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Abstract 

Study Objectives: The brains of preterm infants exhibit altered functional connectivity (FC) networks, but the potential variation in 
sleep states and the impact of breathing patterns on FC networks are unclear. This study explores the evolution of resting-state FC 
from preterm to term, focusing on breathing patterns and distinguishing between active sleep (AS) and quiet sleep (QS).

Methods: We recruited 63 preterm infants and 44 healthy-term infants and performed simultaneous electroencephalography and 
functional near-infrared spectroscopy. FC was calculated using oxy- and deoxyhemoglobin signals across eight channels. First, FC 
was compared between periodic breathing (PB) and non-PB segments. Then sleep state-dependent FC development was explored. FC 
was compared between AS and QS segments and between preterm infants at term and term-born infants in each sleep state. Finally, 
associations between FC at term, clinical characteristics, and neurodevelopmental outcomes in late infancy were assessed in preterm 
infants.

Results: In total, 148 records from preterm infants and 44 from term-born infants were analyzed. PB inflated FC values. After exclud-
ing PB segments, FC was found to be elevated during AS compared to QS, particularly in connections involving occipital regions. 
Preterm infants had significantly higher FC in both sleep states compared to term-born infants. Furthermore, stronger FC in specific 
connections during AS at term was associated with unfavorable neurodevelopment in preterm infants.

Conclusions: Sleep states play a critical role in FC development and preterm infants show observable changes in FC.

Key words: preterm infant; electroencephalography; near-infrared spectroscopy; functional connectivity; sleep state; outcome; peri-
odic breathing
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Graphical Abstract 

Statement of Significance

Preterm infants often face neurodevelopmental challenges later in life. To address this, recent studies have focused on functional 
connectivity (FC) networks of the brain in such infants. However, few such studies have focused on sleep states or breathing pat-
terns, which could affect FC analyses, as in studies of adults. In this study, we revealed the distinct resting-state FC development 
between preterm and term periods in active sleep and quiet sleep, as well as the effect of periodic breathing on FC analyses, using 
simultaneous electroencephalography and functional near-infrared spectroscopy. Our findings suggest that distinguishing sleep 
states and breathing patterns in FC analyses provides deep insights into preterm brain development.

Preterm birth impacts critical processes of brain development [1, 
2], increasing the vulnerability to brain injury and altering the 
developmental trajectory [3]. Despite advances in perinatal care, 
preterm infants continue to be at elevated risk for long-term 
neurodevelopmental challenges, including intellectual disability 
and autism spectrum disorder [4–7]. This has prompted in vivo 
investigations using techniques such as resting-state functional 
magnetic resonance imaging (fMRI) to assess functional connec-
tivity (FC) [8].

FC refers to temporal correlations among neurophysiologi-
cal signals recorded in different brain areas [9]. In an adult fMRI 
study, low-frequency (<0.1 Hz) fluctuations driven by spontane-
ous blood oxygenation level-dependent (BOLD) signals had strong 
temporal correlations within specific brain networks in the rest-
ing state [10]. To date, many fMRI studies have been conducted on 
both preterm and term-born infants [11–18], as well as on fetuses 
[19, 20]. These studies suggest that immature resting-state FC net-
works can be identified from as early as 26 weeks postmenstrual 
age (PMA) in preterm infants; some primary cortical networks, 
such as the somatosensory, motor, visual, and auditory networks, 

are functionally synchronized and exhibit adult-like topologies 
by term-equivalent age; and preterm-born infants generally show 
weaker FC network strength at term-equivalent age compared to 
term-born infants.

However, it remains unknown whether FC networks develop 
differently during the preterm period depending on the sleep 
state, and how these networks differ. In adults, FC networks 
detected by fMRI vary according to vigilance state [21–23], high-
lighting the importance of considering this factor when evaluat-
ing FC [22]. In addition, the latest studies on neonates, employing 
functional near-infrared spectroscopy (fNIRS) or electroenceph-
alography (EEG), indicate potential differences in FC networks 
between active sleep (AS) and quiet sleep (QS) [24–26]. To date, no 
fMRI studies have distinguished between sleep states in neonates.

When analyzing FC during early human development, another 
important factor to consider is the potential influence of specific 
breathing patterns. A recent fMRI study on healthy young adults 
revealed that two distinct breathing patterns, deep breaths, and 
bursts, significantly affected BOLD signals across the brain, lead-
ing to increased global FC [27]. In particular, bursts, characterized 
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by a serial, rhythmic set of breathing depth tapers, had a signif-
icant impact on global FC. A similar pattern, known as periodic 
breathing (PB), occurs in neonates and involves repetitive short 
cycles of respiratory pauses and breathing. PB is common in both 
preterm and term-born infants [28, 29] and has traditionally been 
considered a benign breathing pattern resulting from the imma-
turity of respiratory control [30]. Although the cycle duration of 
PB in infants is shorter than that of bursts in young adults, and 
the physiological mechanisms may differ, PB has the potential to 
inflate FC in neonates.

