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A crucial issue in neonatal medicine is the impact of preterm birth
on the developmental trajectory of the brain. Although a growing
number of studies have shown alterations in the structure and
function of the brain in preterm-born infants, we propose a
method to detect subtle differences in neurovascular and meta-
bolic functions in neonates and infants. Functional near-infrared
spectroscopy (fNIRS) was used to obtain time-averaged phase differ-
ences between spontaneous low-frequency (less than 0.1 Hz) oscilla-
tory changes in oxygenated hemoglobin (oxy-Hb) and those in
deoxygenated hemoglobin (deoxy-Hb). This phase difference was re-
ferred to as hemoglobin phase of oxygenation and deoxygenation
(hPod) in the cerebral tissue of sleeping neonates and infants. We
examined hPod in term, late preterm, and early preterm infants with
no evidence of clinical issues and found that all groups of infants
showed developmental changes in the values of hPod from an in-
phase to an antiphase pattern. Comparison of hPod among the
groups revealed that developmental changes in hPod in early preterm
infants precede those in late preterm and term infants at term equiv-
alent age but then, progress at a slower pace. This study suggests
that hPod measured using fNIRS is sensitive to the developmental
stage of the integration of circular, neurovascular, and metabolic
functions in the brains of neonates and infants.
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Birth is a drastic event for the developing brain, because this is
when the oxygen supply switches from the fetal–placental

circulation to an autonomous system. In addition, the extra-
uterine environment begins to provide the neonate with a tre-
mendous flow of stimuli. Earlier exposure to the extrauterine
environment is thought to influence the developmental trajec-
tory of the brain. It has long been known that preterm birth af-
fects brain development and is associated with a higher rate of
neurodevelopmental impairment (1). A growing number of MRI
studies have shown that preterm-born neonates and infants have
brain structures with aberrant volumes, morphologies, and net-
works at term equivalent (2, 3) and school age (4, 5). Studies of
resting-state fMRI have also shown that the functional connec-
tivity of the cortex is different in term and preterm infants (6).
However, it is a matter of controversy whether neonatal MRI of
the brain can predict long-term adverse outcomes, such as minor
neurological dysfunction (7, 8). Given the fact that preterm birth
before 37 wk of gestation accounts for more than 10% of all live
births (9), we need a practical and safe method to detect the
status of brain development in newborns.
The development of the brain involves underlying hemody-

namic and metabolic changes (10). Near-infrared spectroscopy
(NIRS) has been used to measure cerebral blood concentrations of
oxygenated Hb (oxy-Hb) and deoxygenated Hb (deoxy-Hb) at
the bedside and estimate cerebral blood volume, oxygen satu-
ration (SO2), cerebral blood flow (CBF), and cerebral metabolic
rate of oxygen (CMRO2) in neonates (11, 12). Previous studies in
premature infants indicate that SO2 decreases with chronological
age (CA), regardless of gestational age (GA), and that CMRO2
increases with postmenstrual age (PMA). These findings suggest

that circulatory development occurs with increasing CA and that
neural development proceeds with increasing PMA (13, 14).
Although quantitative assessments of CBF and metabolism have
been intensively studied in typically and atypically developing neo-
nates and infants (15), the development of the dynamic properties
of hemodynamics and metabolism remains to be uncovered.
In the mature brain, neural activity induces both regional CBF

and oxygen metabolism (16). The typical hemodynamic response
to neural activation consists of an increase in oxy-Hb and an
almost antiphase decrease in deoxy-Hb. As a method of neuro-
imaging, functional NIRS (fNIRS) has been used to reveal the
hemodynamic response to stimulus-induced cortical activation in
young infants (17–21) and preterm infants (22). fNIRS has also
been used to study the functional connectivity of the cortex using
temporal correlations of spontaneous low-frequency oscillations
(less than 0.1 Hz) of the Hb signals in multiple regions of the
cortex in infants (23–25). Although both oxy- and deoxy-Hb
signal changes represent hemodynamic responses to neural activ-
ity, the relative phase between the oxy- and deoxy-Hb signals re-
flects complex interplay among neurovascular and metabolic
processes (16, 26, 27). Studies of the spontaneous fluctuations of
oxy- and deoxy-Hb in the cortex of sleeping infants have shown the
presence of stable phase differences between oxy- and deoxy-Hb
signals (25, 28). However, limited information is available re-
garding age-dependent changes in Hb phase differences in typi-
cally and atypically developing brains.
According to a model used to relate the tissue concentration

