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Abstract

Objective: To quantitatively evaluate regional cerebral blood flow (rCBF) and regional developmental changes during childhood
using '**I-N-isopropyl-iodoamphetamine single-photon emission computed tomography (SPECT) and autoradiography.

Methods: We retrospectively analyzed quantitative values of rCBF in 75 children (29 girls) aged between 16 days and 178 months
(median: 12 months), whose brain images, including magnetic resonance imaging and SPECT data, were normal under visual
inspection at Saitama Children’s Medical Center between 2005 and 2015. The subjects had normal psychomotor development,
no focal neurological abnormalities, and neither respiratory nor cardiac disease at the time of examination. Regions of interest were
placed automatically using a three-dimensional stereotactic template.

Results: tCBF was lowest in neonates, who had greater rCBF in the lenticular nucleus, thalamus, and cerebellum than the cere-
bral cortices. rCBF increased rapidly during the first year of life, reaching approximately twice the adult levels at 8 years, and then
fell to approximately adult levels in the late teenage years. Cerebral cortex rCBF sequentially increased in the posterior, central,
parietal, temporal, and callosomarginal regions during infancy and childhood.

Conclusions: TCBF changed dramatically throughout childhood and ranged from lower than adult values to approximately two
times higher than adult values. It had different trajectories in each region during brain development. Understanding this dynamic
developmental change is necessary for SPECT image evaluation in children.
© 2018 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction alteration. Various developmental changes occur
dynamically during childhood and especially in infancy.

Human brain development involves various changes Brain development is related to the emergence of corre-
including sequential anatomical and histological sponding functions. Cerebral blood flow (CBF) and

cerebral metabolism changes correspond to cerebral
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dren’s Medical Center, 1-2 Shintoshin, Chuo-ku, Saitama-City, metabolism are used to evaluate cerebral activity in
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epilepsy, tumor, and encephalitis. However it is difficult
to interpret these findings in children because their
brains undergo various changes and have normal devia-
tions associated with brain development.

Assessment of CBF and its age-related changes during
childhood has been addressed by several nuclear medicine
approaches: single-photon emission computed tomogra-
phy (SPECT) using '**Xe, *™Tc-ethylcysteinate dimer,
123].N-isopropyl-iodoamphetamine  ('**I-IMP), and
C'°0, positron emission tomography (PET) [1-5]. These
previous studies have reported that regional CBF (rCBF)
increases in early childhood, peaks between 4 and 7 years
of age, and then declines to reach the adult levels. Several
studies have also found that infants have higher rCBF in
the basal ganglia and visual and sensorimotor cortices
than in other regions. These studies have also reported
that rCBF in the frontal region increases slowly. Similar
age-related patterns have been reported for brain meta-
bolism, as measured using fluorodeoxyglucose (FDG)
PET [6-8]. However, regional differences in CBF changes
during development are unclear because there have only
been a few quantitative analytical studies of nuclear med-
icines. These studies have been performed in small num-
bers of subjects, and several studies have included
subjects with abnormal brain images and cerebrovascular
diseases. Arterial spin-labeling perfusion magnetic reso-
nance imaging (MRI) has adapted for evaluation of
rCBF developmental changes in recent studies [9-11].
These studies have shown that rCBF is decreased begin-
ning before 10 years of age, similar to the results using
nuclear medicines. However, there have been few studies
in infants and toddlers using arterial spin-labeling perfu-
sion MRI, and rCBF changes in early childhood have not
been revealed. Therefor, we have not enough knowledge
of developmental changes in rCBF, especially regarding
regional differences.

Quantitative evaluation of childhood rCBF is neces-
sary to understand brain development, plasticity, and
the clinical and pathological conditions of central ner-
vous system diseases. Quantitative analysis of rCBF
during developmental period using SPECT requires an
appropriate tracer, objective and reproducible region
of interest (ROI) settings, and large number of subjects.
I23.IMP SPECT can be used to measure rCBF. '*I-
IMP has a relatively high first-pass extraction among
rCBF SPECT tracers and can be quantitatively evalu-
ated. Three-dimensional stereotactic ROI template
(3DSRT) is a program that anatomically standardizes
brain SPECT images and quantitatively analyzes them
using a three-dimensional stereotactic ROI template.
Using 3DSRT enable the creation of objective and uni-
versal ROI settings. There has been no report regarding
developmental changes in rCBF measured using '*I-
IMP SPECT data analyzed with 3DSRT. We aimed to
quantitatively analyze rCBF developmental changes

and to investigate characteristic regional patterns
throughout childhood using '**I-IMP SPECT and
3DSRT.

