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The Developing Brain

Lorcan A. O’Tuama and Paul R. Jolles

This chapter reviews the development of the normal brain primarily as
studied with nuclear imaging methods, with an emphasis on radio-
pharmaceutical-based methods [positron emission tomography (PET),
single photon emission computed tomography (SPECT), and PET—
computed tomography (PET-CT)]. These methods retain unchallenged
specificity and sensitivity for certain important neurochemical events.
We will also cover advances in allied techniques, including magnetic
resonance imaging (MRI)-based and electrophysiologic methods. The
functional modalities of PET and SPECT are best studied concurrently
with structural modalities, including MRI and CT. In selected cases,
both functional MRI (fMRI) and nonimaging modalities such as mag-
netic resonance spectroscopy (MRS) allow for in vivo molecular speci-
ation, and can be brought to bear as well as magnetoencephalography
(MEG). The recent introduction of hybrid PET-CT methods introduces
a further dimension by allowing direct comparison of functional and
structural features in a fused data set. By including these intermodal-
ity comparisons we hope to provide a more integrated and mutually
explanatory exposition of the imaging of normal brain development.

Brain Imaging Studies

Anatomic Studies of Normal Brain Development

It is essential to discuss the basic structural framework before going on
to the more functional insights of MRI. In an early study, Barkovich et
al. (1) used 1.5-tesla MRI with the classic spin-echo sequences (T1, T2)
to examine 82 neurologically normal-appearing infants, and gave a
useful review of the time course of attainment of the major structural
developmental milestones. The authors found by these imaging crite-
ria that brain maturation commenced in the brainstem and spread cen-
trifugally to the cerebellum and supratentorial levels. T1-weighted
images were most sensitive for assessment of normal brain develop-
ment in the first 6 to 8 months of life, and T2-weighted images were
most sensitive thereafter.
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Radiopharmaceutical-Based Studies of Normal Brain Development

Advances in radiolabeling have resulted in the development of a large
number of radiopharmaceuticals utilized to evaluate metabolism,
blood flow and perfusion, neuroreceptor occupancy, genetic targets,
and a host of other biochemical processes. These include both gamma-
emitting and positron-emitting tracers. As applied to brain imaging,
markers of cerebral glucose and amino acid metabolism [in particular,
fluorine-18 (18F)-2-fluorodeoxyglucose (FDG) and carbon-11 (11C)-
l-methionine, respectively] and cerebral blood flow/perfusion
[oxygen-15 (15O)-CO2, 15O-water, xenon 133 (133Xe), iodine-123 (123I)-
iodoamphetamine, technetium-99m (99mTc)-bicisate and 99mTc-
exametazime] have been employed most often.

SPECT Study of Normal Developmental Changes 
in Cerebral Blood Flow
Rubinstein et al. (2), using 123I-iodomethylamphetamine (123I-IMP)
SPECT, assessed normal evolution of regional cerebral blood flow
(rCBF) as a function of age. Thirty babies with normal clinical exami-
nation were retrospectively studied. Perfusion in thalamic structures
exceeded that of the cortex until the end of the second month. Within
the supratentorial brain, the parietal and occipital areas initially 
visualized about the 40th week and rose rapidly in the postnatal
period. Frontal activity was clearly detectible only by the second month
and rose markedly to reach adult levels by the second year. The authors
felt rCBF changes paralleled achievement of early behavioral mile-
stones. Thus the early emphasis on brainstem perfusion partly paral-
leled the morphologic developmental sequence reported by Barkovich
et al. (1).

Chiron et al. (3) examined rCBF with 133Xe-SPECT in 42 infants 
and children (ages 2 days to 19 years) considered developmentally
normal. Regions of interest (ROIs) were placed to depict the cortical
regions, cerebellum, and thalamus. At birth, cortical rCBFs were lower
than those for adults; after birth they increased up to 6 years of age to
values 50% to 85% higher than in adults and thereafter decreased,
reaching adult levels at between 15 and 19 years of age. Neonatal
values of rCBF in cerebellum and thalamus were slightly higher than
adult levels, but not significantly; after age 1, they followed the
common pattern for cortical curves. The time needed to reach normal
adult values differed for each cortical region. The shortest time was
found for the primary sensorimotor cortex and the longest for the
visual associative cortex.