and saturation of Hb to hemodynamic and metabolic processes
(26), in-phase oscillations of oxy- and deoxy-Hb are associated
with changes in total Hb concentration in the blood and partial
blood volume, whereas antiphase oscillations are associated with
changes in SO2 in the blood, the CMRO2, and the speed of CBF.
The superposition of these signals predicts only in-phase or
antiphase patterns of oxy- and deoxy-Hb changes. To predict
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intermediate phase patterns, signals originating from different
types of vasculature, such as arterioles, capillaries, and venules,
have been superimposed (26, 29, 30). Theoretical considerations
of hemodynamic and metabolic processes in different types of
vasculature suggest that phase differences between oxy- and
deoxy-Hb changes provide important information regarding the
structure and function of the neurovascular system.
In this study, we refer to the time-averaged phase differences

between spontaneous oscillatory changes in oxy-Hb and those of
deoxy-Hb as hemoglobin phase of oxygenation and deoxygen-
ation (hPod). It is assumed that hPod is sensitive to the complex
interplay between neurovascular and metabolic changes and
developmental status. We hypothesize that hPod may be used to
detect subtle differences in development between term- and
preterm-born infants without explicit clinical issues. We also
show theoretical considerations for understanding the mecha-
nism of changes in hPod.

Results
An NIRS instrument (ETG-100; Hitachi Medical Corporation)
with 10 measurement channels (five channels in each hemi-
sphere) was used in this study to detect relative concentration
changes in oxy- and deoxy-Hb (millimolar·millimeter) with a 0.1-
s time resolution, from which hPod was calculated (SI Materials
and Methods). When the neonate or infant was in natural sleep in
a dimly lit room, he or she was held by a nurse or measurement
staff. The measurements began after the NIRS probe was placed
around the infant’s head. Data obtained from 100 infants, in-
cluding neonates admitted to the neonatal intensive care unit
(NICU) of the University of Tokyo Hospital, were used for the
final analysis of the study (Materials and Methods, Data Analysis).
The infants were categorized into three groups according to their
GAs at birth: (i) 24 term infants (GA ≥ 37 wk, range: 37–41 wk),
(ii) 32 late preterm infants (34 wk ≤ GA ≤ 36 wk), and (iii) 44
early preterm infants (GA < 34 wk, range: 23–33 wk). To ex-
amine typical development around 2–4 mo of age, data from 59
full-term healthy infants were also analyzed in the study. The
characteristics of the infants are shown in Table S1.
Measurement and analysis times for each group are shown in

Table S2. The measurements lasted ∼7 min in a room at the
NICU for infants in the hospital. They lasted 10 min in an out-
patient care room for infants who were out of the hospital and
the control infants ages 2–4 mo. We detected periods containing
motion artifacts in the oxy- and deoxy-Hb time series data and
excluded them from hPod analysis.
Fig. 1 shows individual hPod values in each measurement. The

value of hPod in individual measurement was calculated as the
vector average of hPod values among the 10 measurement
channels. Fig. 1A presents the hPod values as a function of PMA,
and Fig. 1B presents the same values as a function of CA. Zero
and 2π indicate an in-phase pattern between oxy- and deoxy-
Hb changes, and π indicates an antiphase pattern of changes.
Thus, a value larger than 3/2π indicates a pattern close to an
in-phase one, whereas a value smaller than 3/2π indicates a
pattern close to an antiphase one. Each group’s dataset
(combined term plus control, which is referred to as “term,”
late preterm, and early preterm) was fitted using a logarithmic
trend line. We calculated developmental curves for hPod as a
function of PMA (Fig. 1A) (R2 = 0.70861, 0.58153, and 0.13753
for term, late preterm, and early preterm infants, respectively).
In the same way, we also obtained developmental curves for
hPod as a function of CA (Fig. 1B) (R2 = 0.66871, 0.69471, and
0.24867 for term, late preterm, and early preterm infants,
respectively).
Each of the hPod developmental curves indicated a decrease

from a pattern close to an in-phase one to one close to an
antiphase pattern. As shown in Fig. 1A, the developmental
curves in the term and late preterm groups (Fig. 1A, blue and

