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Age-dependent Changes in Localized Proton
and Phosphorus MR Spectroscopy of the Brain!

After birth the human brain is sub-
ject to major maturational changes,
which are associated with changes
in the biochemical composition of
the brain and brain metabolism.
Magnetic resonance (MR) spectros-
copy has special capabilities in the
analysis of in vivo metabolism. Vol-
ume-selective proton and phospho-
rus MR spectroscopy of the brain
was performed on a 1.5-T magnet in
41 healthy children aged 1 month to
16 years. With advancing age, phos-
phorus spectra revealed a decrease
in the ratios of phosphomonoesters
(PMESs) to 8-adenosine triphosphate
(ATP) and PMEs to phosphocreatine
(PCr) and an increase in the ratios of
phosphodiesters to 8-ATP, PCr to -
ATP, and PCr to inorganic phos-
phate (Pi). No significant changes
were observed in Pi/8-ATP and pH.
No changes occurred after the age of
3 years. Proton spectroscopy re-
vealed an increase in the ratios of
N-acetylaspartate (NAA) to choline
(Ch) and NAA to creatine (Cr) and a
decrease in Ch/Cr with increasing
age. The most rapid changes were
noted during the first 3 years of life,
but changes were still observed at
the age of 16 years.
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Figure 1. P-31 spectra of the brain obtained at the age of 1 month (a), 4 months (b), 2/
years (c), and 15 years (d). Spectral peaks are assigned to PME (6.5 ppm), Pi (4.9 ppm), PDE
(2.6 ppm), PCr (0 ppm), v-ATP (—2.6 ppm), a-ATP (—8.0 ppm), and 8-ATP (—16.5 ppm).

Numbers along y axis are in arbitrary units.

HE brain is subject to major

changes not only before but also
after birth, through the processes of
neuronal organization (1-10), prolif-
eration and differentiation of glial
cells (11-14), and myelination (15-
19). The maturational processes are
associated with changes in biochemi-
cal composition of the brain and
brain metabolism. Biochemical analy-
sis is suitable for showing differences
in brain composition at different ages

but not for showing differences in in
vivo metabolism. Magnetic reso-
nance (MR) spectroscopy has special
capabilities in the analysis of in vivo

Abbreviations: ATP = adenosine triphos-
phate, Ch = choline, Cr = creatine, ISIS = im-
age-selected in vivo spectroscopy, NAA = N-
acetylaspartate, PCr = phosphocreatine, PDE =
phosphodiester, Pi = inorganic phosphate,
PME = phosphomonoester, TE = echo time, TR
= repetition time.
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Figure 2. Regression lines and 2.5 and 97.5 percentile lines for PME/S-ATP (a), PME/PCr (b), PDE/B-ATP (c), Pi/8-ATP (d), PCr/B8-ATP (e),

and PCr/Pi (f).

brain metabolism. It has been shown
repeatedly that phosphorus-31 MR
spectra of the brain in neonates are
different from those in adults (20-
27). However, to our knowledge, no
normal values have been presented
for P-31 spectra of the brain at differ-
ent ages and no data are available for
proton (hydrogen-1) spectra of the
brain in children of different ages.

Interest in child neurology implies
interest in brain maturation and
methods suitable for quantitative as-
sessment of aspects of brain matura-
tion. We began this study to examine
maturational changes in H-1 and P-31
spectra of the brain from birth to the
age of 16 years. A second aim of this
still ongoing study was to acquire nor-
mal values to permit interpretation of
the spectra of children with clinical
signs of a delay of brain maturation or
with other cerebral disorders.

MATERIALS AND METHODS

Children

Between October 1988 and July 1989, 41
children (19 boys, 22 girls) underwent H-
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1 and P-31 MR spectroscopy of the brain,
with the informed consent of their par-
ents. All children were healthy and had
normal MR images of the brain. No chil-
dren were investigated twice. Their ages
ranged between 1 and 200 months, with a
mean of 71 months. No sedation was
used. Neonates and infants were investi-
gated after feeding and tightly wrapped
in a sheet. With older children, one of the
parents accompanied the child in the MR
apparatus to keep him or her quiet and
cooperative. The whole investigation, in-
cluding imaging and spectroscopy, could
be completed in 1-1' hours.