We studied the characteristics of sleep state-dependent FC 
between the preterm and term periods, taking into account the 
potential confounding effects of PB on FC analyses. First, we 
clarified the effect of PB on FC analyses. Then we explored sleep 
state-dependent FC development between the preterm and term 
periods after excluding PB segments, given their potential to dis-
tort FC analyses. Next, we investigated differences in FC networks 
between AS and QS, as well as between preterm-at-term and 
term-born infants within the same sleep state. Finally, we exam-
ined associations between FC and clinical characteristics and 
neurodevelopmental outcomes in preterm infants. For this com-
prehensive analysis, simultaneous EEG and fNIRS (EEG-fNIRS) 
recordings were obtained in preterm and term-born infants. Given 
the challenges of performing fMRI over a sufficiently extended 
time to distinguish sleep states in neonates, particularly during 
the preterm period [31], and considering the comparability of 
fNIRS oxy- and deoxy-hemoglobin (Hb) signals with BOLD fMRI 
signals in resting-state networks [32, 33], our approach involved 
the application of multichannel fNIRS combined with EEG. We 
hypothesized that PB has a significant influence on FC analyses 
and that FC networks differ between AS and QS in the preterm 
period even after adjusting for the effects of PB. We anticipate 
that accurate analysis of sleep state-dependent FC development 
will provide novel insights into the neuropathology of the pre-
term brain and accurate prognostic information that is pertinent 
to neurodevelopmental outcomes. Specifically, we posit that there 
may be a correlation between strong FC and favorable outcomes.

Methods
Ethical statement
The study was approved by the Ethics Committee of Nagoya 
University Hospital (approval no. 2019–0506 and 2021–0298). 
Written informed consent was obtained from the parents of all 
included infants.

Participants
We recruited 63 preterm infants admitted to the neonatal inten-
sive care unit (NICU) at Nagoya University Hospital between April 
2020 and August 2022, and 44 healthy term-born infants born 
at Nagoya University Hospital between October 2021 and June 
2023. No statistical methods were employed to predetermine the 
sample size because this is the first study to assess the impact 
of PB and sleep states on FC analyses. However, our sample is 
comparable to or larger than those of previous studies using 
NIRS data [24, 25, 34–36]. Infants were recorded at least once by 
41 weeks PMA. All preterm participants met the following cri-
teria: gestational age (GA) at birth younger than 35.0 weeks, no 
major congenital malformations, and not intubated at the time 
of recording (infants with respiratory supports such as nasal con-
tinuous positive airway pressure, a high-flow nasal cannula, or 
nasal oxygen therapy were included). In addition, all term-born 

participants met the following criteria: GA at birth, 37.0–41.0 
weeks, birth weight above the 10th percentile for GA at birth, 5 
minutes Apgar score ≥8, no major congenital malformations, no 
clinical symptoms at the time of recording, no major problems at 
the 1-month check-up (passed metabolic and hearing screening 
tests), and mother free from hypertensive disorders of pregnancy, 
gestational diabetes mellitus requiring insulin injections, and 
severe psychiatric illness. An additional preterm infant and two 
term-born infants meeting the inclusion criteria were examined, 
but they were subsequently excluded from the analyses because 
NIRS data were not available due to body movements or meas-
urement issues.

Procedure
In preterm infants, the experiment was conducted in the NICU, 
the growing care unit, or the EEG room at Nagoya University 
Hospital depending on the participant’s general condition. Each 
infant underwent repeated recordings, with an interval of at 
least 10 days, until discharge to home or another hospital. After 
discharge, neurodevelopment was assessed at 10 months of cor-
rected age, as described below. In term-born infants, the exper-
iment was conducted in the EEG room at Nagoya University 
Hospital. Each infant was recorded once between days 1 and 9 
after birth.

EEG-fNIRS recordings
EEG-fNIRS recordings were performed after infants fell asleep 
naturally. Each infant was placed in the supine position and 
held by one investigator throughout the recording. The recording 
continued until both AS and QS periods were captured. The EEG 
and NIRS data were obtained separately and synchronized using 
external electrical signals.

EEG (EEG-1200; Nihon Kohden, Tokyo, Japan) was recorded 
using at least eight electrodes (Fp1, Fp2, C3, C4, O1, O2, T3, and 
T4) placed according to the international 10–20 system, with a 
0.002 s time resolution. In addition to the EEG, an electrooculo-
gram, abdominal respiratory movements, a chin electromyogram, 
an electrocardiogram, and a video were recorded simultaneously 
to evaluate vigilance states and PB (Supplementary Figure S1).

An eight-channel NIRS device (ETG-100; Hitachi Medical 
Corporation, Tokyo, Japan) was placed around the infant’s head, 
covering the frontal, left and right temporal, and occipital areas, 
with a headband made to fit the infant’s head circumference 
(Figure 1A). Six sources and six detectors in a single row were 
plugged into the headband. A pair of adjacent sources and detec-
tors made up a single measurement channel, and there were 
eight channels in total. In accordance with previous studies [24, 
25, 34, 36–38], the distance between the source and the detector 
was set at 2 cm. The ring of the NIRS channels was set just above 
the Fp1, T3, O1, O2, T4, and Fp2 EEG electrodes. The NIRS instru-
ment generated two wavelengths of near-infrared light (780 and 
830 nm) and measured the time courses of the relative changes in 
oxy- and deoxy-Hb with a time resolution of 0.1 seconds.