green lines, respectively) have an initial rapid decrease and a
subsequent slow decrease in response to increasing PMA. The
values of hPod in the early preterm group (Fig. 1A, red line) are
relatively low before a PMA of 40 wk. This result suggests that,
because neonates/infants in the early preterm group have lived
longer in the extrauterine environment at the time of the
measurements, the developmental change in the hPod value
may be a preceding event. However, the hPod value in the early
preterm group is eventually overtaken by those of the other
two infant groups later in development. The same dataset
rearranged as a function of CA reveals that all three groups
have similar initial decreases in the value of hPod as shown in
Fig. 1B. Remarkably, this finding suggests that an initial rapid
decrease in the hPod value depends on CA rather than PMA.
After the neonatal period, the hPod values in the term and late
preterm groups continue to decrease gradually with increasing
CA, whereas the rate of the decrease is slow in the early
preterm group.
Longitudinal measurements were performed in 4 term, 9 late

preterm, and 10 early preterm infants starting from the neonatal
period up to 6 mo of CA (Fig. 2). The measurements were
completed two to four times for each infant (Table S1). These
longitudinal data indicate the presence of developmental pat-
terns similar to those obtained using the cross-sectional mea-
surement in Fig. 1.
To investigate developmental properties immediately after

birth, we focused on the data obtained during the neonatal pe-
riod, which were measured between 34 wk, 0 d and 43 wk, 6 d
(PMA). Individual measurement data for infants in each GA
group (i.e., term, late preterm, or early preterm) were catego-
rized into the three following measurement periods based on
PMA at the time of measurement: (i) 34–36 wk (from 34 wk,
0 d to 36 wk, 6 d), (ii) 37–39 wk (from 37 wk, 0 d to 39 wk, 6 d),
and (iii) 40–43 wk (from 40 wk, 0 d to 43 wk, 6 d). When mea-
surements from an infant were obtained multiple times during
this neonatal period, the first valid set of data at the earliest
measurement time was included in the following group com-
parison. Fig. 3 shows vector representations of the value of hPod
for each group of infants during each measurement period. The
black and colored arrows in Fig. 3 indicate individual and mean
hPod values, respectively. Group means and variances of hPod
values (rad) are also shown in Table S3.
To investigate group differences in the vector values of hPod

during each measurement period, we performed a Watson–
Williams test (31), and to determine which group combinations
were significantly different from the others, the Tukey–Welsch
procedure was used (SI Materials and Methods, Data Analysis,
Statistical analysis). At 37–39 wk (PMA), statistical analyses
revealed a significant difference in mean hPod values among
three infant groups (F[2, 44] = 4.454, P = 0.05). A multiple
comparison showed that the mean hPod value in the early pre-
term group was smaller than that of the term group (P = 0.05). A
significant group difference was also observed at 40–43 wk (PMA)
(F[2, 27] = 11.513, P = 0.001). The mean hPod values in the late
preterm group and the early preterm group were smaller than that
of the term group (P = 0.01 and P = 0.001, respectively). These
results indicate that preterm infants have more antiphase hPod
values compared with term infants at the same PMA. At 34–36 wk
(PMA), the hPod value in the early preterm group was smaller than
that of the late preterm group. However, this difference was not
significant (P = 0.123). The data obtained immediately after birth
indicate that a rapid change in the hPod value from an in-phase to
an antiphase pattern depends on the CA rather than the PMA.
We analyzed all of the data, including those obtained during

the neonatal period and in early infancy. Individual data points in
each of the GA groups (i.e., term, late preterm, and early pre-
term) were categorized into the three following CA periods at the
time of the measurement: (i) 0–7 wk (from 0 wk, 1 d to 7 wk, 6 d),
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(ii) 8–13 wk (from 8 wk, 0 d to 13 wk, 6 d), and (iii) 14–21 wk
(from 14 wk, 0 d to 21 wk, 6 d). Fig. 4 shows a vector repre-
sentation of the hPod value for each group of infants during each
CA measurement period. The black and colored arrows in Fig. 4
indicate individual and mean hPod values, respectively. Group
means and variances of hPod values (rad) are also shown
in Table S4.
Statistical analyses of the data obtained during 8–13 wk (CA)