This work provided an important clinical rationale for pursuing
brain perfusion SPECT studies in that cognitive development of the
child seemed to be related to changes in blood flow of the corre-
sponding brain regions. The study hinted at another interesting aspect
of brain development, suggesting an initial period of “overperfusion”
or “luxury” perfusion. These changes somewhat paralleled PET
studies, as discussed below, which also provide evidence for an initial
hypermetabolic period in the immature brain, with overperfusion fol-
lowed by a drop to typical adult values.
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PET Studies of Metabolic Brain Development
Positron emission tomography has become an indispensable imaging
tool in clinical nuclear medicine (4). Especially in combination with CT
(now optimized by the direct simultaneous acquisition feasible with
PET-CT) and MRI, PET is an established method with wide application
in neurology, cardiology, infectiology, and oncology. Compared with its
widespread application in adults, however, clinical use of PET in pedi-
atrics is still relatively limited. Possible reasons include the small
number of clinical and prospective studies of PET obtained for pedi-
atric as compared with adult imaging indications. Furthermore, only a
limited number of PET scanners are available for pediatric imaging.
Generally recognized current important indications for pediatric PET
include diagnosis and follow-up assessment of Hodgkin’s and non-
Hodgkin’s lymphoma and primary brain tumors, and in defining the
seizure focus site for epileptic seizures.

Positron emission tomography study of normal brain development
has been less emphasized but is of potentially far-reaching importance.
Studies using functional imaging techniques such as PET scans have
shown a pattern of metabolic activity that varies in different regions of
the brain at different ages.

Fluorodeoxyglucose Studies
Unless under conditions of starvation (in which ketones are available),
the brain utilizes glucose as an energy substrate (5). The most com-
monly utilized marker of glucose metabolism is FDG, a tracer method
that evolved from Sokoloff et al.’s (6) original work involving autora-
diography and the localization of 14C-2-deoxyglucose in the rat sub-
strate. Although earlier investigations of cerebral circulation and
metabolism in children were also conducted (7), the ability to image
and quantify vivo metabolic processes was significantly advanced after
the development and evolution of modern PET instrumentation (8).

In a classic study, Chugani et al. (9) studied 29 infants and children
(ages 5 days to 15.1 years) who had suffered transient neurologic events
not significantly affecting normal neurodevelopment. In infants less
than 5 weeks old, the local cerebral metabolic rate of glucose (lCMRGl)
utilization, a PET parameter, was highest in sensorimotor cortex, thal-
amus, brainstem, and cerebellar vermis. In cortex, lCMRGl increased
first in divisions of occipital cortex and by 2 years had reached essen-
tially adult values in all or most regions. Between 6 months and a year,
metabolic activity was marked in the frontal cortex, paralleling devel-
opment clinically of higher cortical functions, including individual
interpersonal interactions, stranger anxiety, and other behaviors. Rates
of up to 65mmol/min/100g were reached in most regions and per-
sisted until about 9 years. Thereafter, a progressive decline set in, with
adult values being reached around 20 years of age. The time course of
this metabolic time profile paralleled the phases of production and
regression of neurons, synapses, and dendritic spines, as established
from morphologic studies. The detailing of this sequence was reason-
ably postulated as a prerequisite to study of the brain metabolic
response in diverse encephalopathies. This sequence of imaging-
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defined functional events may underlie and provide the biologic basis
for the clinically observed critical period of learning and emotional
development.

More recently, the effect of brain development on cerebral glucose
metabolism was evaluated in 20 neurodevelopmentally normal infants
(postconceptional age: 32.7 to 60.3 weeks) (10). It was reported that the
lCMRGl in various cortical regions and in the basal ganglia was low at
birth (from 4 to 16mmol/min/100g). Infants 2 months of age and
younger showed the highest lCMRGl in the sensorimotor cortex, thala-
mus, and brainstem. At 5 months, there was an increase in the lCMRGl in
the frontal, parietal, temporal, occipital, and cerebellar cortical regions.
Generally, the whole brain lCMRGl correlated with postconceptional
age, and the change in the glucose metabolic pattern reflected functional
maturation of these regions. Based on these data, it seems that regional
glucose metabolism is a credible marker of brain maturation.

The effect of neonatal hypoglycemia on cerebral glucose metabolism
was studied in a small group of eight infants (11). The infants were
studied with FDG-PET at ages 5.3 ± 6.2 days during normoglycemia
and compared to the age-adjusted lCMRGl of eight infants with sus-
pected hypoxic-ischemic brain injury but with normal neurologic
development. After neonatal hypoglycemia, the whole brain age-
adjusted lCMRGl was not lower than that of the control group and
seemed to be normal.