2. Subjects and methods

This retrospective reviews was approved by the Sai-
tama Children’s Medical Center Institutional Review
Board. Informed consent for '**I-IMP SPECT was
obtained from the children’s parent and assent was
obtained from the children. Medical histories were
established for each child and the child’s family prior
to the scan.

2.1. Participants

We searched a database of children who received
2. IMP SPECT and underwent autoradiography
(ARG) between January 2005 and December 2015 at
Saitama Children’s Medical Center. The children had
transient neurological events and suspected intracranial
disease. We selected children according to the follow-
ing 6 criteria at the time of examination to analyze
approximate normal rCBF values: 1) normal brain
images on computed tomography or MRI; 2) no respi-
ratory or cardiac disease; 3) normal psychomotor
development at the time of examination or normal psy-
chomotor development one year after SPECT for
infants younger than 18 months; 4) no focal abnormal-
ities in neurological examinations; 5) normal SPECT
findings detected in visual inspections by more than 2
physicians, including a radiologist specializing in
SPECT; and 6) SPECT performed with appropriate
timing of arterial blood sampling and under a resting
or sleeping state.

2.2. SPECT image acquisition

Quantitative rCBF measurements were conducted
using the ARG method developed by lida et al [12]. A
triple-head gamma camera (Siemens Multispect3; Sie-
mens Medical Systems Inc.; Hoffman Estates, IL)
equipped with a fan beam collimator was used. Data
were acquired using a 128 x 128 matrix for 120 degrees
and 24 min with 5-degree steps of 60 s per frame. Sie-
mens Icon-P (Siemens Medical Systems Inc.) was used
to reconstruct SPECT image and a Butterworth filter
and attenuation correction (Chang, p=0.1 cm™) were
used to produce scanning images with an orbitomeatal
line and 256 x 256 matrix (1.2 mm/pixel). We intra-
venously injected '**I-IMP up to a dose of 83 MBq in
children younger than 1 year of age, up to 111 MBq in
children between 1 and 7 years old, and up to 167
MBq in children older than 8 years. Ten minutes after
the '’I-IMP injection, arterial blood was collected from
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the side contralateral to the injection, and whole-blood
radioactivity was measured using a well-type scintilla-
tion counter. The obtained cross-calibration factors
used as inputs when determining quantitative rCBF.
SPECT was performed during sleep or rest with the
eye closed. When conscious sedation was required, oral
choral hydrate or pentobarbital calcium was adminis-
tered. Thyroid radioactivity blocking was performed
by oral administration of Lugo’s solution for 4 days,
beginning 2 days before SPECT. Twenty-four-minute
scans were performed 40 and 180 min after '*’I-IMP
injection (early image center time and late image center
time, respectively).

We used 3DSRT software, which is a fully automated
ROI analysis program developed by Takeuchi et al [13
15]. This software is freely available for Windows and is
used by many clinicians to quantitatively investigate
rCBF in adults and children [16-19]. The SPECT images
were anatomically standardized using Statistical Para-
metric Mapping 99 followed by unilateral quantification
of 318 ROIs grouped into the following 12 segments:
callosomarginal (53 ROIs), precentral (43 ROIs), central
(28 ROIs), parietal (28 ROIs), angular (8 ROIs), tempo-
ral (35 ROIs), posterior cerebral (40 ROIs), pericallosal
(31 ROIs), lenticular nucleus (14 ROIs), thalamus (10
ROIs), hippocampus (15 ROIs), and cerebellum (13
ROIs). The ROI template is based on anatomically stan-
dardized T1 weighted MRI according to Brodmann’s
cytoarchitectural map.

We investigated age-related changes in each region’s
CBF values and compared regional developmental tra-
jectories. We used cubic approximated curves for sub-
jects younger than 2years of age and sextic
approximated curves for all children. We used JMP
ver.11.0.0 (SAS Institute Inc.; Cary, NC, USA) to pro-
duce the approximated curves.

