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Abstract

The metabolic change that occurs during early development of the human brain was studied with functional magnetic resonance
imaging (IMRI), in which the signal change reflects the balance between the supply and the demand of oxygen during
stimulus-related neuronal activation. The subjects were 16 infants, aged < 1 year. They were sedated with pentobarbital. and 8-Hz
flickering light was intermittently projected onto their eyelids. Two age groups were analyzed: infants < 60 days old and > 60
days old (corrected for gestational age at birth). The stimulus-related signal change was positive in the lateral geniculate nucleus
regardless of the infants’ age, but in the primary visual cortex reversed from positive in the younger group to negative in the older
group. It is known that synaptogenesis in the lateral geniculate nucleus peaks before birth, and in the primary visual cortex
accelerates in the second month after birth. Hence, the inversion of the stimulus-related signal change in the primary visual cortex
may be due to an increased demand for oxygen owing to rapid synaptogenesis. © 2000 Elsevier Science Ireland Ltd and the Japan
Neuroscience Society. All rights reserved.
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the BOLD effect is considered to be an indirect mea-
sure of the increase in regional cerebral blood flow
(rCBF) caused by neuronal activation related to a task
or stimulus. Increased neuronal activity leads to an
increase in rCBF without a commensurate increase in
oxygen extraction (Fox and Raichle, 1986). Hence, the

1. Introduction

Functional magnetic resonance imaging (fMRI) is a
noninvasive technique for mapping human brain func-
tion. The underlying mechanism of fMRI is the blood
oxygenation level-dependent (BOLD) contrast arising

from the paramagnetic property of deoxyhemoglobin
(Pauling and Coryell, 1936), which influences the trans-
verse relaxation rate of nuclear spins. In healthy adults,
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capillary and venous deoxyhemoglobin concentrations
decrease, which is reflected as an increase in the signal
intensity of T2*-weighted MR images (Ogawa et al.,
1990; Belliveau et al., 1991; Kwong et al., 1992; Ogawa
et al., 1992). Studies on the sequence of events after
neuronal activation suggest that the BOLD signal
reflects transient oxygen consumption (Grinvald et al.,
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1991; Menon et al., 1995; Malonek and Grinvald, 1996;
Hu et al., 1997). Before rCBF increases, the deoxy-
hemoglobin concentration following the onset of neu-
ronal activation shows a small rise, lasting
approximately 4 s and peaking at 2 s. This initial rise in
deoxyhemoglobin is more localized to the site of neu-
ronal activation and appears as a decrease in the BOLD
signal (Menon et al., 1995; Hu et al., 1997). Hence, the
BOLD signal change reflects the balance between the
supply and the demand of oxygen during stimulus-re-
lated neuronal activation.

In early life, there is a rapid change in the anatomy,
function, and metabolism of the human brain (Chi et
al., 1977, Huttenlocher et al., 1982; Chugani and
Phelps, 1986; Herschkowitz, 1988), which may be re-
vealed by a change in the stimulus-related BOLD sig-
nal. fMRI studies of infants have shown that a signal
change in the visual cortex in response to photic stimu-
lation is the opposite of that in adults (Born et al.,
1996; Yamada et al., 1997; Born et al., 1998). The
change is positive before 8 weeks of age, but negative
thereafter (Yamada et al., 1997). The abrupt change
may be due to an increase in oxygen demand caused by
rapid synapse formation and an accompanying increase
in metabolism of the primary visual cortex (Yamada et
al., 1997). If this is true, the neuronal substrates that
have completed synapse formation before 8 weeks of
age should show a positive response.

To test this hypothesis, we assessed the time-course
of a stimulus-related BOLD signal change in the lateral
geniculate nucleus (LGN) and primary visual cortex
(V1). The LGN is an ideal ‘control,” because it is the
principal thalamic visual relay center linking the retina
and the striate cortex, and its synaptogenesis is com-
pleted during the prenatal period (Wolff, 1981; Wad-

Table 1
Age and high-risk conditions”

hwa et al.. 1988; Khan et al., 1994). On the MRI, the
stimulus-related signal increase in the LGN of adults
(Biichel et al., 1997; Chen et al., 1998) is weaker than
that of the VI, probably because of its small size (~ 5
mm). Therefore, we first located the LGN from its
anatomical characteristics on a high-resolution struc-
tural MRI. This was followed by time-course analysis
of the BOLD signal in the LGN and VI.