Definition and detection of periodic breathing
PB is generally defined as three or more episodes of central apnea 
lasting >3 seconds, separated by ≤20 seconds of normal breath-
ing, based on the definition provided by the American Academy 
of Sleep Medicine [39]. In this study, we developed an automated 
algorithm to detect PB using the envelope data of abdominal res-
piratory movement, filtered within the frequency range of 0.3–2.0 
Hz. PB apnea was identified when the mean amplitude within a 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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sliding window of 3 seconds was <0.35 times the mean ampli-
tude within the nearest 6-minute reference window. The algo-
rithm classified segments as PB if they contained three or more 
episodes of repeated apneic intervals lasting 3–20 seconds, sep-
arated by breathing intervals of 3–20 seconds. Respiratory data 
were also reviewed manually to confirm PB detected by the algo-
rithm according to the standard definition [39]. Additional details 
on the selection of PB and non-PB segments for analysis are in 
Supplementary Materials. During the manual review, episodes of 
apnea of prematurity, defined as apnea accompanied by brady-
cardia [40], were also identified.

Classification of vigilance states
Vigilance states were classified by two child neurologists (A.S. 
and H.K.) according to the criteria of the American Clinical 
Neurophysiology Society [41], as well as other reports referring to 
the characteristics of vigilance states in preterm and term infants 
[42–44]. The vigilance states were categorized into six groups (AS, 
QS, transitional sleep, indeterminate sleep, awake, and unclassi-
fiable due to artifacts or data defects) every 30 seconds based on 
EEG patterns, rapid eye movements (REMs), respiratory patterns, 
and eye-opening/closing (Supplementary Figure S2). The classifi-
cation was conducted using EEG polygraph data including EEG, 

electrooculograms, abdominal respiratory movements, and video 
recordings. Although PB is not a typical regular breathing pattern 
for QS, segments were classified as QS if all other parameters 
matched, except for PB-related respiratory patterns, in line with 
the previous reports [28, 45]. Data segments during AS and QS 
lasting ≥2 minutes were selected for analysis.

NIRS data preprocessing
NIRS data with motion artifacts (where the difference in the 
summed oxy- and deoxy-Hb signals was >0.15 mM‧mm between 
four successive samples and the following four successive sam-
ples) or measurement errors (no signal change over eight con-
secutive samples) were excluded in each channel. Then, if five 
or more channels fulfilled the exclusion criteria, all data were 
excluded at the time points in samples for subsequent analyses. 
In addition, all data of a given channel were excluded if the sig-
nals had excessive noise (mean difference in the absolute value of 
the summed oxy-Hb and deoxy-Hb signals between two consec-
utive samples >0.2 mM‧mm) or <30% of the NIRS data were from 
a single segment. In cases with artifacts or other vigilance states, 
the baseline signal after the exclusion of the affected data were 
corrected using the mean values of 10 samples from pre- and 
post-exclusion segments. Finally, the data were corrected based 

Figure 1.  Overview of the study. (A) Simultaneous electroencephalography (EEG) and functional near-infrared spectroscopy (fNIRS) recording were 
performed. An eight-channel NIRS device was positioned around the infant’s head, as illustrated in MRI data acquired at 34 weeks postmenstrual 
age. The source and the detector locations are indicated by distinct colored squares, with each color representing a different type. Circles on shaded 
curves represent NIRS channels. Functional connectivity (FC) in each connection pair is represented as the schema. (B) FC was calculated based 
on filtered oxyhemoglobin and deoxy-hemoglobin data. Active sleep (AS) and quiet sleep (QS) states were determined every 30 seconds using EEG, 
electrooculogram, and respiratory data. Periodic breathing (PB) and non-PB segments were evaluated separately. Four groups were distinguished: 
AS non-PB, AS PB, QS non-PB, and QS PB. (C) The analyses performed were as follows: comparison of FC between non-PB and PB segments in AS and 
QS (with only non-PB segments used in subsequent analyses); analysis of the FC trajectory in preterm infants in both AS and QS; comparison of 
FC between AS and QS in preterm infants at term; comparison of FC between AS and QS in term-born infants; comparison of FC between preterm 
infants at term and term-born infants in both AS and QS; and exploration of the associations between FC at term and clinical characteristics, such as 
gestational age (GA), sex, and developmental outcomes, in preterm infants.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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on the mean of the first and final set of 10 samples. The oxy- 
and deoxy-Hb signals were filtered into the 0.01–0.1 Hz frequency 
band to eliminate physiological noise, such as the heartbeat and 
high- or low-frequency noise, as reported previously [35, 38].

FC parameters
For each record, FC was computed separately for PB in AS, non-PB 
in AS, PB in QS, and non-PB in QS segments using oxy-Hb and 
deoxy-Hb signals obtained from NIRS data provided the total 
duration of segments was ≥3 minutes (Figure 1B). Non-PB seg-
ments did not include any instances of either PB or apnea of 
prematurity. In cases where the amount of NIRS data was insuf-
ficient in three or more channels, FC parameters in other chan-
nels within the same segment were also considered insufficient. 
Pearson’s correlation coefficients (r) were calculated using the 
time-course data for all 28 connections. The r values were con-
verted into z scores using Fisher’s z transformation, and the aver-
age z score for all 28 connections was calculated as the average 
FC (aveFC). To evaluate the developmental trajectories of FC, the 
mean FC value was calculated for connections displaying similar 
trajectories.