Although the ability to quantify regional cerebral metabolic rates is
highly desirable, techniques less invasive than arterial blood sampling
have been proposed for early infancy (12). Using a Patlak analysis, the
input function was derived by using a combined time-activity curve
(derived from left ventricular activity and venous whole blood activity
concentration) and by using the activity concentration in whole blood
venous samples. These methods showed good correlation, as did an
alternative method using standard uptake values (SUV) correlated to
lCMRGl values. It appears that reasonable estimations of lCMRGl can
be obtained with techniques other than arterial sampling.

Labeled Amino Acid PET Studies
O’Tuama used a dual-probe positron detection system and also 
retrospective data fit on normal-appearing brain regions of 11C-L-
methionine PET to study age-associated changes in amino acid trans-
port from blood to normal frontal cortex (13). Seventeen patients, 1.8
to 71 years of age, were studied. Each patient received two scans in an
attempt to assess competitive inhibition of 11C-L-methionine uptake.
The first study was performed using tracer doses of the radiopharma-
ceutical only. One hour before a second PET study, each subject
received either oral L-phenylalanine or an intravenous infusion of
amino acids, as competing substrates for the neutral amino acid trans-
port system. Uptake of 11C-L-methionine by frontal cortex decreased
sevenfold between 1.8 and 71 years of age (r = -0.71; p < .05). Con-
comitantly measured blood-to-brain transfer of 11C-L-methionine, at 4.5
years, exceeded mean adult values by more than fivefold. Competitive
inhibition reduced L-methionine uptake in all patients older than 4.6
years. These developmental changes parallel findings in animals.
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The results of Chugani et al. (9) and O’Tuama, as pointed out by
Robinson et al. (14), suggest a significant age-dependence for two dif-
ferent neurometabolic systems—the overall rate of glycolysis and
glucose cell membrane transport (FDG), versus amino acid transport
and protein synthesis (methionine).

PET Radiation Exposure
A concern intrinsic to the medical and research use of PET radiophar-
maceuticals is whether the radiation dose to the newborn or young
child is acceptable. Based on the medical internal radiation dose
(MIRD) model, the radiation dose to newborn children from FDG has
been estimated and has been found to differ from that noted in adults.
The radioactivity concentration in the brain and urinary bladder was
measured to determine accumulated activity in 21 infant FDG studies.
A greater proportion of the tracer was noted to accumulate in the brain
of infants than in adults (9% versus 7%, respectively, perhaps partly
due to relatively greater brain mass), and less was excreted into the
urine (7% versus 20%, respectively). However, there was a large indi-
vidual variation in the latter. Overall, the dose to the bladder wall was
less than for adults, and the greater amount of radioactivity remaining
in the body of infants may increase the dose to other organs. Although
the calculations were based on upper estimates, the estimated radia-
tion dose from FDG studies was lower in infants compared to adults.
Infant FDG studies also had a lower calculated radiation dose 
compared to conventional nuclear medicine studies such as 99mTc-
methylene diphosphonate bone scintigraphy.

Correlation of SPECT with Other Modalities: 
MR Imaging and MRS

Tokumaru et al. (15) noted that the precise relationship between func-
tion and anatomic brain maturation remains unclear. They studied the
changes of rCBF in 42 infants and children, ages 2 days to 19 years,
using 123I-IMP-SPECT correlated with MR findings and known devel-
opmental changes. The subjects suffered transient neonatal neurologic
events, without an overt effect on subsequent neurodevelopment.
Beginning at the 34th postconceptional week, there was predominant
uptake in the thalami, brainstem, and paleocerebellum, with less cor-
tical activity. Subsequent evolution of rCBF showed a similar regional
pattern to the studies of Rubinstein et al. (2) and Chiron et al. (3), and
a general parallel to the values for lCMRGl as established by Chugani
et al. (9). Also, these changes paralleled T1 and T2 standard spin-echo
MRI, and were consequently attributed presumptively to the major
neurodevelopmental event of myelination. Minor limitations in the
study include lack of specific inversion recovery MR pulse sequences
for characterization of myelin development, and the spatial limitations
of region definition with 123I-IMP-SPECT. Interesting speculations from
these results included the idea that metabolic demands associated with
myelination may “drive” the rCBF pattern in the developing brain. At
the practical level, it was pointed out that awareness of evolving
normal MRI and PET or SPECT patterns during development is crucial
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for interpretation of pediatric studies. Thus the time course of the
changes in 123I-IMP uptake in the developing brain as detected by
SPECT is similar to that of myelination and most likely reflects an
overall topologic maturational pattern of the brain (Fig. 18.1). Ogawa
et al. (16) obtained similar results.