MR Spectroscopy

The investigations were performed on
a 1.5-T unit (Gyroscan; Philips, Utrecht,
The Netherlands) operating at 63.87 MHz
for H-1 spectroscopy and at 25.86 MHz
for P-31 spectroscopy. A Helmholtz sad-
dle coil with a diameter of 30 cm was
used for H-1 spectroscopy. For the P-31
studies, a head coil consisting of two 18-
cm-diameter loops in a Helmholtz config-
uration was placed orthogonally inside
the proton coil.

T1-weighted spin-echo images with a
repetition time (TR) of 600 msec and an
echo time (TE) of 30 msec were acquired

in the transverse plane. These images
were used to locate the volume of inter-
est. The volume chosen was always in the
paraventricular region. This volume con-
tains predominantly white matter but
also some deep gray matter from the basal
nuclei. The mean size of the volume was
7 X 3 X 3 cm, with the long axis of the
volume parallel to the axis of the lateral
ventricle. The size of the volume was
adapted to the size of the brain and var-
ied from 6 X 3 X 3 cm in small children to
8 X 3 X 3 cm in teenagers. Local shim-
ming of the magnetic field was per-
formed by optimizing the H-1 signal
from water. Usually a half-height line
width of the water signal of 0.1 ppm was
achieved. Starting with shim settings that
from prior experience were known to re-
sult in a near-optimal water signal, addi-
tional shimming took 5-15 minutes.

P-31 spectroscopy of the selected vol-
ume was performed with the ISIS (image-
selected in vivo spectroscopy) technique
(28,29). The TR was 3,750 msec, the sam-
ple frequency 3,000 Hz, and the number
of sample points 2,048. For each spec-
trum, 256 measurements were obtained.
The averaged free induction decays were
zero filled to 4,096 data points and pro-
cessed with a convolution difference pro-
cedure (150 Hz) and exponential multi-
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plication (8 Hz). After Fourier transfor-
mation, a linear phase correction was
applied. The spectra were quantified by
peak area measurements. This was accom-
plished by first drawing a straight base-
line through the noise from both sides of
the spectral region of interest. Peak areas
were calculated by measuring the trian-
gular areas under the peaks manually. To
reduce variability introduced by quantifi-
cation, all spectra were quantified twice
and mean values were calculated. Brain
tissue pH was derived from the differ-
ence in chemical shift between inorganic
phosphate (Pi) and phosphocreatine
(PCr), with use of the equation given by
Petroff et al (30).

H-1 spectra were acquired with a selec-
tive 90°-180°-180° pulse sequence and a
zero-crossing inversion recovery tech-
nique with a selective adiabatic inversion
pulse for water suppression (31,32). The
TR was 2,500 msec, the TE 272 msec, the
sample frequency 1,000 Hz, and the num-
ber of sample points 512. For each spec-
trum 128 measurements were obtained.
The average free induction decays were
zero filled to 2,048 data points and pro-
cessed by fast Fourier transformation and
data shift accumulation (33) to suppress
the residual water signal. No further
gaussian or exponential multiplication
was applied. After a straight baseline was
drawn through the noise, the spectra
were quantified by means of peak height
measurements. In contrast to P-31 spectra,
in H-1 spectra peaks were always sharp
and reasonably well separated. (In our ex-
perience, area measurements on H-1 spec-
tra do not show systematic, significant
differences from peak height measure-
ments, whereas peak height measure-
ments clearly have the advantage of
smaller variability.) Quantification was
performed twice, and mean values were
calculated.

Analysis of the data included calcula-
tion of ratios of spectral peaks and plot-
ting of the values obtained against age.
We calculated nonlinear regression equa-
tions of the type y = a X exp (bt) + cora
X exp (bt) + ¢ X exp (dt), where y is the ra-
tio of spectral peaks at age t and 4, b, c,
and d are parameters influencing the lev-
el of the curve and the extent of increase
or decrease (34). The 2.5 and 97.5 percen-
tile lines were computed.