Neurodevelopmental assessment of preterm 
infants
The developmental quotients (DQs) of preterm infants were eval-
uated by a child neurologist blinded to the FC data at 10 months 
of corrected age. The Kyoto Scale of Psychological Development 
(KSPD) [46], which is a main tool used in the follow-up of preterm 
infants in Japan [47, 48], was used to this end. The KSPD assesses 
the postural–motor (fine and gross motor functions), cognitive–
adaptive (non-verbal reasoning and visuospatial perception), 
and language–social (interpersonal relationships, socialization, 
and verbal abilities) domains. Notably, KSPD scores correlate 
strongly with those on the Bayley Scales of Infant and Toddler 
Development, third edition (Bayley-Ⅲ). More specifically, strong 
correlations have been reported between the KSPD postural–
motor DQ and the motor score on the Bayley-Ⅲ, and between 
the KSPD cognitive–adaptive DQ and the cognitive score on the 
Bayley-Ⅲ [47]. Only the postural–motor and cognitive–adaptive 
DQs were analyzed in this study because of the difficulty of 
assessing language–social ability in infants.

Statistical analysis
The overall study design is presented in Figure 1C. The clini-
cal data of infants are shown as median (range) because most 
variables had a nonparametric distribution. In the analyses of 
preterm infants recorded at term, the datasets closest to 40.0 
weeks PMA including both AS and QS were selected in cases 
with multiple recordings between 37.0 and 41.0 weeks PMA. 
To compare FC between PB and non-PB segments, as well as 
between AS and QS segments, a paired t-test was employed. A 
two-sample t-test, Welch’s test, and the Mann–Whitney U test 
were used to compare values between preterm infants at term 
and term-born infants; a parametric distribution was assumed 
for the head circumference and FC data, whereas a nonpara-
metric distribution was assumed for PMA at the time of record-
ing. To evaluate linear associations, Pearson’s or Spearman’s 
rank correlation was performed depending on the data dis-
tribution; a parametric distribution was assumed for the cog-
nitive–adaptive DQ at 10 months of corrected age, whereas a 
nonparametric distribution was assumed for postural–motor 
DQ. To assess FC trajectories as a function of PMA at the time of 

recording, we performed linear or nonlinear regression analyses 
depending on the data distribution. False discovery rate (FDR) 
adjustment was employed in the analyses of developmental 
trajectories and comparison of FC in each connection to reduce 
the false positive rate [49, 50]. In addition, we conducted multi-
ple regression analyses of the aveFC for oxy-Hb signals at term 
and various clinical characteristics, and of the DQs and clini-
cal factors in preterm infants at term. Two-tailed p-values <.05 
were considered statistically significant. All statistical analyses 
were performed using SPSS software (version 29.0; IBM Japan 
Ltd., Tokyo, Japan).

Results
We collected 151 records from 63 preterm infants and 44 
records from 44 healthy term-born infants. Each preterm infant 
had one to four recordings. Six preterm records for AS and 15 
for QS were excluded from the analysis due to insufficient data. 
There were no records of term-born infants for whom AS and 
QS data were unacceptable for analysis. Consequently, we ana-
lyzed 148 records (145 AS, 136 QS) for 63 preterm infants and 
44 records (44 AS, 44 QS) for 44 term-born infants. From the 
EEG polygraphs, the median (range) total, AS, and QS durations 
of the records were 68.5 (36.5–111.0), 32.0 (6.0–67.0), and 21.3 
(4.5–50.5) minutes, respectively, for preterm infants, and 73.8 
(47.5–96.0), 37.8 (15.0–67.5), and 23.5 (8.5–47.0) minutes for 
term-born infants.

Table 1 summarizes the clinical characteristics of the pre-
term infants. In preterm infants, the median (range) GA at birth 
was 31.6 (24.6–34.9) weeks and 31 (49%) were female. EEG-fNIRS 
recordings were performed between 31.4 and 40.7 weeks of PMA. 
In term-born infants, the median (range) GA at birth was 38.9 
(37.6–40.6) weeks, and 22 (50%) were female.

PB analysis.
PB was frequently seen in infants (Figure 2, A and B). Among all AS 
(n = 145) and QS (n = 136) records obtained from preterm infants, 
PB was detected in 97 (67%) and 54 (40%), respectively. Records 
containing PB were broadly distributed between 31 and 40 weeks 
of PMA, as illustrated in Figure 2A. Figure 2C illustrates the aveFC, 
based on a representative time-course dataset and calculated 
using FC data from all 28 connections. Notably, the aveFC dur-
ing PB segments was higher than that during non-PB segments in 
both sleep states. To further investigate, we compared the aveFC 
between non-PB and PB segments within the same records, sep-
arately for AS and QS. It was significantly higher in PB segments 
than in non-PB segments for both sleep states (n = 49, t = −3.7, 
p < .001 in AS and n = 18, t = −3.3, p = .004 in QS for oxy-Hb [Figure 
2D]; and n = 49, t = −5.5, p < .001 in AS and n = 18, t = −6.1, p < .001 
in QS for deoxy-Hb [Supplementary Figure S3]). Furthermore, 
hemodynamic changes during PB were associated with the 
mean duration of PB apnea (detailed in Supplementary Results 
and Figure S4). These findings indicate enhanced synchronicity 
among eight channels of NIRS during PB.