revealed a significant difference in the mean hPod values of
three infant groups (F[2, 49] = 9.661, P = 0.001). A multiple
comparison showed that the mean hPod value in the term group
was smaller than that of the early preterm group (P = 0.001).
At 14–21 wk (CA), the group difference was significant
(F[2, 61] = 24.164, P = 0.001), and mean hPod values in the
term group and the late preterm group were significantly smaller

than that of the early preterm group (P = 0.001 and P = 0.01,
respectively). At 0–7 wk (CA), no significant differences among
the term, late preterm, and early preterm groups were ob-
served. These results indicate that three different GA groups of
infants exhibit similar hPod values with patterns close to in
phase until 2 mo of CA. In contrast, developmental changes of
hPod values toward an antiphase pattern in early preterm in-
fants are slower than those of the term and late preterm infants
at 3–6 mo of CA.
As a reference value for the hPod, we performed analysis of

adults using the previously published data by Sasai et al. (32). The
mean value of hPod obtained from 20 adults is shown in Fig. S1.
We used a model by Fantini (26) and Hill’s equation for Hb

SO2 to derive a mathematical model for changes in the con-
centrations of oxy- and deoxy-Hb in tissues with multiple vessels

A

B

Fig. 1. Development of hPod in different groups of infants classified by GA. (A) Individual values of hPod (rad) viewed as a function of PMA (weeks).
(B) Individual values of hPod (rad) viewed as a function of CA (weeks). hPod values of 2π and π correspond to in-phase and antiphase changes in the oxy- and
deoxy-Hb signals, respectively. Blue, green, and red circles indicate the data for term, late preterm, and early preterm infants, respectively, and + indicates the
data for control infants. Logarithmic trend lines fitted to data from the combined term plus control, late preterm, and early preterm infants are shown using
blue, green, and red lines, respectively.
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[Δ[oxy-Hb](tissue)MV and Δ[deoxy-Hb](tissue)MV] expressed by sum-
mation of normalized changes in partial pressure of oxygen
ΔPO2

ðiÞ (i = a, c, v), partial blood volume ΔV ðiÞ
bv (i = a, c, v), oxygen

utilization rate Δα _O2
, and speed of blood flow ΔcðcÞ, where the

superscripts a, c, and v indicate the arterial, capillary, and venous
Hb compartments, respectively. We show a possible mechanism
for the developmental changes in hPod based on the analysis of
the mathematical model as shown in Fig. 5.

Discussion
This study shows that the values of hPod generally decrease from
an in-phase to an antiphase pattern as a function of age, re-
gardless of the group as classified by GA. This decrease consists
of a rapid change occurring at birth and a gradual change lasting
during the first 6 mo of CA. The rapid decrease of hPod with
increasing CA until 8 wk of age was observed in both term and
late preterm infants. The early preterm infants had lower values
of hPod in the neonatal periods until 44 wk PMA, suggesting that
the early preterm infants had an advanced development. The
early preterm infants, however, also had a slower decrease in the
hPod value after 8 wk CA. These findings show that hPod is
sensitive to subtle differences in blood flow and metabolism,
reflecting differential brain development in term/late preterm
and early preterm infants with no apparent clinical issues.

In-Phase Pattern of hPod During Neonatal Periods. As shown in Fig.
5, higher values of hPod (i.e., in phase) in early CA periods may be
accounted for by a dominance of the in-phase contributions of ΔVbv
over the antiphase contributions of ΔPO2, which is obtained under
the condition with lower baseline values of PO2 (Eqs. 6 and 7).
The model also assumes that oxygen extraction occurs only in
capillaries, so that antiphase contributions of Δα _O2

and Δc are
present only in these vessels. However, because capillaries are not
yet well-developed at earlier CAs (33), it is likely that the anti-
phase contributions of Δα _O2

and Δc are limited during the
neonatal period.

Rapid Change of hPod from an In-Phase to an Antiphase Pattern with
Increasing CA. The rapid initial decrease in the value of hPod with
increasing CA, which is observed in all of the GA groups of in-
fants, may be induced by physiological switches occurring at birth
(i.e., “debut” into extrauterine environment). The model sug-
gests that a rapid increase in the antiphase contribution of ΔPO2
compared with the in-phase contributions of ΔVbv may account
for this phenomenon (Eqs. 6 and 7 and Fig. 5). Although how the
fluctuation of ΔPO2 is generated is not clear, it is likely that the

Fig. 3. Developmental changes in hPod values during the neonatal period.
Vector representations of individual and averaged hPod values (black and
colored arrows, respectively) during three measurement periods (34–36, 37–
39, and 40–43 wk PMA) are shown for each infant group (term, late preterm,
and early preterm).

