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healthy infants. Using 2-deoxy-2[18F]-fluoro-D-glucose PET,
Chugani and Phelps (3) has demonstrated a correlation between glucose utilization and behavioral and neurophysiological maturation. In newborns, glucose uptake is highest in the
sensorimotor cortex, with generally low functional activity
over most of the remaining cerebral cortex. During the second
and third months, glucose uptake begins to increase in the
parietal, temporal and primary visual cortices. This coincides
with improvements in motor and visual skills at this age (4,5),
as well as with changes in the EEG response to stimuli (6).
Glucose uptake has increased in the lateral inferior frontal
cortex by 6 – 8 mo, and by 12 mo in the dorsal and medial
frontal cortex. At the same time, infants show improved
cognitive and behavioral performance. By approximately 1 y
of age, the pattern of glucose utilization in an infant resembles
that of an adult (7). Other investigators have noted similar
developmental changes in CBF using PET H2 15O (8) and
iodine-123 iodoamphetamine SPECT (9). The progression of
myelination with age observed in a small number of infants
undergoing MRI for clinical reasons has been described qualitatively (10,11). Regional myelination changes correlate with
glucose uptake and increases in CBF (12). The exact cause of
the higher blood flow observed in myelinating and myelinated
brain regions is not known. However, increases in blood flow
and glucose metabolism occur at about the same time, suggesting either higher energy demand during myelination or,
more likely, increased cerebral activity in the myelinating
regions.
Increases in capillary density support increases in blood
flow, resulting in increased blood volume. Furthermore, such
increases occur with and may slightly precede increases in
glucose metabolism. NIRS provides bedside monitoring of
cerebral blood volume and an alternative measure of cerebral
metabolism: oxygen consumption. The method is rapid, portable, and noninvasive. More importantly, it is absolutely safe
because it uses nonionizing radiation and deposits less energy
than a cerebral ultrasound. Ethically, therefore, NIRS can be

ABSTRACT: This is the first report to demonstrate quantitative
monitoring of infant brain development with frequency-domain nearinfrared spectroscopy (FD-NIRS). Regionally specific increases in
blood volume and oxygen consumption were measured in healthy
infants during their first year. The results agree with prior PET and
SPECT reports; but, unlike these methods, FD-NIRS is portable and
uses nonionizing radiation. Further, new information includes the
relatively constant tissue oxygenation with age and location, suggesting a tight control between local oxygen delivery and consumption in
healthy infants during brain development. FD-NIRS could become
the preferred clinical tool for quantitatively assessing infant brain
development. (Pediatr Res 61: 1–3, 2007)