Consequently, we conducted further FC analyses using data 
from non-PB segments only. Two AS and four QS preterm records 
contained only PB segments and were thus excluded from the 
analysis. Therefore, non-PB segments from 143 records obtained 
during AS and 132 records obtained during QS were analyzed for 
preterm infants. Conversely, none of the records obtained during 
AS or QS for term-born infants consisted solely of PB segments; 
hence, non-PB segments from 44 records obtained during AS and 
QS were evaluated for term-born infants.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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Sleep state-dependent FC development in preterm infants.
Initially, we calculated FC using oxy-Hb data and compared the 
developmental trajectories of FC between the preterm and term 

periods (Figure 3). AveFC for oxy-Hb exhibited changes corre-
sponding to PMA at the time of recording; quadratic curves for 
both AS and QS are shown in Figure 3. In AS, aveFC increased 
up to 38.1 weeks PMA, exceeding the values observed in QS, and 
then decreased slightly or remained unchanged. In QS, aveFC 
declined from 35.9 weeks PMA. Therefore, the difference in FC 
between AS and QS significantly increased as a function of PMA 
(Supplementary Figure S5).

Next, the 28 connections were categorized into seven types 
based on brain region and FC trajectory (Figure 3). In both 
AS and QS, the absolute FC values were generally higher for 
both inter-hemispheric homologous connections and intra-
hemispheric temporal connections compared to frontal–
occipital, frontal–temporal, and temporal–occipital connections. 
The FC in inter-hemispheric homologous connections and 
intra-hemispheric temporal connections exhibited a positive 
association with PMA at the time of recording in AS. Although 
there was a trend toward an increase in the strength of the con-
nections in QS, the increases were not statistically significant 
except for the frontal–frontal connection. In AS, the FC in fron-
tal–occipital connections showed an increase up to 37.1 weeks 
PMA, followed by a slight decrease, whereas a decreasing trend 
was observed in QS. FC values for frontal–temporal connections 
tended to remain consistent between 31 and 41 weeks PMA in 
both AS and QS. Finally, in AS, the FC values for temporal–occip-
ital connections increased up to 38.1 weeks PMA and remained 
consistent thereafter, whereas they tended to decrease slightly 
in QS. Consequently, the difference in FC between AS and QS 
increased over time in frontal–occipital and temporal–occip-
ital connections, although the difference was only signifi-
cant in temporal–occipital connections after FDR adjustment 
(Supplementary Figure S5).

The developmental trajectories of FC were similar between 
deoxy-Hb and oxy-Hb (Supplementary Figure S6).

Table 1.  Clinical Characteristics of Preterm Infants

(N = 63)

Gestational age at birth, weeks 31.6 (24.6–34.9)

Birth weight, g 1424 (343–2406)

Females 31 (49%)

Small for gestational age 12 (19%)

Days of intubation 6 (0–74)

Respiratory supporta at 28 days after birth 31 (49%)

Caffeine treatment for apnea of prematurity 33 (52%)

Intraventricular hemorrhage grade Ⅲ or Ⅳ 1 (2%)

Cystic periventricular leukomalacia 2 (3%)

Number of repeated EEG-fNIRS recordings

 � 1 18 (29%)

 � 2 14 (22%)

 � 3 22 (35%)

 � 4 9 (14%)

DQ at 10 months of corrected ageb (N = 43)

 � Postural–motor 96 (37–127)

 � Cognitive–adaptive 96 (61–113)

Data are presented as median (range) or number (%).
aMechanical ventilation, nasal continuous positive airway pressure, high-flow 
nasal cannula, or nasal oxygen therapy.
bOne infant was excluded from the cognitive–adaptive DQ analysis because 
her score was below the minimum required for DQ calculation.
DQ, developmental quotient; EEG, electroencephalography; fNIRS, functional 
near-infrared spectroscopy.

Figure 2.  Periodic breathing (PB) in preterm infants. (A) Bar charts illustrating the numbers of records with and without PB according to 
postmenstrual age (PMA) at the time of recording in active sleep (AS, left) and quiet sleep (QS, right). (B) The proportion of time containing PB to 
the total recording time is depicted in pie charts for the records containing PB. (C) Representative 30-minute time-course of average functional 
connectivity (aveFC). Oxy-hemoglobin (Hb) data and deoxy-Hb data are represented by different colored dots, both showing similar trends. (D) AveFC 
for oxy-Hb signals in non-PB and PB segments in AS (left) and QS (right). Data from 49 AS and 18 QS records, including both non-PB and PB segments, 
were compared using a paired t-test (AS, p < .001; QS, p = .004). **p < .01.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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Impact of sleep states and preterm birth on FC.
We conducted additional analyses to clarify the differences in FC 
between AS and QS, as well as between preterm infants at term 
and term-born infants. These analyses were conducted using 
oxy-Hb signals, given their more pronounced changes over time 
compared to deoxy-Hb signals [33, 51]. The use of this method 
was further justified by the observed similarities in the devel-
opmental trajectories of FC (based on oxy-Hb and deoxy-Hb sig-
nals) between the preterm and term periods, as mentioned in the 
preceding section.

AS versus QS in preterm infants at term.
A total of 42 preterm infants underwent EEG-fNIRS recordings 
between 37 and 41 weeks PMA. The median (range) PMA and mean 
(standard deviation) head circumference at the time of recording 
were 38.9 (37.0–40.7) weeks and 31.9 (1.4) cm, respectively. In AS, 
the aveFC for oxy-Hb was higher than in QS in preterm infants 
at term (n = 42, t = 5.14, p < .001; Figure 4). Furthermore, we com-
pared FC in oxy-Hb signals between AS and QS using preterm 
datasets recorded at term. After FDR adjustment, FC values for 
frontal–occipital and temporal–occipital connections, as well as 
for inter-hemispheric temporal and occipital connections, were 
significantly stronger in AS than in QS (Supplementary Table S1). 
Remarkably, this stronger FC in AS included connections exhib-
iting an ascending trajectory as a function of PMA, as discussed 

in the preceding section (Figure 3, C, D, F, and H). However, no 
connections showed significantly lower FC values for AS than QS 
in preterm infants at term.