Fig. 2. Longitudinal development of hPod values (rad) from individual in-
fants as a function of CA (weeks). The hPod values (rad) that were re-
peatedly measured within the same infant are connected with lines. Top,
Middle, and Bottom show the data from term, late preterm, and early
preterm infants, respectively.
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fluctuation reflects the regulation by the circular system, in-
cluding the lung and heart, which are rapidly developing. In
particular, the shift of oxygen dissociation curve (34) to the right
induces increase of the antiphase contribution of ΔPO2. Thus, it
is likely that the rapid adaptation of the circulatory system to the
extrauterine environment may affect the changes in hPod. The
CA-dependent changes in hPod are consistent with the facts that
the transition from fetal to adult Hb starts at birth, regardless of
GA, and that hematocrit decreases faster in more premature
infants (35). Note that the hPod value is not affected by the
decrease in [tot-Hb] or hematocrit but is affected by the increase
in the oxygen affinity of Hb from the fetal to adult type. Previous
assessments of CBF and oxygen metabolism in premature infants
using fNIRS also showed that only cerebral tissue SO2 undergoes
a decrease as a function of CA until around 6–8 wk, and it was
speculated that this observation might be cause by a decrease in
hematocrit (12–14). According to the aforementioned model, a
decrease in cerebral tissue SO2 is not induced by the decrease in
concentration of Hb or hematocrit but is induced by the change
in the oxygen affinity of Hb.
As one of the important features of cerebral circulatory control,

cerebral autoregulation provides a constant CBF over a wide
range of cerebral perfusion pressures. Because autoregulation is
not yet fully developed in neonates (36–38), it is important to
consider whether the development of autoregulation affects
changes in hPod. According to the dynamic model of tissue con-
centration and SO2, which is an extended version of the model
used in this study (29), autoregulation contributes to in-phase
patterns of oxy- and deoxy-Hb changes. Because these changes are
in the opposite direction from those observed during develop-
ment, the development of autoregulation is most likely not a
major factor in the development of hPod. The antiphase contri-
butions of ΔαO2 and Δcmay also be present, but these effects may
be limited because of the gradual development of capillaries (33).

Gradual Changes in hPod Toward an Antiphase Pattern After 8-wk CA.
After the periods of rapid decrease in hPod values, gradual de-
creases in the value of hPod were observed in all of the GA

groups of infants. These decreases led to the observation of more
antiphase hPod values. According to the model (Eqs. 6 and 7 and
Fig. 5), the recruitment of capillaries leads to higher antiphase
contribution of Δα _O2

and Δc to hPod. Previous studies have
shown that a transient increase in oxygen consumption induced
by neural activation is outpaced by increases in blood flow
caused by the dilation of arteriole vessels in the mature brain
(39–41). Thus, the mature form of neurovascular coupling is
represented as an antiphase pattern consisting of increases in
oxy-Hb and decreases in deoxy-Hb caused by blood flow in-
creases in adults (16) and infants as young as 3 mo of age (17).
As shown by the model, the effects of Δα _O2

and Δc on oxy- and
deoxy-Hb concentration changes are in opposite directions.
Mature neurovascular coupling leads to Δc playing a more
dominant role than Δα _O2

as a contributor to the hPod value.
Although blood oxygenation level-dependent (BOLD) (42–46)
and oxy- and deoxy-Hb (47, 48) responses are controversial
during the early development of neurovascular coupling, we
speculate that the gradual changes in the value of hPod toward
an antiphase pattern may reflect the increasing antiphase con-
tribution of Δc in capillaries with angiogenesis that actively oc-
curs in the first one-half of the first year of life after birth.
We further speculate that changes in capillary blood flow in-

duced by neural activity may be facilitated by the synaptogenesis
that may occur in concert with angiogenesis. It is well-known that
the synaptic architecture of humans rapidly develops during the
first one-half of the first year of life and has been thought to form
the basis for functional development of the brain under the vast
stream of sensory input from the environment (49). However, an
anatomical study indicated that capillary formation starts be-
tween term and 3 mo postnatal (33). Thus, the development of
vascular networks has been thought to proceed in parallel with
neural development (50). Animal studies have also provided
evidence to support the interdependence between angiogenesis
and synaptogenesis (51–53). In a previous study in premature
infants, baseline CBF values and the metabolic rate of oxygen
increased with PMA but did not increase with CA, suggesting
that these changes are based on the gradual development of the
neurovascular system (14).