2. Subjects and methods
2.1. Subjects

We retrospectively reviewed the MRIs of 26 infants,
aged <1 year, whose prenatal exposure to high-risk
conditions warranted MRI screening for possible brain
damage. These subjects were involved in the fMRI
protocol described by Yamada et al. (1997). The
present data were obtained from February 1998 to
February 1999, and therefore were not included in the
carlier study (Yamada et al., 1997). Ten of the 26 MRIs
were excluded because five showed anatomical abnor-
malities, and five others failed to detect the LGN due to
technical difficulties. The remaining MRIs of 16 infants
were analyzed. The infants’ ages and high-risk condi-
tions arc summarized in Table 1. Follow-up revealed
normal development. The Ethical Committee of Fukui
Medical University approved the protocol. and written
informed consent for the study was obtained from the
infants’ parents before the examination.

The experimental setup has been described by Ya-
mada et al. (1997). In brief, the infants were sedated
with pentobabital 3-5 mg/kg injected intravenously.
The peripheral pulse rate and respiratory rate were

Subject  Sex  Gestational age at birth (days) Corrected age (days) Chronological age (days) Diagnosis

1 M 238 31 73 IRDS

2 M 215 33 98 IRDS

3 M 255 39 64 IUGR

4 F 201 42 121 IRDS

5 F 270 45 55 Developmental delay
6 M 217 53 116 IRDS

7 F 196 55 139 IRDS

8 F 278 57 39 ?CRS

9 F 280 94 94 IRDS

10 F 196 109 193 Premature (1152 g)

1 M 215 127 192 Premature (1410 g)
12 M 194 153 239 IRDS

13 M 272 178 186 ?Congenital anomaly
14 M 216 273 337 IRDS

15 F 279 275 276 ?Developmental delay
16 M 280 361

361 Asphyxia and hypoglycemia at birth

“* Gestational age at birth was calculated from the mother’s lust menstrual period. Abbreviations: CRS. congenital rubella syndrome: IRDS,
idiopathic respiratory distress syndrome: IUGR, intrauterine growth retardation.
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monitored, and the infants were closely observed in the
MRI unit. Their eyes were closed throughout the exam-
ination. A scanning session consisted of two rest peri-
ods and two stimulus periods, each 30 s long, with rest
and stimulus alternating. An on-off cycle of 60 s was
chosen to maximize the induced signal amplitude and
to obtain a stable plateau of signal enhancement by the
stimulus (Sadato et al., 1998). During the stimulus
period, 8-Hz flickering light was projected onto the
sedated infant’s eyelids. During the rest period, the
flickering light was turned off. The session was repeated
twice. A time-course series of 42 volumes was acquired
with a T2*-weighted, gradient echo echo-planar se-
quences with a 1.5 Tesla Signa Horizon MRI system
(General Electric, Milwaukee, WI, USA) equipped with
a standard birdcage coil. Each volume consisted of 12
contiguous horizontal slices 6-7 mm thick, including
the calcarine fissure. The time interval between two
successive acquisitions of the same slice (TR) was 3000
ms, and, hence, ten volumes were obtained in each rest
and stimulus period. Echo time (TE) was 50 ms, and
flip angle 90°. The field of view was 22 cm, and matrix
size was 64 x 64, giving voxel dimensions of 3.4 x
3.4 x 6-7 mm. Soon after the acquisition of all func-
tional images was completed, structural T1-weighted
images were collected in planes identical to the func-
tional imaging slice (TR of 350 ms, TE of 15 ms, matrix
size of 256 x 256, voxel dimensions of 0.86 x 0.86 x 6—
7 mm). All infants, sedated with pentobarbital, were
confirmed no to move during the entire examination.
And hence we assumed that both structural MRI and
fMRI were obtained at exactly the same location.