AS versus QS in term-born infants.
Next, we compared FC in oxy-Hb signals between AS and QS 
(within the same records) in 44 term-born infants. The median 
(range) PMA and mean (standard deviation) head circumference 
at the time of recording were 39.3 (37.9–40.9) weeks and 33.9 (1.2) 
cm, respectively. In term-born infants, aveFC values for oxy-Hb 
were higher in AS than in QS (n = 44, t = 2.50, p = .016; Figure 4). 
Next, FC was compared between AS and QS. Interestingly, the 
finding of significantly higher FC values for AS than for QS was 
similar to what was observed in preterm infants at term in fron-
tal–occipital, temporal–occipital, and inter-hemispheric occipital 
connections (Supplementary Table S2). By contrast, FC values for 
intra-hemispheric temporal connections were significantly lower 
in AS than in QS in term-born infants.

FC comparison between preterm infants at term and term-
born infants.
At the time of recording, the head circumference was signifi-
cantly larger in term-born infants compared to preterm infants 
at term (n = 86, t = −6.83, p < .001), whereas PMA at the time of 
recording showed no statistically significant difference between 

Figure 3.  Developmental trajectories of functional connectivity in preterm infants (oxy-hemoglobin [Hb]). (A–H) Scatter plots and regression lines 
show the average functional connectivity (aveFC) of 28 connections (A) and the functional connectivity (FC) for individual connections (B–H) in 
oxy-Hb signals according to sleep state. FC values were calculated using non-periodic breathing data extracted from 143 records obtained during 
active sleep (AS) and 132 records obtained during quiet sleep (QS). The x-axis indicates postmenstrual age (PMA) at the time of recording, and the 
y-axis indicates aveFC (A) and FC (B–H) in oxy-Hb signals (z scores). The FC in AS and QS are represented in different colors. The connections were 
categorized into seven types (B–H), as shown in the lower column, based on brain regions and FC values. Linear or nonlinear regression analysis was 
conducted depending on the mean FC for each connection type. P-values calculated before the false discovery rate (FDR) adjustment are shown. 
*p < .05 after FDR adjustment.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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preterm infants at term and term-born infants (p = .053). The 
aveFC for oxy-Hb was higher in preterm infants at term than in 
term-born infants during both AS and QS (n = 86, t = 7.10, p < .001 
for AS; and n = 86, t = 3.87, p < .001 for QS [Figure 4]). After FDR 

adjustment, the FC values for inter-hemispheric frontal and 
occipital connections, as well as for frontal–occipital connections, 
were significantly higher in preterm infants at term than in term-
born infants, in both AS and QS (Supplementary Tables S3 and 

Figure 4.  Disparities in functional connectivity (FC) between active sleep (AS) and quiet sleep (QS), and between preterm infants at term and term-
born infants. (A) The average functional connectivity (aveFC) in oxy-hemoglobin (Hb) signals was compared between AS and QS in preterm infants at 
term using a paired t-test (p < .001). (B) Analysis of FC using oxy-Hb data from 42 preterm infants at term, in AS and QS, with FC strength indicated by 
the color bar. (C) Comparison of FC between AS and QS in preterm infants at term. A paired t-test was conducted to analyze the FC of all connections 
and connections that were significantly stronger in AS are depicted by bold solid lines. (D) AveFC for oxy-Hb signals in term-born infants: comparison 
between AS and QS using a paired t-test (p = .016). (E) Analysis of FC using oxy-Hb data from 44 term-born infants in AS and QS. (F) Comparison 
of FC between AS and QS in term-born infants. A paired t-test was conducted to analyze all FC connections; connections that were significantly 
stronger in AS are depicted by bold solid lines, and connections that were significantly weaker in AS are represented by thin solid lines (bilateral intra-
hemispheric temporal connections). (G) AveFC for oxy-Hb signals recorded during AS and QS were compared between preterm infants at term and 
term-born infants using a two-sample t-test (AS, p < .001; QS, p < .001). (H) Comparison of FC between preterm infants at term and term-born infants 
in AS and QS. A two-sample t-test was conducted to analyze all FC connections and connections that were significantly stronger in preterm infants 
than in term-born infants are depicted by solid lines. No FC connections were significantly weaker in preterm infants than in term-born infants. Two-
tailed p-values < .05 for aveFC, and for FC in individual connections after false discovery rate adjustment, were considered statistically significant. 
*p < .05; **p < .01. Detailed FC data are presented in Supplementary Tables S1–S4.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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S4). In addition, in AS, the FC values for frontal–temporal, intra-
hemispheric, and inter-hemispheric temporal connections were 
significantly higher in preterm infants at term than in term-born 
infants (Supplementary Table S3).

Associations between FC at term and clinical 
characteristics in preterm infants.
We assessed the associations between aveFC for oxy-Hb at term 
and clinical characteristics at birth in preterm infants (n = 42). 
The clinical characteristics included GA at birth (younger [<28 
weeks], n = 8; older [≥28 weeks], n = 34), sex (male, n = 19; female, 
n = 23), and small for GA status (SGA, n = 9; non-SGA, n = 33). 
Because aveFC was influenced by PMA at the time of recording, 
aveFC data were adjusted for PMA before examining the asso-
ciations with clinical variables. In multiple regression analy-
ses, there were no significant associations except for a negative 
relationship between aveFC during QS and PMA at the time of 
recording.