Subsequently, newer imaging methods and pulse sequences have
been applied to extend our knowledge of the physiology of the devel-
oping brain. Zhang et al. (17) used diffusion-weighted sequences, with
fitting of data to a triple-gaussian model, to show that brain diffusion
decreases and brain volume increases during maturation. They focused
on regions showing a range of gray and white matter composition.

Filippi et al. (18) showed changes in diffusion constant and
anisotropy in infants with developmental delay despite a normal
appearance with conventional MRI techniques. These results further
illustrate the potential importance of techniques beyond conventional
structural MRI for objective assessment of neurodevelopment.

Other parameters of normal brain development that can be ap-
proached by imaging methods include changes in brain water diffu-
sion as studied by diffusion-tensor MRI (18). This study had 167
participants, ages 31 gestational weeks to 11 postnatal years. An
isotropic diffusion model was applied to the gray matter of the basal
ganglia and thalamus. Maturational decreases of the diffusion tensor
eigenvalues were consistent with models reflecting influence of brain
water content and myelination.

Magnetic resonance spectroscopy represents another noninvasive
method for the study of normal brain development (19). In a review
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Figure 18.1. Patient at about 34 weeks’ gestational age. Axial (A), coronal (B), and sagittal (C) SPECT
scans show prominent cerebral perfusion in thalami, brainstem, and cerebellum. There was low activ-
ity in the paracentral gyri area.



article, Hedlund (20) illustrated how normal white matter spectra with
identification of critical neurometabolites can be achieved in children
as young as 2 years. These neurometabolites include compounds such 
as N-acetylaspartate (NAA), a primarily neuronal marker as well as
choline, a marker of turnover of myelin and other important cell mem-
branes. Abnormal metabolites such as lactate are undetectable in the
normal spectra and are readily revealed in encephalopathies. The
studies have relatively short acquisition times, are noninvasive, and
thus are feasible even in young sedated patients.

More recently, the technique of dynamic susceptibility contrast-
enhanced (DSCE) MRI technique has been used to measure rCBF in
newborns (21). This method requires a first-pass contrast bolus, which
presents a formidable limitation in neonates and infants, as does the
problem of artifacts resulting from bulkhead motion. However, images
of perfusion were calculated in 12 of 27 subjects. Major vascular struc-
tures such as the circle of Willis could be identified. Values of rCBF
were generally larger in gray matter than in white matter.

Attempts have been made to obtain three-dimensional (3D) MRS to
study the anatomic distributions of choline, creatine, and NAA in a
small group of premature and term infants (22). The basic feasibility of
such studies was demonstrated. The results showed topologic and 
age-dependent variations in the white matter regions of the premature
infants. However, there is concern about small sample size and lower
signal-to-noise ratio. There is need for substantial further effort to
establish an adequate normal database for this age group.

The notion of human brain plasticity is an important concept devel-
oped in part from developmental imaging studies of the kind just
reviewed. For example, Chugani (23) discussed correlations between
lCMRGl and synaptogenesis and has advocated that the PET findings
have important implications with respect to potential recovery of
regional brain functions following injury and for the concept of “criti-
cal periods” for learning capacity. Indirect support for the existence 
of normal brain functional plasticity has been inferred from studies 
of abnormal conditions. Thus Helmstaedter and Elger (24), studying
patients undergoing left anterior temporal lobectomy, showed varying
regional effects on parenchymal plasticity depending on extent of
damage and the specific neocortical function involved.

Pediatric PET-CT Brain Imaging

The advent of PET-CT offers further opportunity to delineate these
events with increased spatial accuracy with the use of both intermodal-
ity fused data sets, as well as high-resolution positron imaging. In normal
subjects, uniformly high metabolic uptake in the brain, particularly in
brain parenchymal gray matter (GM) structures such as basal ganglia,
thalamus, and cerebellum, has limited its use for lesion detection, as dis-
cussed elsewhere. However, this feature is a boon for evaluation of
normal metabolic variants. The technique involves coupling of PET and
CT scanning into a hybrid system. This allows both studies to be done
together in what is now known as a PET-CT scanner. The CT acquisition,
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designed (in many centers) so as not to be diagnostic, but rather to
provide adequate attenuation correction and resolution for co-registra-
tion, is performed with approximately 2 to 4.25mm thick contiguous
slices, 100mAs, 140kVp.