2.2. Image and statistical analysis

The first two volumes of each fMRI scan were dis-
carded because magnetization was unsteady, and the
remaining 40 volumes were used for the analysis. The
images from each subject were realigned with the last
image as a reference by means of SPM96 software
(Friston et al., 1995a) (Wellcome Department of Cogni-
tive Neurology, London, UK) implemented in Matlab
(Mathworks, Inc., Sherborn, MA, USA). Because the
last functional image was obtained just before the struc-
tural image, these two images are considered to be
collected in the same position. After the realignment,
two-dimensional spatial smoothing with a Gaussian
kernel of 4 x4 mm was applied to each slice. Mean
signal changes over the whole brain were removed by
proportional scaling.

Due to poor myelination of infants’ brain, structural
MRI of infants provides poor contrast between the
gray and white matter (Barkovich, et al. 1988), and
hence direct visualization of the LGN is difficult. De-
spite of that, the T1-weighted structural MRI of infants
can provide anatomical landmarks for identifying the

LGN described by Horton et al. (1990). The LGN is
found inferior to the lateral part of the posterior side of
the pulvinar, and corresponds to the lateral portion of
the ambient cistern (Horton et al., 1990). Because the
horizontal section that crosses the superior colliculi and
ambient cisterns includes the LGN (Horton et al.,
1990), we first selected the appropriate transaxial slice
of the structural MRI, and identified the LGN as an
area capping the tip of the lateral recess of the ambient
cistern (Fig. 1). Following the anatomical definition,
the regions of interest (ROIs) of one pixel (3.4 x 3.4
mm) were placed on the LGN of both hemispheres. To
confirm the feasibility of ROI on the LGN, we placed
the 3 x 3 matrix of voxels around the voxel defined as
the LGN, and calculated the stimulus-related increase
of the BOLD signals. In all subjects, the center of the
3 x 3 matrix showed the maximal % increase of the
signal intensity, and hence it may mainly represent the
neural activity of the LGN.

Because the activation and deactivation patterns of
the V1 elicited by a photic stimulus in infants varies
anatomically, and, in particular, are distributed more
anteriorly than in adults (Yamada et al., 1997; Born et
al.,, 1998), we defined the ROI functionally. We as-
sumed that the focus with the most significant stimulus-
related signal change close to the calcarine sulcus
represented the V1 of each subject. To locate the focus,
we calculated the significance of the stimulus-related
signal change on a voxel-by-voxel basis over the entire
brain, using SPM99b software (Friston et al., 1994,
1995a,b). The general linear model was constructed
with a stimulus-locked delayed box-car function (delay
time, 6 s) as the effect of interest, and the low-frequency
changes (by use of the discrete cosine basis function,
with a cut-off period of 120 s) as the confound effect.
On the assumption that the temporal autocorrelation
was dominated by the hemodynamic response to neu-
ronal activation, the time series data were smoothed
with a Gaussian kernel of /8 s to enhance the signal
relative to noise and to minimize bias in the estimate of
error variance (Friston et al., 1994, 1995b; Worsley and
Friston, 1995).

The question was whether the time series data co-
varied with the stimulus-locked delayed box-car func-
tion, and with statistical significance set at P <0.05,
corrected for multiple comparisons (Friston et al.,
1995a), a statistical parametric map of the ¢ statistic,
SPM{s} was constituted and superimposed on the
structural MRI of each infant. We determined that the
voxel of the local maximum in the SPM{¢} was located
near the bank of the calcarine fissure bilaterally, and a
ROI of 6.8 x 6.8 mm was placed on the local maximum
point in each hemisphere (Fig. 1).