Next, we evaluated the associations between aveFC at term 
and the postural–motor and cognitive–adaptive DQs at 10 months 
of corrected age (n = 30). Twelve infants were lost to follow-up, 
and one infant could be evaluated only in terms of the postural–
motor DQ because of severe developmental delay. No significant 
association was found between aveFC in either sleep state and 
the postural–motor DQ (rs = −.12, p = .53 in AS and rs = −.006, 
p = .98 in QS; Figure 5) or aveFC for QS and the cognitive–adaptive 
DQ (r = −.16, p = .40). However, there was a significant negative 
correlation between aveFC for AS and the cognitive–adaptive DQ 
(r = −.49, p = .007). After FDR adjustment, significant negative cor-
relations were observed between FC in 3 of the 28 connections, 
all of which were frontal–temporal connections, and the cogni-
tive–adaptive DQ.

Finally, we investigated the associations between the cogni-
tive–adaptive DQ and various clinical characteristics, including 
GA at birth, aveFC at term in AS, and SGA, using stepwise mul-
tiple regression analysis. In AS, the analysis revealed a positive 
relationship between the cognitive–adaptive DQ and GA at birth 
(β = 1.9, p < .001) and a negative relationship between the cogni-
tive–adaptive DQ and aveFC at term (β = −50.3, p = .004). Notably, 

SGA was excluded from this final model, which was significant 
overall (adjusted R2 = 0.48, p < .001).

Discussion
In this novel EEG-fNIRS study, we investigated the development of 
sleep state-dependent FC between the preterm and term periods. 
Our detailed analyses revealed clear differences in FC between 
AS and QS, as well as between preterm infants at term and term-
born infants. Notably, preterm infants at term exhibited stronger 
FC across extensive brain regions during AS compared to QS. 
Furthermore, stronger FC within frontal–temporal connections 
in AS at term was negatively correlated with neurodevelopmen-
tal outcomes at 10 months of corrected age in preterm infants. 
Importantly, these significant findings were obtained after exclud-
ing PB segments, which have the potential to inflate FC values.

Our study provides the first definitive evidence of the impact 
of PB on analyses of FC in infants. The grand averages showed 
unequivocally that apnea in PB induced repetitive deoxygenation 
and reoxygenation of cerebral blood. This phenomenon, seen in 
multiple brain regions, is consistent with findings from a previ-
ous study that used single-channel NIRS [45] and supports the 
hypotheses of a previous fMRI study of healthy young adults [27]. 
In clinical settings, PB is generally recognized as a benign mani-
festation of immature respiratory regulation [45]. In our study, PB 
was frequently observed, being seen in 67% of AS records and 40% 
of QS records. Moreover, in 42% and 31.5% of AS and QS records, 
respectively, PB accounted for more than a quarter of the total 
recording duration. These observations align with previous stud-
ies [28, 52]. One reason why PB is considered a benign breathing 
pattern is that the relatively small declines in heart rate and oxy-
gen saturation seen during PB episodes are typically insufficient 
to trigger alarms on bedside monitoring devices [28]. Given its 
significant impact on FC analyses and high prevalence, the iden-
tification of PB is crucial. This underscores the importance of res-
piratory monitoring, which is useful for detecting PB, particularly 
when employing modalities such as fMRI and fNIRS, to ensure 
the reliability and accuracy of FC assessments in this vulnerable 
population.

Figure 5.  Association between the average functional connectivity (aveFC) at term and developmental quotient (DQ) in preterm infants. (A) 
Correlation between the aveFC for oxy-hemoglobin (Hb) signals at term in active sleep (AS) and the postural–motor DQ at 10 months of corrected 
age in preterm infants. (B) Correlation between the aveFC for oxy-Hb at term in AS and the cognitive–adaptive DQ at 10 months of corrected age 
in preterm infants. (C) Connections with functional connectivity (FC) values that were significantly negatively correlated (two-tailed p-value < .05 
after false discovery rate adjustment) with the cognitive–adaptive DQ at 10 months of corrected age are represented by solid lines. Note that no FC 
connections showed a positive correlation with the cognitive–adaptive DQ. **p < .01.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae225#supplementary-data
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Our investigation indicated that FC exhibits distinct patterns 
across sleep states and brain regions. This represents a novel 
finding. Notably, the contrast in FC between AS and QS became 
increasingly evident toward term-equivalent age (see Figure 3 and 
Supplementary Figures S5 and S6). FC in inter-hemispheric homol-
ogous connections and connections related to occipital areas 
was notably strengthened during AS, whereas FC networks dur-
ing QS included several connections, including inter-hemispheric 
homologous connections. AS and QS, which are precursors to REM 
sleep and non-REM sleep, respectively [42–44, 53], are considered 
to have distinct functions in brain development [53]. REM sleep, 
which is believed to promote early brain development by provid-
ing stimulation in the form of twitches [54] and REMs, is essential 
for activity-dependent development in the early stages of life. In a 
recent study on preterm infants, a higher proportion of AS during 
the preterm period was associated with increased white matter 
volume at term-equivalent age [55]. By contrast, non-REM sleep is 
hypothesized to aid brain development by optimizing neuronal net-
works through processes such as synaptic downscaling and prun-
ing [56]. The results of our precise analyses, which showed enhanced 
FC in connections related to occipital areas in AS and weakened FC 
in all connections (except inter-hemispheric homologous connec-
tions) in QS, are consistent with the different developmental roles of 
each sleep state. Considering the predominance of AS in the prena-
tal and neonatal periods [53], our results indicate that FC is height-
ened in widespread brain regions during these early developmental 
stages. Subsequently, as non-REM sleep becomes dominant over the 
first 1–2 years of life [53], FC networks evolve toward an adult-like 
state, characterized by a weakening of short-range FC and selective 
strengthening of long-range FC [57, 58].