RESULTS

Phosphorus Spectra

Figure 1 shows representative P-31
spectra of the brain in children of
different ages. The most obvious
change is observed in the phospho-
monoester (PME) peak. Relative to
adenosine triphosphate (ATP), Pi
does not change, whereas the phos-
phodiesters (PDEs) and PCr increase.
The following ratios were calculated:
PME/B-ATP, Pi/B-ATP, PDE/B-ATP,
PCr/B-ATP, PME/PCr, and PCr/Pi.
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The data points, regression lines, and
95% prediction intervals are shown
in Figure 2. During the first 2-3 years
of life, a decrease is observed in
PME/B-ATP and an increase in PCr/
B-ATP. Due to the opposing tenden-
cies, PME/PCr undergoes a larger
change. PDE/B-ATP increases during
the first 2-3 years. After the age of 2-
3 years, no changes are observed. No
significant changes are found in Pi/
B-ATP and in the pH. As calculated
from the difference in chemical shift
between PCr and Pi, we found a
mean pH of 7.04, with a 95% confi-
dence interval of 6.96-7.12.

Proton Spectra

Figure 3 shows the H-1 spectra cor-
responding to the P-31 spectra of Fig-
ure 1. Major changes are seen in the
relative height of N-acetylaspartate
(NAA), choline (Ch), and creatine
(Cr). Ratios of NAA/Cr, NAA/Ch,
and Ch/Cr were calculated. Data
points, regression lines, and 2.5 and
97.5 percentile lines for these ratios
are shown in Figure 4. In common
with the P-31 spectra, the most rapid
changes occur during the first 2 or 3
years of life; in contrast to the P-31
spectra, the ratios still undergo
changes after that age, and evidently,
adult values are not yet reached at
the age of 16 years.

DISCUSSION

Data from Other Studies

The changes in P-31 spectra were
noted before. In 1983, attention was
drawn to a large peak in the spectra
of newborn babies (20). This peak is
now known as the PME peak. In
1984, similar, more extensive obser-
vations were made (21,22). In 1986,
the first quantitative data for cerebral
P-31 spectra of infants of different
ages were presented (23). In 1989,
Laptook et al (24) reported on repeat-
ed P-31 spectroscopy of the brain in
an infant from birth till 8!, months
of life. They found an increase in
PCr/B-ATP and PCr/Pi with increas-
ing age. In the same year, Azzopardi
et al (25) published values for pH
and different ratios of phosphorus-
containing compounds for children
with an age range of 26-42 postcon-
ceptional weeks. The investigated 30
infants were healthy, apart from pre-
maturity. A significant increase with
age was found for PCr/Pi, PCr/total
phosphorus, and PDE/total phospho-
rus. A significant decrease with age
was noted in PME/ATP, PME/total

phosphorus, and Pi/total phospho-
rus. No significant change was found
in ATP/total phosphorus, PCr/ATP,
Pi/ATP, PDE/ATP, and pH. Also in
1989, Boesch et al (26) reported on
the results of P-31 spectroscopy in 12
infants and children. Eight children
were studied at about 40 weeks after
conception; three children were in-
vestigated later in the 1st year of life,
and one child was studied at the age
of 6 years. A decrease in PME/PDE
and an increase in PCr/B3-ATP and a-
ATP/B-ATP were seen with advanc-
ing age.

In conclusion, strictly speaking,
normal values for P-31 spectroscopic
studies of the brain were previously
known only in infants with a post-
conceptional age of 26-42 weeks and
not for older infants and children.
No data were available about H-1
spectroscopy of the brain in children
of different ages.

A disadvantage of the data of these
previously performed studies is that
all investigations were done with
surface coils with the inherent sub-
optimal spatial localization and de-
marcation.

Present Data

We performed H-1 as well as P-31
spectroscopy in healthy children of
different ages. We used volume-se-
lective spectroscopy, with the vol-
ume always chosen in the same para-
ventricular area. As it is known that
spectra are different in different ar-
eas of the brain (35,36), a volume-se-
lective method with strict spatial de-
marcation and standard localization
is preferable to surface coil tech-
niques.