T

he rate of growth and development in the first year of life
is unmatched at any other time during postnatal development (1). However, with rapid growth comes increased vulnerability to disorders arising from genetic defects, gene
expression, and environmental exposures. Injuries or abnormal gene expressions occurring early in life are expected to
have profound effects on neuronal organization and integrated
neuronal activity as many axono-dendritic connections are
formed and the majority of myelination occurs in the first year
(2). Despite the high vulnerability in the first year, there are
very few tools available for assessment of brain health and
current clinical exams are notoriously insensitive. To better
understand normal developmental trajectories and to distinguish abnormal from normal trajectories at an early time point,
a safe, inexpensive, portable technique for quantitative, reliable monitoring of regional brain development is needed.
Current understandings of regional brain development in
infants derive from PET and SPECT studies, with the inherent
risk of radiation exposure, and from MRI studies, which,
although safe, typically require sedation of infants more than
a few weeks old to prevent movements during the scans. Most
studies conducted with these techniques are in fact performed
for other clinical indications with small populations of un-
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used to study brain development in healthy infants. NIRS was
first applied to the study of neonates in the late 1970s to
mid-1980s (13–15). Widespread adoption of this technology
has been limited, though, by a lack of quantification (16) or by
complexity of the imaging systems (17,18). Recent advances
in technology and development of more sophisticated timeand frequency-domain (FD) systems have increased quantitative accuracy while maintaining simplicity (19,20).
We used a frequency-domain device (Imagent, ISS Inc.,
Champaign, IL), modified to have multiple source wavelengths and multiple detectors at varying distances. This
multi-distance instrument allows us to quantify the optical
properties of the examined tissue while making fewer assumptions than was necessary with previous systems (14,16). By
simply holding the optical probe on an infant’s head for few
seconds, one can quantify regional tissue StO2, HbT, and
CBV, and provide estimates of relative changes in the
CMRO2. We measured six brain regions on 47 healthy infants
and determined regional vascular and metabolic changes during development.
METHODS
Population and protocol. We recruited 47 healthy infants
ranging in age from premature to 12 mo of age. Thirty were
males; the average gestational age (GA) at birth was 37.9 wk
(27.0 – 41.5 wk GA). Twenty-eight normal infants, age 20 –50
wk, were recruited in Texas (Department of Psychology,
Texas A&M University). Eleven normal infants (i.e. carried to
term) were recruited from the Well Baby Nursery at the
Massachusetts General Hospital (MGH). Eight healthy preterm infants were recruited from the NICU or Step-Down Unit
at the MGH. Preterm infants were considered normal if they
had a normal head ultrasound, low risk for cerebral injury, no
lung disease on the day of measurement, and normal blood
gases and hematocrit values. Two infants were measured
twice. Measurements for two infants were discarded because
of poor data quality. Furthermore, we measured one healthy
term infant multiple times from birth to 11 mo of age. The data
from this infant are reported separately to demonstrate the
statistical advantage of a longitudinal study. Informed consent
was obtained from all parents. The protocol was approved by
the local institutional review boards.
The protocol consisted of positioning the probe on six
different regions of the head (left and right temporal, left and
right parietal, frontal and occipital cortices) and holding it in
place for 8 s of data acquisition (Fig. 1). In 60% of the infants
we acquired data on the six positions more than once during

Figure 1. (a) Probe positions and (b) measurement of an infant.

the same measurement session to evaluate reproducibility. In
these cases, we repositioned the probe in nearby positions to
ensure that local inhomogeneities such as hair and superficial
large vessels were not affecting the measurement, and that the
measurement was representative of the underlying brain region. Repositioning the probe in neighboring locations but not
in the exact location is the main reason we obtained larger
reproducibility errors than have been previously published
with NIRS (20), and this is due to the heterogeneity of the
tissue, not to instrumental limits.
Instrument. We used a customized commercial frequencydomain oximeter (Imagent, ISS Inc.) with 32 laser sources and
4 photomultiplier tube detectors. The instrument is quite
compact and can be moved on a small cart, for example, to the
infant’s bedside in the hospital. The sources are modulated at
110 MHz; the detectors at 110 MHz plus 5 kHz to achieve
heterodyne detection. The lasers are rapidly multiplexed (10
ms) in sequence, so only one source is on at any given time,
allowing separation by software on the detector side. The light
power emitted by the lasers at the fiber end is ⬍1 mW in a 5
mm2 area, well below the ANSI standard limits, allowing safe
measurements. For these measurements we used seven lasers
(emitting at 670, 690, 750, 760, 780, 810, and 830 nm)
combined in a source fiber bundle, and four detectors coupled
to four fiber bundles. The optical fibers were arranged in a row
in a flexible black rubber probe (5 ⫻ 2 ⫻ 0.5 cm3) with
source-detector distances of 1, 1.5, 2, and 2.5 cm. Multiple
distances are necessary to quantify absorption and scattering
coefficients with this system (21).
These source-detector separations are adequate for the population investigated (22,23). Larger separations would make
the probe too large for premature, newborn babies, and for
some locations in older children. We try to avoid bending the
probe, which increases the error in the effective sourcedetector separations and affects calculation of optical properties. To confirm that the source-detector distances were sufficient for the photons to reach the brain cortex, we performed
functional tests in the parietal and occipital regions in a
2-mo-old and a 4-mo-old infant; we obtained evoked hemodynamic responses at all distances (data not shown here).
Nevertheless, we observed that in older children (2 mo or
older) the values of the ac for the first source-detector separation were not always in line with the other three distances,
probably because of the larger head size and more optically
dense bone reducing the brain sensitivity of the 1 cm measurement. Similarly, in premature babies and in some head
positions in older children, the fourth distance was not in line
with the other three, because of poor contact resulting from the
larger curvature in smaller heads. In these cases, we excluded
one distance from the data analysis.
Data analysis. Absorption and reduced scattering coefficients at each wavelength were calculated from the amplitude
(root mean squared ac) and phase data using the multidistance frequency-domain method (21). Because we separate
absorption and scattering there is no need to assume a pathlength factor at each wavelength as is done with CW systems.
Hb concentration and oxygenation were derived by fitting the
absorption coefficient at seven wavelengths, with the Hb
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spectra using extinction coefficients reported in the literature
(24). For this we developed a graphical interface program
(GUI) implemented in MATLAB (The Mathworks, Inc.,
Natick, MA) with a quick visual display of the results (the
program is available for free download at http://www.
nmr.mgh.harvard.edu/DOT/resources/FDMDGUI/).
Cerebral blood volume was calculated using the following
equation (19):
共HbT ⫻ MWHb兲
CBV ⫽
HGB ⫻ Dbt
CBV is in units of mL/100g, MWHb ⫽ 64,500 [g/Mol] is the
molecular weight of Hb and Dbt is the brain tissue density
(1.05 g/mL) (1). HGB is the Hb concentration in the blood
(g/dL). Measurements of HGB and hematocrit were available
only for premature babies and two newborns. For the other
infants we used standard normal values for HGB as a function
of age, taken from the literature (25). While this increases
variance in the population estimates, the variance is small
when applied to the healthy subject.
We also calculated changes with age in the cerebral metabolic rate of oxygen. The ⌬CMRO2 calculation is based on the
relation
HGB · CBF · 共SaO2 ⫺ SO2兲
CMRO2 ⫽
MWhb
where CBF ⫽ cerebral blood flow and SaO2 ⫽ arterial and
SvO2 ⫽ venous Hb oxygenation. Since we did not make direct
measurements of CBF and SvO2, we worked from the assumption that