The time series of raw BOLD signals of the ROIs on
the LGN and V1 obtained from the coregistered T2*-
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Fig. 1. Anatomical localization of the LGN and the VI with T2-weighted sagittal view (top image) and Tl-weighted transaxial view (bottom
images) on the structural MR from subject 1 aged 31 days (corrected) who showed positive signal response in the VI, (A) Transaxial view of the
superior colliculus (arrow) and the ambient cistern (arrowhead). These structures, on which single-voxel ROIs (white squares) were placed, are the
landmarks for identifying the LGN. (B) Transaxial view of the VI, parallel to and 7 mm above the superior colliculus. View on the right shows
the statistical parametric map of the ¢ statistic (SPM{r}) for comparison of the adjusted mean signal change in response to the photic stimulus
versus that of the rest period superimposed on the MRI; the level of statistical significance is £ < 0.05 (corrected). Note the anterior location of
the activation pattern. The local maximum of the 1 statistic was localized. and four-voxel ROIs (white squares) were placed on each hemisphere

(B. middle).

weighted echo planar images were analyzed with in-
house software written by Matlab. Statistical analysis
of the stimulus-related activation of the LGN and VI
was performed with a general linear model (Friston et
al., 1994) similar to that based on SPM99b. described
carlier. The time series data were smoothed with a
Gaussian kernel of \/8 s. The general linear model
(Friston et al. 1994, 1995a.b) was constructed with the
stimulus-locked delayed box-car function (delay time, 6
s) as the effect of interest, and the low-frequency
changes (by use of a discrete cosine basis function with
a cut-off period of 120 s) as the confound effect. Again,
the question was whether the time series data covaried
with the stimulus-locked delayed box-car function, and
with statistical significance set at P < 0.05, the adjusted
signals were obtained by removing the confound effect
from the raw BOLD signals.

As in the previous study (Yamada et al., 1997), the
subjects were divided into two age groups: younger
(<60 days of age, n = 8) and older ( > 60 days of age.
n=238). The time course of the signal intensity from each
ROI of each subject was converted to a percentage of
signal change relative to the mean rest period signal,
which was obtained by averaging the last eight time
points of the two ten time-point rest periods of each
session. The converted time courses were further aver-
aged across two ROIs and two sessions for the VI and
LGN of each subject. The last eight time points of the
ten time-point activation periods of the averaged time
course of the percentage of signal change in the VI
were averaged to calculate the averaged stimulus-re-
lated percentage of signal change for each subject,
allowing for random effect analysis. Similarly, the aver-
aged percentage of signal change was calculated for the
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LGN. In each age group, the statistical significance of
the averaged stimulus-related percentage of signal
change was evaluated by a two-tailed one-sample  test.
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Fig. 2. Time courses of adjusted signal changes within each age group
for the LGN and V1. The mean values at each scanning time point
were obtained for the younger group (open symbols) and the older
group (closed symbols), and were plotted the number of scan of 3-s
interval. Error bars indicate the standard deviation (n=8). Large
rectangles represent the period of photic stimulation.

** *kk
2_

T

&
e 1- * *
g
[3] I__':"
® 0 i
5 LGN Vi
[
R -1
< 60 days
2- B > 60 days

Fig. 3. Stimulus-related signal change (%) in the LGN and V1 of the
younger group (age < 60 days, open bar, n = 8) and the older group
(age > 60 day s, closed bar, n=38). The change in the LGN was
positive in both groups (*P < 0.0001, two-tailed one-sample ¢ test),
but in the V1 was positive in the younger group (**P = 0.0005) and
negative in the older group (***P =0.001).

3. Results

Age-related differences in the time course of the
percentage of stimulus-related signal changes in the
LGN and V1 are shown in Fig. 2. As shown in Fig. 3,
the percentage of stimulus-related signal change in the
LGN was positive regardless of the infants’ age
(younger group: 0.39 +0.11%, #(7) =9.81, P <0.0001;
older group: 0.37 £ 0.09%, #(7) = 11.78, P <0.0001). In
the VI, however, the percentage of signal change was
positive in infants younger than 60 days (1.09 £ 0.51%,
1(7) =6.11, P=0.0005), but negative in older infants
(—0.83 + 0.44%, 1(7) =5.38, P=0.001).

4. Discussion

We have shown that the time courses of the stimulus-
related BOLD signal change in the V1 and LGN are
different. As these structures are on the same visual
pathway, it is conceivable that the neuronal activation
of both increases during the stimulus. Hence, the differ-
ence in the time course can be attributed to a difference
in the developmental course of these structures.