3. Results

Seven hundred and seventy-two children underwent
I2Z.IMP SPECT with ARG between January 2005
and December 2015. Seventy-five children (46 boys
and 29 girls) met all the 6 inclusion criteria. Their ages
ranged from 16days to 178 months (median: 12
months) at the time of SPECT. Final diagnoses included
cryptogenic localization-related epilepsy, cryptogenic
generalized epilepsy, benign infantile seizures, conver-
sion disorder, recovery phase of acute encephalopathy
and acute cerebellar ataxia, vestibular neuritis, and ocu-
lar movement abnormality. Although 22 of the 75 chil-
dren were taking daily antiepileptic medications at the
time of SPECT, none displayed sedation or other side
effects.

None of the children had differences between left and
right rCBF in each ROI greater than 10%. Therefore, we

used average rCBF values from both sides. We obtained
normal adult rCBF values from the study by Hatazawa
et al [20]. Here we show rCBF values for all regions and
approximated curves for 7 representative regions out of
the 12 regions presented in the figures. The approxi-
mated curve for the angular region described a similar
trajectory to that obtained for the posterior cerebral
region. Those for the precentral and parietal regions
increased between those for the central and temporal
regions during infancy. Therefor, we selected the callo-
somarginal, central, temporal, posterior cerebral, lentic-
ular nucleus, thalamus, and cerebellum regions as 7
representative regions to show rCBF developmental
changes. Approximated curves for the parietal, angular,
precentral, and hippocampus regions are shown as Sup-
porting Information (Figs. S1 and S2).

Figs. 1 and 2 show rCBF values and approximated
curves in 44 infants younger than 2 years. All regions
had lower CBF in neonates than in adults [20] (right-
side vertical bars in each graph). rCBF was higher in
the lenticular nucleus, thalamus, and cerebellum (in
descendsing order) than in the cerebral cortices. rCBF
rapidly increased in all regions during the first year of
life and rose to higher than approximately half of the
adult values. In this period, rCBF in cortex increased
more rapidly in the posterior cerebral region than in
any other cortical region and reached the levels found
in lenticular nucleus. The central region had the next
most rapid increases. rCBF in the callosomarginal
region increased most slowly in cortex. Among the cor-
tical regions, rCBF increased in the posterior cerebral,
angular, central, parietal, precentral, temporal, and cal-
losomarginal regions in descending order (Figs. 2 and
S1). rCBF increased more slowly in hippocampus than
in all other regions (Fig. S1).

Figs. 3 and 4 show rCBF values and approximated
curves in all 75 children. rCBF continued to increase
in all regions from about 2 to 8 years of age, although
this increase was slower than that observed during
infancy. rCBF reached approximately twice the normal
adult values before age 10. After this age, rCBF declined
and approached adult levels in the late teenage years. In
the approximated curves, rCBF in callosomarginal
region in teenage years became the highest in the cortical
regions. rCBF in thalamus and lenticular nucleus
regions in teenage years remained higher than those in
the cortical regions and in the cerebellum. We actually
show the median rCBF value in each region in 9 teen-
aged subjects (Table S1). The median rCBF value in
the callosomarginal region was as high as that in the
posterior cerebral region (44.8 ml/100 g/min vs. 43.2 m
1/100 g/min, respectively). In addition, the median rCBF
value in the thalamus was as high as that in the lenticu-
lar nucleus (48.2 ml/100 g/min vs. 47.4 ml/100 g/min,
respectively).
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Fig. 1. Regional cerebral blood flow (rCBF) values (the average of left and right in each patient) in 44 infants younger than 2 years. (A)

callosomarginal, (B) precentral, (C) central, (D) pericallosal, (E) temporal,

(F) parietal, (G) angular, (H) posterior cerebral, (I) hippocampus, (J)

lenticular nucleus, (K) thalamus, and (L) cerebellum. Filled circles show values from individual patients. Right-side vertical bars in each graph show
the normal adult values [20]. Normal adult values in angular has not been showed.