StO2 ⫽ aSaO2 ⫹ bSvO2
with a ⫹ b ⫽ 1 and b constant with age (26). Next, we
assumed a constant power law relation between changes in
blood flow and blood volume with age

CBF ⁄ CBF ⫽ 共CBV ⁄ CBVO兲␤
with 2 ⱕ ␤ ⱕ 3 (27,28) and the subscript o indicating the
initial measure. Finally, we obtain

⌬CMRO2 ⫽

冉 冊冉

CBV
CMRO2
HGB
⫽
·
CMRO2o HGBO CBVO

␤

·

SaO2 ⫺ StO2
SaO2o ⫺ StO2o

冊

Uncertainties in physiologic parameters. To quantify HbT,
CBV, and ⌬CMRO2, we assume known values for molecular
weight of Hb, brain tissue density, Hb extension coefficients,
and water concentration.
Molecular weight of Hb values reported in the literature
varies between 62,000 and 65,000 D. In our calculations we
used 64,500 D, which if inaccurate will result in a systematic
error and influence the results all in the same way. More
importantly, MW Hb doesn’t change with age and is the same
for fetal and adult Hb (29).
The brain tissue density Dbt we used, 1.03 g/mL, is for adult
brain, historically the value used also in the analysis of fetal
specimens (1).
With the wavelengths used it is not possible to estimate
water concentration, and we cannot add a wavelength closer to
the water absorption peak (980 nm) because our detectors’
sensitivity is effectively zero beyond 850 nm. We therefore