Fig. 5. Possible contributions of hemodynamic and metabolic variables to
development of hPod. ΔVbv, ΔPO2, Δα _O2

, and Δc indicate changes in partial
blood volume, partial pressure of oxygen, oxygen utilization rate, and speed
of blood flow, respectively. Upward and downward arrows mean contribu-
tions to in-phase and antiphase patterns, respectively. Solid and dotted lines
are identical to the fitted curves of term plus control and early preterm in-
fants, respectively, in Fig. 1B.

Fig. 4. Developmental changes in hPod values during the first one-half of
the first year after birth. Vector representations of individual and averaged
values (black and colored arrows, respectively) during three measurement
periods (0–7, 8–13, and 14–21 wk CA) are shown for each infant group (term
plus control referred to as term, late preterm, and early preterm).
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Impact of Early Preterm Birth on Brain Development. One of the
important findings of this study is that measurements of hPod
revealed the impact of early preterm birth on brain development,
even in infants with no apparent explicit clinical issues at the
time of our measurements. We showed that early preterm infants
had a different pattern of hPod development compared with late
preterm and term infants. The value of hPod was lower than that
of term infants in early preterm infants at the same PMAs (37–39
and 40–43 wk), suggesting that early preterm infants may have an
advanced development of their circulatory processes after birth.
However, early preterm infants had a slower development of the
value of hPod compared with late preterm and term infants at
later CAs (after 8–13 wk). This finding suggests that the struc-
tural and/or functional aspects of the development of the neu-
rovascular system may be altered during the first one-half of the
first year of life in early preterm infants, although it is unknown
whether these infants catch up to late preterm and term infants
later in life.
As a different methodology for assessing the development of

metabolism in the brain, magnetic resonance spectroscopy has
been used to determine the developmental profiles of metabolites,
such as a marker of axonal and neuronal development, an energy
metabolite, and a membrane metabolite, and indicated that the
period between birth and 3 mo of age is an immensely active
period in metabolite development (54). A comparison of meta-
bolic maturation in preterm-born infants with that of term infants
further showed that the metabolic maturation in preterm-born
infants, at term equivalence, preceded development in term in-
fants but then, progressed at a slower pace and trajectory (55).
This developmental profile found in preterm infants, which is
quite similar to the one that we observe with hPod using fNIRS,
suggests that preterm birth influences both the early onset of and
long-term alterations in the function of the neurovascular system.

hPod as a Clinical Tool. Previous studies using fMRI and fNIRS
have relied on a single parameter of BOLD, oxy-Hb or deoxy-
Hb, to infer neural activation. However, hPod measured using
fNIRS contains integrated information regarding the interplays
among the neural activity, blood flow, and metabolism. The
stability of hPod is based solely on the timing of changes in the
oxy- and deoxy-Hb signals and the relative concentration
changes obtained using standard fNIRS devices using diffuse
NIR light, which is sufficient to calculate the value of hPod.
Measurement of the absolute concentrations of Hb signals,
which require frequency- and time-domain devices (12, 56, 57), is
not required to obtain the value of hPod. The measurement of
hPod is also based on spontaneous changes in Hb signals in a
period less than 10 min and does not require the repetition of
stimuli or an assumption regarding the hemodynamic response.
Thus, hPod provides information regarding the dynamic prop-
erties of neurovascular function in addition to baseline values of
physiological parameters accumulated through a large number of
previous studies on CBF and metabolism in typically and atypi-
cally developing infants (15, 56). hPod measured using fNIRS is
a practical bedside tool, which can be used to assess the de-
velopmental status of the neurovascular system of the brain.