The PET phase of the study is performed with 5- to 10-minute 
acquisition per imaging level. These systems have the outstanding
advantage for pediatric sets of minimizing study times. One platform
combines a high resolution and ultrafast multislice CT system with PET
optimized for routine 2D and 3D acquisitions. The attached software
facilitates postprocessing stages and allows interactive analysis of both
data sets. Ionic oral contrast (often administered 1 hour prior to
imaging to opacify the bowel for whole-body applications) is omitted.
A dose of 18F-FDG, titrated by weight and standard conversion factor,
is given intravenously 1 hour prior to imaging, and the patient voids
prior to imaging to decrease bladder activity (25). The older, coopera-
tive child is positioned supine on the imaging table, with the head 
comfortably positioned in a cushioned head holder and arms at the
patient’s side. Following tracer injection, it is useful to have the patient
rest in a quiet environment, instructed to limit verbal and physical
activity during the major tracer uptake phase (about 20 minutes).

A qualitative analysis is the most common method for pediatric brain
PET-CT and, with an experienced observer, is usually adequate. Typi-
cally, a workstation review is made of all orthogonal images with
varying gray scale and color image presentation, rotating views, and
maximum intensity projection images (Fig. 18.2).
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Figure 18.2. A–C: SPECT scans show almost similar appearance to adult pattern. D,E: Axial spin echo
(600/15) MR images show myelination in frontal and temporal areas. [Source: Tokumaru et al., (14) with
permission.]



Conclusion

Techniques used for mapping of brain function are usefully reviewed
by Santosh (26). Brain morphology and tissue composition will con-
tinue to be elucidated mainly with MRI and CT. Information on neu-
ronal activity and communication will continue to be provided at 
the electromagnetic (EEG, MEG) level. Biochemical aspects of neuro-
transmission will be studied by general mapping of blood flow and
tissue metabolism with standard PET and SPECT methods, supple-
mented by tissue typing using MRS. Energy-dependent metabolic
processes will be assessed most specifically with selective PET ligand
and metabolite radiopharmaceuticals. Clinically relevant neurotrans-
mitters and receptors include D1 antagonists in prefrontal cortex, 
hippocampus, and amygdala; D2 receptor agonist, which localizes
mainly in the striatum; and 5-hydroxytryptamine (5HT)1A, 5HT2A, and
5HTa2 receptor ligands. Also, ligands that help quantify receptors such
as N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA), etc., will help understanding both of
normal function of these systems, and of their specific abnormalities in
the neurodevelopmental disorders. Functional MRI will assist these
efforts, mainly by measuring activation-associated changes in brain
perfusion.

Advances in MR technique will contribute significantly. These will
include rapid MR scanning (gradient echo, fast spin echo, and planar
sequences), contrast-based fMRI techniques, diffusion MRI, arterial
spine labeling (ASL), and dynamic susceptibility MR perfusion
imaging of the brain. Other important anticipated improvements in
technology will relate to reduction of movement artifacts, imaging data
reduction, and postimaging data processing.

Among these exciting future developments, nuclear medicine tech-
nology is likely to continue to play a unique and unchallenged role.
Radiopharmaceutically based imaging technology retains the highest
sensitivity of available modalities (including MRI, fMRI, MRS, EEG,
and MEG) for depiction of biochemical processes occurring in the pico-
molar to nanomolar range. This specificity extends to presynaptic neu-
rotransmitter molecules, which can be separated from receptor systems
that are mainly postsynaptic, only 20 to 50nM apart. Therefore, nuclear
techniques will play an increasingly important and visible role as
developmental mapping of neurotransmitters and synaptic systems
comes to the fore. Correlation with the more spatially detailed modal-
ities reviewed here will be important in gleaning the ultimate infor-
mation from such studies. In this regard, ultimately the use of
combined functional and structural data sets as pioneered with PET-
CT systems will provide the method of choice. Studies on normal chil-
dren, within ethical limits, will continue to give important and critical
new insights into the neurofunctional underpinnings of normal child-
hood cognitive and emotional processes.
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