4. Discussion

Prior to our study, only a few studies had quantita-
tively analyzed age-related developmental rCBF changes
and described characteristic regional patterns during the
neonatal period and in young adulthood. Those studies
had some limitations regarding sample size, numbers of
infants in the study, underlying disorders in the subjects,
and the methods used to set ROIs. Using '**I-IMP
SPECT analyzed with 3DSRT, we investigated rCBF
changes and regional patterns in the above-mentioned
age range. Our data comprised quantitatively analyzed
ARG measurements. Our study had a larger number
of participants than previous studies using nuclear med-
icines. This enabled us to obtain more detailed informa-
tion regarding characteristic regional patterns, especially
in infants. In fact, our study included 44 infants younger
than 2 years of age and 37 infants younger than 1 year

of age. This is important, as these ages are periods when
CBF and brain metabolism change most dynamically.
In a study investigating developmental CBF changes,
Kennedy and Sokoloff [21] recorded whole-brain blood
flow data using nitrous oxide. They found that the aver-
age global CBF in children was approximately 1.8 times
that of normal young adults. Using dimensional mea-
surements, Chiron et al. [1] studied rCBF using '**Xe
SPECT. They found that all cortical rCBF at birth
was lower than in adulthood, but that it increased after
birth until the age of 5 or 6 years, reaching values 150—
185% of those seen in adults. rCBF then decreased to
adult levels by the late teenage years. Non-cortical rCBF
was unclear in neonates, but increased during infancy,
reaching a maximum at 5 or 6 years, similar to rCBF
in cortical regions. Non-cortical rCBF then progres-
sively decreased to adult levels. Takahashi et al. [5]
studied rCBF using C'°0, PET. They found that all
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Fig. 2. Approximated curves for the 7 representative regions in 44 infants younger than 2 years. Cortical regions are shown as solid lines. The
lenticular nucleus, thalamus, and cerebellum are shown in dashed, dotted, and dashed-dotted line, respectively. The R-squared values for the
callosomarginal, central, temporal, posterior cerebral, lenticular nucleus, thalamus, and cerebellum are 0.59, 0.52, 0.62, 0.59, 0.42, 0.48, and 0.50,

respectively.

non-cortical rCBF values and all cortical rCBF values,
except those in the visual area were lower in neonates
than in adulthood. rCBF increased and exceeded levels
observed in adults during development, peak at around
the age of 7years. rCBF then decreased to those
observed during adulthood. The authors of the above
study also found that the latest increase was observed
in the frontal association area. One should however note
that many of the subjects in that study had cerebrovas-
cular disease or abnormal brain images.

Some studies using '**I-IMP SPECT in children fea-
ture qualitative analyses [22-24], but few include quanti-
tative assessments. To our knowledge, only Kobayashi
et al. [4] have quantitatively studied developmental
changes in rCBF using '**I-IMP SPECT. They reported
that rCBF increased in early childhood and then
decreased and plateaued in young adulthood. However,
their study included only one subject younger than 1
year of age. In addition, several subjects in the above
study had cyanotic heart disease, stroke, or tumors,
which are factors that may have influenced the '*I-
IMP SPECT measurements. In addition, the authors
of that study did not use objective ROI settings.

Investigation of cerebral metabolism using FDG PET
revealed that local cerebral metabolic rates of glucose
(ICMGlc) were low at birth but rapidly reached adult
levels by age 2. They remained higher than adult levels
until approximately age around 4 to 9 and then declined
to adult levels in the teenage years [6,7].

As described above, it is known that rCBF and
ICMGiIc rapidly change during development and reach
maximum values in early childhood. These measures
then reach levels observed in adults in the late teenage
yeaes, although details regarding regional differences in
these measures have not been unclear. Our quantitative
data showed rCBF developmental patterns were in
agreement with previous studies and were consistent
with childhood ICMGlc developmental changes.

Our study has 3 potentially interesting implications.
The first concerns the neonatal period. Previous studies
have reported different values in a wide range for neona-
tal rCBF due to the small numbers of neonates enrolled
in each study [1,6]. We found that CBF in all regions
was lower during the neonatal prtiod than in adulthood,
and that rCBF values during the neonatal period were
higher in the lenticular nucleus, thalamus, hippocampus,
and cerebellum (in descending order) than in the cere-
bral cortices. Consistent with our results, a study using
cerebral FDG PET reported that childhood FDG
uptake was highest in the basal ganglia, followed by
the thalamus and cerebellum [25].

The second implication of our study concerns the
rCBF-incraseing phase. Previous studies have reported
that CBF in all regions increases to adult levels by age
2 and then exceeds adult levels until ages 5-9 [1,5].
Our study found that CBF in all regions rapidly
exceeded adult levels during the first year of life.
We believed that the increasing phase might occur in
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Fig. 3. Regional cerebral blood flow (rCBF) values (the average of left and right for each patient) in all 75 children. (A) callosomarginal, (B)
precentral, (C) central, (D) pericallosal, (E) temporal, (F) parietal, (G) angular, (H) posterior cerebral, (I) hippocampus, (J) lenticular nucleus, (K)
thalamus, and (L) cerebellum. Filled circles show values from individual patients. Right-side vertical bars in each graph show the normal adult values

[20]. Normal adult values in angular has not been showed.