Materials and Methods
Participants.We examined 184 infants who were admitted to the NICU of the
University of Tokyo Hospital. Neonates or infants scheduled to be discharged
from the hospital within 3 d were eligible for the first measurement of the
study. One hundred infants were included for the analysis (Table S1). They
were categorized into the following three groups based on GA at birth:
(i) 24 term infants (GA ≥ 37 wk, range: 37–41 wk), (ii) 32 late preterm infants
(34 wk ≤ GA ≤ 36 wk), and (iii) 44 early preterm infants (GA < 34 wk, range:
23–33 wk); 4 term, 9 late preterm, and 10 early preterm infants were mea-
sured multiple times (Table S1).

To examine the typical development of hPod at around 2–4 mo of post-
term age, 59 full-term healthy infants (29 girls and 30 boys; mean birth

weight: 3,132.2 g, range: 2,476–4,270 g; mean GA: 39.1 wk, range: 37–42 wk)
were enrolled in the study (Table S1). PMAs at the time of measurement
were between 47 and 62 wk. Ethical approval for this study was granted by
the Office for Life Science Research Ethics and Safety of The University of
Tokyo, and the Research Ethics Committee of the Graduate School of
Medicine and Faculty of Medicine of The University of Tokyo. Written
informed consent was obtained from the parent(s) of all infants before
the initiation of the measurements.

Procedure. We began the measurements when the neonates or infants were
in natural sleep. Nurses or measurement staff held the neonates or infants,
and the fNIRS probes were placed around their heads. We turned off the
room lights and made the room as quiet as possible. The measurements were
conducted in a room of the NICU when neonates or infants were in the
hospital and an outpatient care room after the infants were out of the
hospital. The measurements of control infants ages 2–4 mo were conducted
in the infant laboratory. Details are in SI Materials and Methods.

Data Analysis. We detected periods containing motion artifacts in the oxy-
and deoxy-Hb time series data and excluded them from hPod analysis. The
method of exclusion is detailed in SI Materials and Methods. Then, oxy- and
deoxy-Hb time course signals were filtered through a frequency band of
0.05–0.1 Hz using a fast Fourier transform (FFT) to remove physiological
noise (e.g., heartbeats and respirations) and measurement noise (e.g., slow
signal drifts and high-frequency noise). The effect of band-pass filtering on
hPod is also described in SI Results (Figs. S2 and S3).

Calculation of hPod. To obtain instantaneous phases of the signal, a Hilbert
transformation was applied as follows:

~sðtÞ= 1
π

Z∞
−∞

sðτÞ
t − τ

dτsðtÞ, [1]

where ~sðtÞ is a Hilbert transform of sðtÞ.
Instantaneous phase θðtÞ is then calculated as

θðtÞ= arctan

 
~sðtÞ
sðtÞ

!
. [2]

The phase difference between the instantaneous phases of oxy- and deoxy-
Hb signals was calculated as follows:

ϕðtÞ= θoxyðtÞ− θdeoxy ðtÞ. [3]

Then, the hPod was determined using the following equation:

reihPod =
1
T

ZT
0

eiϕðtÞdt, [4]

where r is the strength of the phase difference. and hPod is the time average
phase difference between oxy- and deoxy-Hb changes.

Finally, the channel-averaged values of hPod were obtained.

A Model of the Concentration and SO2 of Hb in Tissue. Fantini (26) proposed a
model to relate tissue concentration and saturation of Hb to hemodynamic
and metabolic processes involving the serial compartments of arterioles,
capillaries, and venules. It is assumed that oxygen extraction occurs only in
the capillaries. The equations of the model are shown in SI Materials and
Methods. To examine the effect of the postnatal changes in oxygenation
affinity of the blood, we further used Hill’s equation (34) for Hb SO2 as a
function of partial pressure of oxygen PO2 as follows:

SOðiÞ
2 =

POðiÞn
2

POðiÞn
2 +Kn

, ði= a, c, vÞ, [5]

where n and K are parameters to be fitted to the curve of SO2 (n = 2.5 and K =
25 for adults and n = 2.5 and K = 20 for newborns as shown in Fig. S4), and the
superscripts a, c, and v indicate the arterial, capillary, and venous Hb compart-
ments, respectively. Based on this model, we derived changes in the concen-
trations of oxy- and deoxy-Hb in tissues with multiple vessels [Δ[oxy-Hb](tissue)MV

and Δ[deoxy-Hb](tissue)MV] within the probed volume V and interpreted the
physiological parameters that may affect the observed changes in the values of
hPod as follows:
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[6]
and