Important age-related changes
were demonstrated in H-1 as well as
P-31 spectra of the brain. At this
point the explanation of the observed
changes is still largely a matter of de-
duction and probability, but it is
clear that they are in some way relat-
ed to maturational processes in the
brain.

Processes of Brain Maturation

Most neurons are formed before
term birth, but at birth neuronal de-
velopment is incomplete. After birth
there is an important increase in the
number and size of neuronal den-
drites and in the number and com-
plexity of axonal and dendritic con-
nections (1-4). Associated with this
elaboration of dendritic and axonal
ramifications and the appearance of
synaptic elements is a progressive
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Figure 3. H-1 spectra of the brain obtained
at the age of 1 month (a), 4 months (b), 2;
years (c), and 15 years (d). Spectral peaks are
assigned to choline (3.2 ppm), creatine (3.0
ppm), and NAA (2.02 ppm). Numbers along
y axis are in arbitrary units.

differentiation of neurons, axons,
dendrites, and synapses (5,6). Neuro-
nal organization is refined by so-
called regressive events, consisting of
selective elimination of neurons,
neuronal processes, and synapses, in
order to adjust the size and structure
of the neuronal population to the
functional needs of the particular
part of the brain (4,7-10).

Proliferation of neuroglia occurs
not only before but also after birth.
Eventually neuroglia by far outnum-
ber neurons in the brain (11-13). Gli-
al differentiation is of major impor-
tance in the developing brain (14).
Astroglia play complex nutritive and
supportive roles. Oligodendroglia
are involved in the formation of my-
elin.

The process of myelination of the
brain mainly occurs after birth (15-
19). Major events of brain maturation
take place during the first few years
of life, but complete maturity is not
reached before early adulthood
(13,15).

Phosphorus Spectra

In calculating ratios we chose -
ATP as reference, because studies
have indicated that ATP does not
change much with age (37-39). The
B-ATP peak does not include any
other phosphorus compounds known
to be present in brain tissue in signif-
icant amounts and is used as a refer-
ence for the ATP concentration. We
found evidence of a decrease in PME
(Fig 2a) and an increase in PDE (Fig
2c) and PCr (Fig 2e) with age.
Changes are only observed during
the first 3 years of life (Fig 2).

The statement that the PME peak is
created almost exclusively by phos-
pholipid precursors (40) is a simplifi-
cation of a complex situation. The
main components of the PME peak
are phosphoethanolamine, phospho-
choline, and glycerol-3-phosphate.
Minor components are phosphoser-
ine and phosphoinositol. It is true
that all PME components are in-
volved in phospholipid anabolism.
Phosphocholine is a precursor of
phosphatidylcholine and sphingo-
myelin (41,42). Phosphoethanol-
amine is a precursor of phosphatidyl-
ethanolamine. Glycerol-3-phosphate
is a precursor of phosphatidyletha-
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nolamine, phosphatidylcholine, and
plasmalogens (41,42). However,
phosphocholine and phosphoetha-
nolamine are both compounds in the
catabolism of sphingomyelin (41,42),
and glycerol-3-phosphate is involved
in the catabolism of phosphatidyletha-
nolamine, phosphatidylcholine, and
plasmalogens (41,42).

The PME peak is known to be ele-
vated in areas of rapidly growing tis-
sue and in cases of rapid membrane
synthesis, such as in growing brain;
it is probable that the elevation is
caused by the increased presence of
compounds meant for the production
of membrane phospholipids.

Myelination constitutes a major
portion of brain growth after birth
(16,43-45). Myelin is a membranous
structure, which is rich in lipids and
phospholipids (18,46). At birth there
is hardly any myelin in the brain; at
about 2-3 years an advanced stage of

myelination is reached (15,18). After
the age of 2-3 years, myelination
continues, mainly in the directly sub-
cortical areas, at a low rate until early
adulthood (15). The attainment of
more or less adult PME values (Fig
2a) coincides with the attainment of
almost complete myelination. It is
therefore likely that the elevation of
the PME peak at birth and during the
first 2 or 3 years of life is related to
the process of myelination.