assumed a water concentration of 75% (30). Although the
water concentration is higher in neonatal brains, it rapidly decreases over the first year as myelination occurs. Since variations
of 10% in water concentration cause errors in HbT and StO2 of
no larger than 3% and 2%, respectively, we elected to use the
adult value instead of estimating water concentration at each age.
For Hb absorption we used the extinction coefficient of adult
Hb found in the literature (24). We compared the published
spectra of adult and fetal Hb (31) and saw no significant differences in the spectral range used.
Some NIRS groups use a cerebral to large vessel hematocrit
ratio of 0.69 to correct for the fact the hematocrit in small
vessels is lower than the hematocrit measured in large vessels
with a blood test (32). We decided not to use this factor
because values in adults reported in the literature vary from
0.69 (33) to 0.88 (34) and because it has never been measured
in infants and may vary with age. Adding this 0.69 factor
would increase CBV to 2.9 mL/100g in premature babies and
5.5 mL/100 g in 10 –12-mo-old babies.
Data selection. Importantly, our FD-NIRS instrument employs seven instead of the typical two wavelengths necessary
to quantify Hb properties. The redundancy offered by more
wavelengths allows us to assess the quality of the measurements and objectively discard poor datasets, increasing the
accuracy of our measures and decreasing contamination from
noise. Poor quality data often arises from improper probe
contact, hair obscuring the optical fibers, and laser light
reaching the detectors without traversing through the tissue.
We discarded all data with R 2 ⬍ 0.97 for the model fit of the
raw optical data, p values ⬎0.05 for the Hb spectral fit of the
seven measured absorption coefficients, or p values ⬎0.1 for
the linear fit of the reduced scattering coefficients versus
wavelength.
This ad hoc data rejection criteria enabled us to remove all
data that qualitatively appeared corrupted by measurement
noise. Further studies are required to determine whether these
criteria will become standardized in the processing stream.
Presently, these criteria allowed us to assess the quality of the
measurements systematically, to report our methodology objectively, and to reduce the variance in our results.

RESULTS
Figure 2 shows the rates of growth per week from birth to
1 y of age for HbT, CBV, and StO2 measured across all
babies; Figure 3 shows the measurements in the frontal region
with the linear fits for this and other age ranges. The average
rate of increase in HbT from birth to 1 y of age is 0.5 M per
week, and for CBV 0.036 mL/100 g per week. On average,
HbT increases 50% and CBV 84% between 0 and 50 wk. In
contrast, the average rate of StO2 increase is not significant in
all brain regions, with only 2% change between 0 and 50 wk.
On average StO2 is 64% (⫾5% SD) across all brain regions
and ages. Sorting the infants by corrected gestational age
(cGA) instead of chronological age yields slightly weaker
linear correlations for CBV, but slightly stronger correlations
for HbT.
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Figure 3. From top to bottom: HbT, CBV, and StO2 as a function of age
measured in the frontal region in all infants. The straight lines are the linear
regressions from 0 to 6 wk, 12 to 50 wk, and 0 to 50 wk. The empty circles
correspond to premature babies. The cyan circles are the results for a baby
measured longitudinally 20 times from 0 to 11 mo. Y and R 2 for each
regression line are reported on the graphs with the same color as the
regression line.

arrows, p ⬍ 0.05). Figure 4 also shows the smaller variations
of StO2 with age in all brain regions, despite the large
increases in HbT and CBV.
Finally, we measured one normal full-term baby 20 times
over the course of the infant’s first 11 mo. The longitudinal
measurements of HbT, CBV, and StO2 in the infant’s frontal
region (cyan circles/lines in Fig. 3) are within measurement
error of the results from the cross-sectional analysis.
Figure 2. Linear per week changes in HbT (top), CBV (middle), and StO2
(bottom) from 0 to 50 wk in six brain regions. *p ⬍ 0.05. The error bars are SD.
The numbers of subjects for the six locations are: 35, 35, 38, 43, 38, and 39.