4.1. Primary visual cortex

Present study and previous report by Yamada et al.
(1997) have shown that the V1 responses to the photic
stimulation depends on the age corrected for gensta-
tional period. The signal response abruptly reversed
from positive to negative at 8 weeks old, whereas
marked overlap was noted if chronological age was
adopted. This is due to the fact that subjects with
perinatal risks which warranted the screening for MRI
examination tended to be prematurely delivered, and
hence chronological age usually surpasses the corrected
age. This overlap suggests that the abrupt reversal of
signal response reflects developmental processes which
are not dependent of the period of visual exposure.
Previous studies by Martin et al. (1999) and Born et al.
(1998) adopted chronological age. Martin et al. (1999)
included 58 subjects, describing a tendency of more
frequent distribution of positive responses in younger
age ( <4 months) than in elder groups, although it did
not reach statistical significance. If corrected age had
been applied, their results might have been different.
Born et al. (1998) reported a study with smaller in size
(n=11), in which they did not observe positive re-
sponse in the V1 in 11 subjects, four of them were
younger than 6 weeks.

The V1, located mainly in the anterior portion of the
calcarine suicus, showed a stimulus-related signal de-
crease in infants older than 60 days of age and an
increase in younger infants. This is concordant with the
findings of other studies (Born et al., 1996; Yamada et
al., 1997; Born et al., 1998; Martin et al., 1999). The
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anterior activation may be partly due to an effect of the
stimulus. Directing the photic stimulus to the subjects’
eyelids would provide no spatial contrast, which may
have caused greater activation in the peripheral retina
than in the fovea and, thus, more anterior activation in
the calcarine sulcus (Born et al., 1998).

Considering that the underlying mechanism of fMRI
is the blood oxygenation level-dependent contrast aris-
ing from the paramagnetic property of deoxy-
hemoglobin (Ogawa et al., 1990), the stimulus-related
decrease in the BOLD signal in the V1 of older infants
is probably due to increased deoxyhemoglobin. The
reversal of the stimulus-related MRI signal change may
be explained by the dynamic morphological and
metabolic changes of the V1 in early life. The VI shows
an exponential increase of synaptogenesis in the pre-
and postnatal developmental periods both in nonhu-
man primates (Bourgeois and Rakic, 1993) and in
humans (Huttenlocher et al., 1982). Positron emission
tomography (PET) with ''C-labeled glucose showed
that cerebral glucose transport, as well as the glucose
metabolic rate, is reduced in preterm human infants
(Powers et al., 1998). PET with ['®F]fluorodeoxyglucose
showed that the regional cerebral metabolic rate of
glucose (rCMRGlc) of the whole brain correlates with
postconceptional age up to 6 months (Kinnala et al.,
1996). In infants 2 months of age and younger, CMR-
Glc is highest in the sensorimotor cortex, thalamus, and
brain stem. By 3-5 months of age, CMRGlc has in-
creased in the occipital cortex, as well as the frontal,
parietal, temporal, and cerebellar cortical regions
(Chugani and Phelps, 1986; Kinnala et al., 1996). As
the rCMRGlc reflects synaptic activity (Raichle, 1987),
an increase of CMRGlc in the visual cortex is compat-
ible with the rapid synaptogenesis starting from the
second month of age (Huttenlocher et al., 1982). The
oxygen consumption of newborn humans is smaller
than that of adults (Altman et al., 1993; Takahashi et
al., 1999). PET with 'SO-labeled gas showed that the
cerebral metabolic rate of oxygen (CMRO,) in new-
borns who have minimal or no detectable brain injury
is considerably below the threshold for brain viability in
adults (Altman et al., 1993). This may indicate that the
energy requirements of the fetal and newborn brain are
minimal or can be met by nonoxidative metabolism.
The rapid rise of CMRO, occurring from 1 to 3 years
of age (Takahashi et al., 1999) suggests the develop-
mental ‘uncoupling’ of glucose and oxygen metabolism,
although studies simultaneously measuring the
metabolism of glucose and oxygen in human infants are
lacking.

Dynamic metabolic changes in the VI in early life
may explain the age-related reversal of the MRI signal.
Because of rapid synapse formation, stimulus-related
synaptic activity requires a larger amount of oxygen
extraction than can be compensated by the rise in

oxygen delivery from increased rCBF and cerebral
blood volume. The resulting increase in deoxy-
hemoglobin concentration may cause reversal of the
MRI signal (Yamada et al., 1997).