2 stages: from birth to the age of 1 year and during the
ages of approximately 2-8 years.

The third implication concerns rCBF trajectories in
different brain regions. We were able to show rCBF
developmental sequence, which was most prominent
during infancy. From the neonatal period to the age of
2 years, the rCBF values in the posterior cerebral and
angular regions increased more rapidly than in any
other region and reached levels found in the lenticular
nucleus at approximately 8 months of age. rCBF values
in the central, parietal, precentral, temporal, and callo-
somarginal regions followed the same trend sequen-
tially. rCBF value in callosomarginal region increased
more slowly than in other cortical regions and became
as high as that in the posterior cerebral region in the
teenage years. Some '*I-IMP SPECT-based qualitative
analyses have indicated that uptake within the cerebral
cortex is high in the sensorimotor and visual cortices

at birth, and that '**I-IMP uptake then occurs in other
cerebral regions in a posteroanterior direction [22-24].
In addition, previous investigations of rCBF and glu-
cose metabolism have reported that the frontal lobes
matured more slowly than other regions [5-7,24]. An
FDG uptake study has also shown that the frontal lobes
have the most intense uptake when compared to other
cortical regions after the age of approximately 7 years
[25].

Childhood rCBF changes are believed to be associ-
ated with brain development and anatomical, histologi-
cal, and functional changes. These changes include
changes in neuronal size, neuron numbers, dendritic or
axonal arborization, synaptic density, and myelination.
The rapid increase stage observed in our study may
reflect these intensive brain developmental changes.
Neuronal size, dendritic or axonal arborization, and
synaptic density rapidly increase during this period,
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Fig. 4. Approximated curves for the 7 representative regions in all 75 children. Cortical regions are shown as solid lines. The lenticular nucleus,
thalamus and cerebellum are shown in dashed, dotted, and dashed-dotted lines, respectively. The R-squared values for the callosomarginal, central,
temporal, posterior cerebral, lenticular nucleus, thalamus, and cerebellum are 0.51, 0.34, 0.46, 0.39, 0.36, 0.40, and 0.44, respectively.

and myelination rapidly advances [26-28]. Brain weight
and gray and white matter volumes therefore increase at
the same time. The slow increase stage in our study may
reflect a shift in brain development toward pruning and
function potentiation and away from rapid structural
changes. Between infancy and school age, myelination
continues to advance, although synaptic pruning also
starts. These lead to white matter volume increases
and gray matter volume decreases [26-28]. The decline
phase in our study may reflect a shift in brain develop-
ment toward potentiation and function maintenance.
In this period, brain weight reaches adult levels, but
synaptic pruning and myelination continue [28,29]. We
also found that developmental changes in rCBF
occurred at different speeds in each brain region, consis-
tent with previous reports on the development of brain
structure and function. Myelination advances from the
basal nucleus to the cerebral white matter [29,30]. In
the cerebral cortex, it proceeds from the central sulcus
toward the poles and proceeds anteriorly from posterior
to frontotemporal sites [29,30]. Some reports have
shown that synaptic density changes and increases in
gray matter also advance in the same direction [31,32].

Our study has some limitations. First, there were
fewer children aged between 2 and 10 years, in whom
rCBF may have reached peak values. Second, many
younger children were taking sedative drugs, as examin-
ing them would have been extremely difficult without
their use. Third, our study involved children receiving
daily antiepileptic medications. Any sedative or
antiepileptic drugs may alter rCBF and cerebral meta-

bolism [33]. Finally, although we selected children
according to 6 criteria, our study may have involved
children with abnormal rCBF. More than 2 physicians
including a radiologist specializing in SPECT estimate
the SPECT image to be normal, but it is not an absolute
because there are not a normal rCBF values in children.
For ethical reasons, studies addressing normal child-
hood rCBF are limited to children with suspected neuro-
logical conditions.

5. Conclusions

We investigated dynamic age-related rCBF changes
during childhood and regional-related differences in
these changes. These dynamic developmental changes
should be considered when evaluating SPECT images
from children. Future research will further reveal rCBF
developmental changes in children.
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