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ABSTRACT

Study objectives: Healthy infants may have a greater apnea hypopnea index (AHI) than older children
during the newborn period, but the trajectory of these sleep-related events beyond the first month of life
is poorly understood. In this study, we evaluated the longitudinal changes in respiratory indices during
sleep in healthy infants during the first six months of life.
Methods: Single-center prospective cohort study. Thirty healthy infants underwent overnight in-lab
polysomnography at one and five months of age and findings were compared between assessments.
Systematic review of studies evaluating infant polysomnography and meta-analysis was conducted.
Results: At one month of age, total AHI, obstructive AHI, and central AHI model-adjusted means (95%
confidence interval) were 16.9 events/hour (12.2, 21.5), 10.2 events/hour (7.4, 13.1), and 6.6 events/hour
(4.2, 9.0), respectively. 16.8% of events were obstructive apneas and 36.1% central apneas. By five months
of age, there were significant reductions in each index to 4.1 events/hour (3.2, 5.0), 1.9 events/hour (1.4,
2.4), and 2.2 events/hour (1.6, 2.9), respectively (p < 0.001 for each), and a lower proportion of events
were obstructive apneas (8.6%, p = 0.007) and a greater proportion central apneas (52.3%, p = 0.002).
Meta-analysis found high AHI in infants with significant heterogeneity.
Conclusions: Central AHI and obstructive AHI are greater in healthy newborns than older children. There
is a significant spontaneous reduction in events and change in type of events in the first six months of life
in this low-risk population. These findings may serve as a reference for clinicians evaluating for
obstructive sleep apnea in infants.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

obstructive sleep apnea (OSA) in children of all ages, from infancy
through adolescence [1]. However, there are limited normative

Polysomnography (PSG) is the gold standard for evaluation of respiratory data in healthy infants, making the interpretation of

OSA status in this age group fraught with challenges. Available data
suggest that in comparison to older children, infants have increased
obstructive, mixed, and central apneas within the first weeks of life,

Abbreviations: AHI, apnea hypopnea index; CAI, central apnea index; MAI,
mixed apnea index; OAHI, obstructive apnea hypopnea index; OAI, obstructive
apnea index; OHI, obstructive hypopnea index; OSA, obstructive sleep apnea; PSG,
Polysomnogram; REM, Rapid eye movement.
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but studies are limited to abbreviated daytime tests, polygraphy
studies that did not include encephalogram, and scoring that pre-
dated current guidelines [2—4]. Few African Americans were
included in previous studies, which could potentially lead to an
under-estimation of apnea hypopnea index (AHI) in the larger
population [5]. Importantly, the trajectory of respiratory events
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during sleep beyond the first month of life in healthy infants is also
poorly understood. Limited polygraphy data suggest that there are
fewer obstructive events after only a few months of growth [4], but
no longitudinal data using PSG are available.

Multiple physiological differences may explain the propensity
toward more respiratory events during sleep in infancy when using
the current American Academy of Sleep Medicine pediatric scoring
rules [6]. The upper airway in healthy infants, while resistant to
complete collapse, is highly compliant, increasing its susceptibility
to significant changes in cross-sectional area with small changes in
luminal pressure, resulting in ventilatory instability and obstructive
cycling [7,8]. A highly compliant rib cage results in paradoxical
breathing during sleep [9]. Further, infants spend a greater pro-
portion of total sleep time in rapid eye movement (REM) sleep than
older children, where there is greater respiratory instability and
more obstructive apnea [10,11]. Thus, there are multiple drivers of
differences in PSG results that can evolve in the first months after
birth.

Despite these uncertainties surrounding their interpretation,
the use of PSG is increasing in high-risk infants being evaluated for
OSA, including those with craniofacial conditions, Down syndrome,
Prader-Willi syndrome, laryngomalacia, and others [12—16]. The
paucity of normative data in these situations poses further chal-
lenges in medical decision-making, including when treatment with
surgery and continuous positive airway pressure [17—19] are
indicated. A lack of consistent metrics, including comparison with
normative data in this age group, has prevented the development of
standardization in treatment regimens for these high-risk infants
[13] leading to inconsistent practice in the field [20,21].

This study aimed to assess respiratory data during the newborn
period in a diverse sample of healthy infants using in-laboratory,
overnight PSG and to evaluate changes in PSG parameters in the
first six months of life. In addition, the study aimed to conduct a
systematic review of published studies evaluating respiratory
indices during sleep in healthy infants using polysomnography for
meta-analysis. We hypothesized that there would be more central
and obstructive apneas in healthy newborns than older children
and that there would be significant reductions in these obstructive
and central apneas with only a few months of normal maturation in
the healthy newborn population.

2. Materials and methods
2.1. Study design and participants

This was a single-center prospective longitudinal cohort study.
A community-based sample of healthy newborns born at least 37
weeks' gestation was recruited in the first two weeks of life be-
tween May 2016 and July 2019 from well-baby units or initial well
visits with their pediatrician. Healthy infants did not have any
previous history of cardiorespiratory or neurologic problems, had
no history of previous illness or concerns about breathing during
sleep, and no first-degree relative with OSA. The study was
approved by the Children's Hospital of Philadelphia Institutional
Review Board (#14-011346). Informed consent was obtained from
the parent of each participant in the study.

2.2. Assessments

Baseline visit was completed at one month of age and infants
returned for a follow-up visit at five months of age to allow for
several months of maturation with a second assessment to be
completed by six months of age. Medical records were reviewed
when available. Infants underwent medical history and physical
exam to confirm that they were well and to specifically assess for
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visible evidence of hypotonia or craniofacial abnormality.