4.2. Lateral geniculate nucleus

In adults, the stimulus-related signal in the LGN is
positive through the first year, with smaller incremental
increases, compared with the V1 (Biichel et al., 1997;
Chen et al., 1998). Unlike the V1, the LGN has com-
pleted the major portion of its developmental changes
before birth. Most of the morphological and physiolog-
ical changes in the LGN of prenatal humans are ob-
served in the middle of the gestational period. At age
15-20 weeks there is a volumetric spurt (Khan et al.,
1994). At 16-17 weeks, the number of optic axons from
the retina to the LGN reaches a peak (Provis et al.,
1985), and is accompanied by accelerated synaptogene-
sis in the LGN (Khan et al., 1994). At 17 weeks there
is also a rapid increase in the gamma-aminobutyric acid
(GABA) immunoreactive neuron (Wadhwa et al.,
1988), which is a promoter of synaptogenesis (Wolff,
1981). Thereafter, the number of the axons decreases
rapidly (Provis et al., 1985). In the later gestational
period, the developmental change becomes stable, and
by birth the morphological characteristics of the LGN
resemble those of adults (Hitchcock and Hickey, 1980;
Garey and de Courten, 1983; Provis et al., 1985; Khan
et al., 1994). There are few reports on the developmen-
tal change in synapses in the LGN of humans during
the postnatal period. After birth, the number of
synapses in the LGN of the rhesus monkey does not
exceed the birth level (Holstein et al., 1985). Consider-
ing that the LGN of both the rhesus monkey and the
human shares similar morphological characteristics
(Garey and de Courten, 1983) and developmental
courses (Hitchcock and Hickey, 1980), the major por-
tion of developmental change in the LGN of humans is
likely to be complete before birth. Actually, in the
rhesus monkey, neuronal projections from the two eyes
become fully separated in the LGN subserving ocular
dominance, but are only partially separated in the
primary visual cortex 3 weeks before birth (Rakic,
1976). A positive stimulus-related signal change in the
LGN through the first year, which is similar to the
adult pattern, may reflect completion of maturation.
This may explain relatively smaller variance of the
stimulus related signal change in LGN than that of V1
(Fig. 3). Because of the dynamic synaptogenesis in V1
during early in life, stimulus related signal change in the
V1 may vary across subjects within each early and late
group. On the other hand, the synaptogenesis in the
LGN has been already been completed. And hence its
stimulus-related signal change varies less than that of
VI.



T. Morita et al. / Neuroscience Research 38 (2000) 63-70 69

4.3. Effect of sedation

Previous study by Martin et al. (1999) adopted three
different regimens of sedation with different suppressive
effects, which did show significant effect on the fre-
quency distribution of positive/negative responses in the
V1 of neonates. And hence the sedation is a confound-
ing factor which should be controlled. Born et al.
(1998) did not control the sedation effect: they treated
nine subjects older than 4 weeks with chloral hydrate
whereas two subjects younger than 6 days without
sedation. Considering these previous results, present
study adopted the identical regimen of sedation for all
subjects with pentobarbital. Barbiturates act through
the central nervous system, and nonanesthetic doses
preferentially suppress polysynaptic responses. Facilita-
tion is diminished, and inhibition is usually enhanced.
The site of inhibition is postsynaptic in cortical cells
and in the thalamic relay neurons. Enhancement of
inhibition occurs primarily at synapses where neuro-
transmission is mediated by GABA acting at GABA ,
receptors (Hobbs et al., 1995). Hence, the effects of
sedation on neural activity in the V1 and LGN are
presumably similar. Furthermore, the protocol for
sedation with pentobarbital was identical in all infants.
For these reasons, the effect of sedation on the reversal
of the BOLD signal would be minimal.

In conclusion, our results support the hypothesis that
an abrupt change in the stimulus-related BOLD signal
from positive to negative with aging in early life reflects
an increased demand for oxygen owing to rapid
synaptogenesis.
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