Δ½deoxy-Hb�ðtissueÞMV =pðaÞ
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,

[7]

where PO2
ðiÞ, V ðiÞ

bv , α _O2
, and cðcÞ are variables describing partial pressure of

oxygen, partial blood volume, oxygen utilization rate, and the speed of
blood flow, respectively. Δ½oxy-Hb�ðtissueÞMV and Δ½deoxy-Hb�ðtissueÞMV are
expressed by summation of normalized changes ΔPO2

ðiÞ (i = a, c, and v), ΔV ðiÞ
bv

(i = a, c, and v), Δα _O2
, and ΔcðcÞ with coefficients pðiÞ, qðcÞ

1 , qðcÞ
2 , r1ðiÞ, and r2ðiÞ

(i = a, c, and v). All of the coefficients are positive functions of physiological
parameters as follows:

pðiÞ = SOðiÞ
2

�
POðiÞ

2

�
½tot-Hb�ðbloodÞV

ðiÞ
bv

V
, ði= a, c, vÞ, [8]

where [tot-Hb] is total Hb concentration;

qðcÞ
1 =

 
1− e−

α _O2
L
ðcÞ
bv

cðcÞ

!
cðcÞ

α _O2
LðcÞbv

[9]

and

qðcÞ
2 =

8>><
>>:1− e−

α _O2
L
ðcÞ
bv

cðcÞ

 
α _O2

LðcÞbv

cðcÞ
+ 1

!9>>=
>>;

cðcÞ

α _O2
LðcÞbv

, [10]

where LðcÞbv is a length of the capillary; and

rðiÞ1 =
POðiÞ

2

SOðiÞ
2

∂SOðiÞ
2

∂POðiÞ
2

=
nKn

POðiÞn
2 +Kn

, ði= a, c, vÞ, [11]

rðiÞ2 =
1− SOðiÞ

2

SOðiÞ
2

=
Kn

POðiÞn
2

, ði= a, vÞ, [12]

and

rðcÞ2 =
1− SO2jðcÞ0 qðcÞ

1

SO2jðcÞ0

=
Kn +

�
1−qðcÞ

1

�
POðcÞn

2

POðcÞn
2

. [13]

Eqs. 6 and 7 reveal that contributions of ΔVbv to Δ½oxy-Hb�ðtissueÞMV and
Δ½deoxy-Hb�ðtissueÞMV have the same signs (i.e., in-phase pattern), whereas contri-
butions ofΔPO2,Δα _O2

, andΔc toΔ½oxy-Hb�ðtissueÞMV andΔ½deoxy-Hb�ðtissueÞMV have
opposite signs (i.e., antiphase pattern). We have further estimated relative contri-
butions of these variables’ changes to the signs of tissue Hb changes by scrutinizing
the coefficients. Values of qðcÞ

1 and qðcÞ
2 were calculated as functions of α _O2

LðcÞbv =c
ðcÞ. If

LðcÞbv approaches zero, qðcÞ
1 and qðcÞ

2 approach one and zero, respectively (Fig. S5). This
calculation indicates that, when the volume of the capillary is small (i.e., the length
of capillary is short), the contributions of terms, includingΔα _O2

andΔc, are small and
that the terms, including ΔPO2 and ΔVbv, dominantly contribute to the tissue Hb
changes. Then, the hPod value is mainly determined by a balance between in-phase
contributions of ΔVbv and antiphase contributions of ΔPO2. If Lbv

ðcÞ is increased,
q1

ðcÞ and q2
ðcÞ approach the same value (Fig. S5). This calculation indicates that the

larger volume of the capillary leads to the larger contribution of the term including
Δα _O2

and Δc to antiphase pattern of hPod. Values of r1ðiÞ and r2ðiÞ determine rel-
ative contributions of ΔPO2 and ΔVbv. Although the lower baseline value of PO2

(less than 30 mmHg) produces the larger value of r2ðiÞ, contributing to in-phase
hPod value, the higher baseline value of PO2 produces the larger value of r1ðiÞ,
contributing to antiphase hPod value (Fig. S6A). Furthermore, the shift of SO2 curve
of Hb from fetal to adult pattern, which is expressed by changes in values ofK, leads
to more contribution of r1ðiÞ to antiphase hPod value (Fig. S6 B–D).
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