Part of the elevation of the PME
peak, however, is probably explained
by the membrane synthesis associat-
ed with the proliferation and growth
of glial cells. The synthesis of neuro-
nal membranes is probably responsi-
ble for only a minor part of the eleva-
tion of the PME peak, as the increase
in the total amount of neuronal
membrane, caused by growth of axo-
nal and dendritic ramifications, is
relatively small (13).
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Figure 4. Regression lines and 2.5 and 97.5 percentile lines for NAA/Cr (a), NAA/Ch (b), and Ch/Cr (c).

The PME/PCr ratio undergoes a
larger change than any other ratio
(Fig 2b). This large, easily detected
change makes the ratio suitable for
use as a parameter for brain matura-
tion. However, PME and PCr are not
in any way related to each other, and
the ratio as such has more practical
than theoretical value.

The PDE peak is relatively low at
birth and increases until final values
are reached at the age of 2-3 years
(Fig 2c). PDEs mainly represent phos-
pholipid breakdown products (40-
42). Major PDE components are glyc-
erophosphoethanolamine and glyc-
erophosphocholine. Minor compo-
nents are glycerophosphoserine and
glycerophosphoinositol. These com-
pounds are present in the catabolic
pathways of phosphatidylcholine,
phosphatidylethanolamine, phos-
phatidylserine, phosphatidylinositol,
and plasmalogens (40,42).

At birth there is only a small
amount of myelin in the brain and
therefore little myelin turnover.
With increasing myelin content, the
myelin turnover increases and there-
with the concentration of intermedi-
ary products of myelin phospholipid
breakdown.

The PCr peak is relatively low at
birth and increases thereafter (Fig
2e); the Pi peak does not undergo
age-related changes (Fig 2d). It was
stated before (25,27,47) that PCr/Pi
and PCr/B-ATP are a measure for the
phosphorylation potential and ener-
gy status of the examined tissue. PCr
is a high-energy compound. Intracel-
lular PCr acts via the creatine kinase
reaction as a buffer to maintain a con-
stant ATP level in the face of variable
energy demands. Only when PCr is
exhausted does ATP fall, leaving
adenosine diphosphate and adeno-
sine monophosphate. The increase in
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PCr/Pi and PCr/B-ATP (Fig 2e, 2f)
may therefore imply an increase in
energy reserve of infant brain tissue.
However, as long as it is not known
whether the concentrations of free
creatine and total creatine change,
one cannot be sure about an increase
in energy reserve. To know whether
the equilibrium of the creatine phos-
phokinase reaction undergoes a shift
or remains constant, one must know
the concentrations of not only PCr
and Pi but also free or total creatine.

Proton Spectra

The choice of reference is less ob-
vious with H-1 spectra than it is with
P-31 spectra. It is stated that total cre-
atine, the sum of PCr and free cre-
atine, is of approximately constant
concentration in the brain in differ-
ent metabolic conditions (48). As
such, the total creatine concentration
would be suitable as standard for cal-
culation of ratios. However, it is not
known whether the total creatine
concentration remains constant with
changing age. Relative to creatine,
NAA increases and choline decreases
after birth (Fig 4a, 4b). At the age of
16 years, adult values are not yet
reached (Fig 4).

Biochemical studies of animal
brain have shown an increase in
NAA concentration with increasing
age (49). This is in conformity with
the observed rise of the relative peak
height of NAA with increasing age
(Fig 4a, 4b). The “NAA” peak origi-
nates not only from the acetyl resi-
due of NAA but also from other ace-
tates (50). The real NAA concentra-
tion appears to be 30%-40% lower
than that calculated from this NAA
peak (50). It is not clear to what ex-
tent the changes in peak height are
caused by changes in actual NAA

concentration and to what extent the
other acetyl compounds contribute.

The function of NAA is not
known. It is located mainly in neu-
rons (51). As there is no major in-
crease in number of neurons after
birth, the increase in NAA concentra-
tion must be related to neuronal mat-
uration, such as increases in the num-
ber of axons, dendrites, and synaptic
connections. Neuronal maturation is
completed many years after birth
(13,15).

