index that could be used as a supple-
ment or an alternative to the myelina-
tion score determined with MR imag-
ing (9). The most prominent changes in
P-31 MR spectra occur before 60 weeks
postconceptional age, whereas the most
impressive changes observed with MR
imaging occur after 60 weeks. Thus, the
combination of MR imaging and MR
spectroscopy increases the time period
during which maturation of the human
brain can be observed. However, the
fact that the most prominent changes
in MR imaging and MR spectroscopy
occur at different times indicates that
one does not observe identical chemi-
cal mechanisms. For the sum of the a-
ATP peak and an additional resonance
at its shoulder at —8.3 ppm, an increase
is observed during development of the
human brain. To our knowledge, this is
the first report of in vivo observation
of an increase of this resonance and of
its correlation with the increase in
PCr/B-ATP ratio. The temporal
changes of the resonance at —8.3 ppm
could be explained by variations in the
concentration of NAD. This suggestion
is supported by the fact that in some of
the spectra, two components at the po-
sition of the a-ATP resonance are par-
tially resolved (Fig 1). Finally, we

found that pH values in the brains of
infants tended to be higher than those
in adults (6). This can be explained
only partially by the different formula
(16) used in the present study and con-
curs with the observation presented in
earlier publications (2,6). m
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%his year more people than
ever will target the last week in
November for RSNA ‘89. . . for
more reasons than ever. . .
taking advantage of flexible
programming that enables
them to keep current in their
chosen areas of medical
science, support and patient
care,
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challenge that increases year
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preparation of our scientific
program.

To answer that challenge the
program is constantly updated
with new areas of learning
introduced to meet developing
needs. Last November at RSNA
'88 a new series of How-To
workshops tested an intriguing
format for learning through
small group discussion.
Support groups were offered a
broad range of medically-
related topics including quality
assurance, AIDs risk
management, computer

management and marketing.

A new concept in serious
scientific study was
inaugurated with the RSNA
Learning Center, a separate
and distinct area incorporating
the scientific exhibits and
hands-on computer self
instruction and interactive
video demo stations.

And there’s more to come. Join
your colleagues who fit their
busy schedules around the last
week of November in Chicago.

You'll be richly rewarded.
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