We divided the data into two age intervals (0 – 6 wk and
12–50 wk) corresponding to two different hemodynamic behaviors. From 0 to 6 wk we observed a significant decrease in
HbT and StO2 with CBV relatively constant in all regions
measured. From 12 to 50 wk, we found statistically significant
increases in HbT, CBV, and StO2 with age for most cortical
regions (p ⬍ 0.05). Figure 3 shows the linear regressions for
the two age intervals measured in the frontal region. Using the
measured values for the change in CBV, SaO2, and StO2 when
statistically significant (p ⬍ 0.05), and assuming a constant
flow/volume relationship, we calculated regional CMRO2
changes from 0 to 6 wk and from 12 to 50 wk. Table 1
summarizes the lack of change in CBV and CMRO2 from 0 to
6 wk and the increase in CMRO2 from 12 to 50 wk in the brain
regions measured.
Grouping by region and across six target age groups [premature (⬍36 wk cGA), 0 –2.5, 2.5–5, 5– 6.5, 8 –9.5, and
9.5–12 mo of age) identified regional variations in the timing
of the HbT and CBV increases (see Fig. 4, magenta vertical

DISCUSSION
Our results for HbT, CBV, and StO2 in newborns agree with
values reported in recent publications using frequency- and
time-resolved systems (19,20). We extend the measurements
to older infants and show that FD-NIRS provides quantitative
measures of regional brain development by resolving regionspecific changes in HbT, CBV, and StO2 over the first year
of life.
The measurements reported here demonstrate that it is not
necessary to leave the probe in place for long periods of time,
or to carefully reposition the probe on the exact location on the
head; repeating measurement at few-minute intervals produced consistent results. By designing our system and protocol to provide abundant redundancy of data we can use
systematic criteria to retain only the highest quality data sets
to produce more accurate measures. The reproducibility of the
measurements is within 5%, and the variability between sameage subjects for all parameters is smaller than the general
variation across ages. Thus, the methodology can be easily
used to learn more about brain development in healthy infants
and, significantly, has potential for identifying where and at
what rate deviations from normal development occur.
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Table 1. HbT, CBV, and StO

2

at 0 and 6 wk, and 12 and 50 wk in six brain regions; CMRO2 changes and p values for the regressions
are also reported

1 wk HGB ⫽ 17.3 g/dL
HbT0 (M)
fr
oc
lt
lp
rt
rp
avg

53
51
51
49
50
55
52

CBV0 (mL/100 g)
2.0
2.1
1.9
1.8
1.9
2.1
2.0

6 wk HGB ⫽ 12 g/dL
StO20 (%)
66
64
68
66
68
67
67

HbT (M)
36
49
26
38
37
32
33

12 wk HGB ⫽ 11.5 g/dL
fr
oc
lt
lp
rt
rp

HbT0 (M)
54
64
44
53
53
51

CBV0 (mL/100g)
2.9
3.5
2.4
2.9
2.9
2.8

CBV (mL/100 g)
2.4
2.9
1.8
2.2
2.4
2.1
2.2

StO2 (%)
56
63
52
61
59
61
57

⌬CMRO2

p HbT

p CBV

p StO2

0.91
0.72
1.04
0.81
0.89
0.85
0.92

2.E-02
9.E-01
9.E-03
2.E-01
3.E-02
7.E-03

1.E-01
2.E-01
9.E-01
2.E-01
5.E-02
9.E-01

4.E-03
8.E-01
1.E-02
8.E-02
5.E-04
4.E-02

⌬CMRO2
1.28
1.50
1.98
1.21
1.50
1.59

p HbT
1.E-03
3.E-02
2.E-05
2.E-02
2.E-03
7.E-03

p CBV
5.E-03
8.E-02
6.E-05
4.E-02
7.E-03
3.E-02

p StO2
1.E-03
8.E-01
3.E-03
1.E-03
2.E-01
2.E-02

52 wk HGB ⫽ 12 g/dL
StO20 (%)
58
64
59
61
61
61

HbT (M)
73
82
73
70
70
73

CBV (mL/100g)
3.8
4.2
3.7
3.6
3.6
3.8

StO2 (%)
68
65
67
70
65
67

The numbers in bold indicate statistical significance, with p ⬍ 0.05. fr, of, lt, lp, rt, rp.