We identified stronger FC between occipital and spatially dis-
tant regions during AS in both preterm infants at term and term-
born infants. This finding aligns with previous studies suggesting 
increased activation of the visual cortex, as well as strong FC in 
visual occipital regions, during REM sleep. Our results are con-
cordant with an EEG study of preterm infants, in which AS was 
associated with heightened FC in visual occipital regions [26]. 
In addition, an adult NIRS study demonstrated an increase in 
oxy-Hb in a broader area including the visual cortex during REM 
periods [59]. Furthermore, a fMRI investigation of adults revealed 
REM-locked activation during sleep not only in the primary visual 
cortex but also in nonvisual sensory cortices, such as the motor 
cortex, as well as in language areas and the anterior cingulate 
gyrus [60]. Moreover, a mouse study that used mesoscale Ca2+ 
imaging revealed greater activation in the visual and somatosen-
sory cortices during REM sleep [61]. Although the influence of 
REMs themselves on FC in occipital areas remains unclear, these 
findings strongly suggest that REM sleep plays a crucial role in the 
development of FC networks linked to the visual cortex.

The stronger FC observed in broad connections in preterm 
infants at term compared to term-born infants, during both AS 
and QS, was an additional notable finding of our study. This result 
is in line with previous EEG studies of FC [26, 62] and with an fMRI 
study that compared FC between preterm infants and fetuses 
[63]. Preterm infants may be exposed to a stimulus-enriched envi-
ronment (relative to the in utero environment) during the crucial 
period of brain development characterized by activity-dependent 
processes [54]. It is important to acknowledge, however, that 
our results appear to contradict those of two fMRI studies that 
focused on specific networks, such as visual and thalamocortical 
networks; those studies reported that FC is weaker and restricted 
to a smaller area in preterm infants at term compared to term-
born infants [13, 17], although they did not consider the role of 

sleep states. In addition, a functional ultrasound study suggested 
a significant decrease in the occurrence of thalamocortical net-
works during QS in very preterm infants compared to term-born 
infants [64]. This inconsistency in results may be attributable to 
the fact that these studies examined highly specific networks. 
Overall, our results align with previous fNIRS [65] and fMRI 
[12, 17, 18] studies indicating stronger FC in inter-hemispheric 
connections between homotopic regions, in both preterm and 
term-born infants. Considering that certain FC networks show 
functional specialization toward the end of the third trimester 
[12, 13, 16], we speculate that FC in major neuronal networks 
(such as inter-hemispheric homologous connections) strength-
ens with maturation, whereas FC in nonspecific connections may 
weaken, similar to what was seen during QS in this study. More 
studies on FC networks, particularly ones distinguishing between 
different sleep states, are needed to validate this speculation.

Contrary to our primary hypothesis, our results revealed 
inverse associations between FC within frontal–temporal connec-
tions at term in AS and DQs at 10 months of corrected age in 
preterm infants. This suggests that FC networks may be exces-
sively strong in preterm infants, potentially leading to atypical 
neurodevelopmental outcomes. Our findings are consistent with 
a previous EEG study in which functional interactions between all 
pairs of cortical parcels were stronger in preterm infants receiv-
ing standard care compared to healthy term-born infants [62]. 
Intriguingly, no such difference was observed between healthy 
term-born infants and preterm infants who participated in the 
Family Nurture Intervention, a program designed to enhance 
emotional connections between mothers and infants in the NICU 
[62]. In addition, connectivity strength was negatively correlated 
with neurodevelopmental outcomes at 18 months of age [62]. 
Over-synchronized activities in broad brain regions may serve 
as a key pathogenic factor contributing to neurodevelopmental 
challenges in children and adults born preterm.

This study had several limitations. First, the fNIRS analysis 
was limited to only eight points across the entire brain surface. 
However, it is important to note that, for infants as young as 30 
weeks PMA, the entire circumference of the head was covered at 
a specific latitude. Second, the brain regions and depth from the 
brain surface evaluated by NIRS may vary with head size. Even 
though, the comparison between PB and non-PB segments, as 
well as between AS and QS segments, was executed using paired 
samples, thereby mitigating individual differences (including in 
head circumference). In addition, the mean difference in head 
circumference between preterm infants at term and term-born 
infants was only 2 cm.

In conclusion, our study revealed distinct developmental 
trajectories of resting-state, low-frequency FC between AS and 
QS in preterm infants from 31 to 41 weeks PMA. Moreover, our 
results shed light on the significant impact of PB on FC analyses 
in infants. These results underscore the importance of respiratory 
and sleep monitoring for accurate FC analyses in infancy, par-
ticularly when using fNIRS and fMRI. Importantly, despite careful 
adjustment for PB and sleep state, there were differences in FC 
between preterm infants at term and healthy term-born infants, 
which suggests significant early-stage changes in the brain. These 
may be fundamental to the neurodevelopmental challenges that 
preterm infants often face in later life.
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