Free choline and choline-contain-
ing compounds, including phospho-
choline and glycerophosphocholine,
are found in pathways of synthesis as
well as breakdown of choline-con-
taining phospholipids (40-42). Thus,
changes in the choline peak (Fig 4b,
4c) are in a complex way related to
changes in PME and PDE peaks of
the P-31 spectrum.

The observed values for NAA/Ch
suggest not a steady increase after
the age of 3 years but rather a kind of
plateau phase between the ages of 3
or 4 years and 12 years, with a more
rapid increase thereafter (Fig 4b).
The plateau phase may be a conse-
quence of undersampling or may ac-
tually be present. More data are nec-
essary for confirmation.

It is not known whether total cre-
atine changes with age or remains
constant, as no use was made of an
external reference. Though the spec-
tra (Fig 3) suggest no change or a de-
crease of total creatine, even an in-
crease cannot be excluded. Thus it is
not clear whether the creatinephos-
phokinase equilibrium changes with
age.

General Remarks and Conclusion

Changes in spectra, as found in
this study, must be interpreted with
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caution. The T1s of metabolites de-
tected in P-31 and H-1 spectra are rel-
atively long (29,52,53), meaning that
the spectra are obtained under condi-
tions of partial saturation. Tanaka et
al (54) analyzed the influence of T1
effects for compounds detectable at
P-31 MR spectroscopy in subjects
aged 1 month to 80 years. They
found that the T1 of PME is relatively
long in the infantile brain and that
the T1 of PCr is relatively long in the
infantile as well as the aged brain.
No change in T1 was found for Pi,
PDE, and ATP. This means that the
elevation of PME in the infantile
brain may be underestimated with
partially saturated spectra and that
the increase of PCr during the first
few years of life may be in part ex-
plained by a decreasing T1. No data
are available about age-dependent
changes in T1 of compounds detect-
able with H-1 MR spectroscopy.

With unsedated children it is not
possible to obtain fully relaxed spec-
tra at all ages, because with a TR of
16-20 seconds the acquisition time
would be a number of hours. Until
now we have not been able to calcu-
late multiplying factors for all differ-
ent ages to correct for the effects of
partial saturation.

The T2 of metabolites present in P-
31 and H-1 spectra is relatively short
(29,52). The ISIS technique avoids the
use of spin echoes. It is therefore rel-
atively insensitive to the T2 values of
the visualized compounds. Only
small losses caused by T2 relaxation
processes occur during the short du-
ration of the inversion pulses of the
ISIS sequence. A disadvantage of the
ISIS scheme is, however, that it is
sensitive to contamination of the
spectrum by signals originating from
outside the selected volume and that
special adjustments of the scheme are
required to prevent this (28,29,55).

With the technique of H-1 spec-
troscopy we used, the TE is relatively
long, considering the T2 of the visu-
alized metabolites (52). As T2 of cre-
atine is shortest, the loss in peak
height of creatine is largest (52). No
data are available about age-depen-
dent changes in T2 of the compounds
present in H-1 spectra, but it can be
assumed that such changes occur.

In statistical analysis of the ob-
tained data, nonlinear regression
lines appeared to provide the best fit
with the smallest residuals. The data
did not show a completely normal
distribution, but the residuals of the
regression line (ie, the observed val-
ues corrected for a nonlinear trend)
show a positive kurtosis. This applies
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to all calculated ratios. As a conse-
quence, calculation of 95% prediction
intervals based on normal distribu-
tion is not reliable. Use of distribu-
tion free methods based on ordered
residuals gives the shown 2.5 and
97.5 percentile lines, which form a
good estimation of reference values.
However, from a statistical point of
view the sample size (41 children) is
rather small. With a study population
of 41 children the confidence that
the calculated lines represent exactly
the 2.5 and 97.5 percentile lines for
all normal children is approximately
65%. To reach a confidence of 90%
140 children are required.

In conclusion, major age-related
changes have been demonstrated in
P-31 as well as H-1 spectra of the
brain. This study has made it clear
that in the absence of normal values
for different ages, P-31 and H-1 spec-
tra of the brain in children cannot be
appraised. B
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