Both across babies and in the longitudinal study we measured highly statistically significant increases in HbT and
CBV with age for all cortical regions (p ⬍ 2E– 4 and ⬍4E–7,
respectively) corresponding to cerebral vascularization increases from birth to 1 y of age. FD-NIRS allows us to
quantify tissue oxygenation as well as Hb concentration, and
this measurement shows a new finding: StO2 is relatively
constant from birth to 1 y of age (see Figs. 3 and 4). The
relatively minimal change in StO2, despite the marked increases in HbT, CBV, and CMRO2, may indicate that, in
healthy infants, oxygen delivery to different brain regions and
at different ages closely matches the local consumption. This
result agrees with the hypothesis that increases in cerebral
blood volume in different cortical regions occur in parallel and
are tightly coupled with increases in the metabolic demand of
neurons during development (35).
We hypothesize that the decrease in HbT and StO2 from 0
to 6 wk is due to the large (40%) decrease in hematocrit during
the physiologic transition from fetal to adult Hb (25). The fact

Figure 4. CBV and StO2 for six age groups in the six brain regions. Magenta
vertical arrows indicate p ⬍ 0.05. Error bars are standard errors between
infants. The number of infants in each age group is 6, 8, 6, 7, 3, and 8,
respectively.

that these decreases are constant across brain regions and the
lack of change in CBV and CMRO2 (Table 1) support this
hypothesis. The relatively low constant CMRO2 in the first 6
wk agrees with electrophysiological studies showing very low
synaptic activity, SPECT studies showing low cortical blood
flow, and FDG-PET studies showing low cortical glucose
uptake in the first 2 mo (3,9). Thus, the low level of functional
activity in the neonatal period results in minimal oxygen
consumption and requires minimal blood flow. A gradual
increase in basal cerebral artery flow velocity during the first
20 d of life of infants is reported in the literature (36). It is
possible that the increase in blood flow during the initial
postnatal period represents an attempt to maintain appropriate
oxygenation, or flow increases simply because reduced HGB
reduces blood viscosity and resistance, allowing flow to increase under constant pressure. In our measurements, we
found that while the hematocrit and HBT decrease about 40%,
StO2 decreases only 20% from 0 to 6 wk. This smaller
decrease in StO2 is probably due to a blood flow increase.
These measurements seem to indicate that flow and oxygenation are not perfectly coupled in the first weeks of life; further
investigation is needed.
From 12 to 50 wk of age, hematocrit changes are negligible,
with HGB increasing from 11.5 to 12 g/dL. We estimated
CMRO2 increases from 12 to 50 wk to be between 28 and 75%
depending on the region (see Table 1). These increases in
CMRO2 closely follow the measured increases in CBV and
the relatively constant StO2. The CMRO2 increase is consistent with the increase in glucose metabolism observed by
Chugani (3).
Figure 4 shows the regional difference in the timing of CBV
increase. The first region to show a large increase in CBV is
the occipital area. Here, CBV almost doubles in infants from
0 –2.5 to 2.5–5 mo. At the same time, there is an increase in
CBV in the parietal and temporal regions. In contrast, CBV in
the frontal region increases more linearly, until it plateaus
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between 8 and 9.5 mo. These regional differences in the
evolution of CBV reveal the ages at which vasculature develops in different cortical regions. Our results are consistent with
PET studies of glucose uptake (3), EEG studies (6), and
developmental skill acquisition (4,5).
HbT, CBV, and StO2 results for the longitudinal measurements are in agreement with those from the cross-sectional
analysis. The reduced variability in the longitudinal data
suggests that the larger variance observed in the crosssectional data arises from intersubject variability. Similarly, in
the group analysis, we found decreased variance within a
subject at a given age compared with between subjects at the
same age. Thus, performing longitudinal studies can confer
greater statistical power. FD-NIRS is well suited for assessing brain development in at-risk infants using longitudinal
measurements.
The results presented here are compelling and novel. More
measurements are needed to increase the statistical significance of the data and to better define the timing and differentiate changes in all brain regions. Despite the small number
of measurements (47 infants with an age range of 0 –12 mo),
our data reveal highly significant and regionally specific
changes indicating the potential of this technique for investigating normal brain development in infants. The ability to
safely monitor infants for regional cerebral development of
oxygen utilization (CMRO2) and vascularization (CBV) at
bedside may impact both clinical and behavioral brain studies.
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