At both visits, in-lab overnight diagnostic PSG was conducted
and scored using American Academy of Sleep Medicine criteria,
including infant sleep staging for the baseline visit [6]. Because
phases of NREM sleep (N1, N2, N3) could not be identified in all
studies, especially at one month of age, only the proportion of REM
was included in the final analysis. Participants reported to the sleep
laboratory at 6:30 p.m. with a parent for setup and were studied
until 7 a.m. the following morning. All infants were placed in the
supine position for PSG. A Polysmith PSG system (Nihon Kohden,
Irvine, CA) was used to record the following parameters: electro-
encephalography (leads at C3A2, C4A1, F3A2, F4A1, O1A2, 02A1);
bilateral electrooculograms; submental and tibial electromyo-
grams; chest and abdominal wall motion using respiratory induc-
tance plethysmography (Natus, Middleton, WI); heart rate by
electrocardiogram; arterial oxygen saturation by pulse oximetry
(Masimo, Irvine, CA); end-tidal carbon dioxide measured at the
nose by infrared capnometry (Novametrix Medical System, Inc.,
Wallingford, CT); airflow using a 3-pronged thermistor (Pro-Tech
Services, Inc., Mukilteo, WA) and nasal pressure (Pro-Tech Services,
Inc., Walnut Cove, NC). Participants were continuously observed by
a PSG technician in a dark room and audio/video was recorded with
the use of an infrared video camera and microphone.

2.3. Systematic review

The systematic literature review was conducted in accordance
with the PRISMA-P protocol [22]. The search for peer-reviewed
research articles, without language restriction or publication
dates was performed (by DS) using the following search term for
querying the PUBMED database:

((AHI|Title/Abstract]) OR ("apnea-hypopnea index"[Title/Ab-
stract]) OR ("central apnea index"[Title/Abstract]) OR ("obstructive
apnea index"[Title/Abstract]) OR ("sleep apnea"[Title/Abstract]))
AND (infants|Title/Abstract]) NOT (Robin[Title/Abstract]) NOT(Re-
view|Title/Abstract])

Manuscripts included in the final meta-analysis were selected
using a selection carried out by two of the authors (CC and AC). If
there was a disagreement, a third author (IET) was consulted. To be
included, studies were required to include polysomnography of
healthy infants less than 12 months of age and report respiratory
outcomes associated with sleep-disordered breathing, including
either AHI and/or sub-indices.

Information from the selected articles was curated by the au-
thors (CC and AC) and stored in a Microsoft Excel (Microsoft, Seattle
WA) spreadsheet. The primary outcomes considered were AHI,
obstructive AHI (OAHI), and central apnea index (CAI); mixed apnea
index (MAI), obstructive hypopnea index (OHI), and obstructive
apnea index (OAI) were also considered. Secondary outcomes
included oxyhemoglobin saturation nadir, mean oxyhemoglobin
saturation, and proportion of total sleep time with saturation below
90%. Of note was that not all articles in our database had the full set
of indices. When possible, if one of the above-mentioned indices
was missing, it was derived from the data presented. When studies
included multiple age cohorts, they were included separately in the
analysis.

2.4. Data analysis

All analyses were conducted with Stata 16 MP (StataCorp, Col-
lege Station TX) with two-sided tests of hypotheses and a p-value <
0.05 as the criterion for statistical significance.

Analysis of the prospective cohort: Descriptive analyses
included computation of medians and ranges of continuous vari-
ables and tabulation of categorical variables. Tests of normal
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distribution were performed to determine the extent of skewness
of variables. Frequency counts and percentages were used to report
categorical variables. Inference statistical analysis were conducted
in two steps. Due to non-normality of most PSG variables, mixed-
effects models were constructed. Univariate analysis was used to
identify statistically significant confounders. The visit type (base-
line at 1 month versus 4-month follow-up) was included as fixed
effects in the model. Random effects were set on the level of indi-
vidual patient. Mixed-effects models are capable of handling
missing values as there were five participants who were not able to
return for follow-up testing. To adjust for small departures from
normality, robust (sandwich) estimation of the variance was used.
Post-hoc assessment of the marginal (model adjusted) means and
differences were estimated in pairwise fashion. Least significant
mean method was used to adjust for multiple comparisons. Mar-
ginal means and differences are reported with their respective 95%
confidence interval unless otherwise specified.

Analysis for the systematic review: Random-effects meta-anal-
ysis was performed using restricted maximum likelihood method
[23]. Random-effects model was used for all indices since early on a
high level of heterogeneity was observed for most indices. When
the mean and the standard deviation were not available, they were
estimated from median and the ranges or interquartile ranges using
computation proposed by Wan et al. [24]. The heterogeneity of
studies was assessed by the I statistics where values more than
50% were indicative of heterogeneous studies. Furthermore,
Cochran's Q test with P < 0.1 was considered as indication of het-
erogeneity as well. The heterogeneity of the selected studies was
also assessed using visual inspection of the Funnel plots [25].

3. Results
3.1. Primary data

Thirty healthy infants completed baseline PSG at one month of
age. Demographics for participants are shown in Table 1.

All infants were born at term, half of the participants were Black
and there was a slight male predominance; Black race, White race,
and Latinx ethnicity were similar to 2020 Philadelphia county de-
mographics. Univariate analysis of potential confounders, including
age at visit, gestational age, race (self-reported), ethnicity (self-re-
ported), and sex, did not identify any significant confounders of
primary or secondary outcomes. At one-month PSG, all healthy
infants had a significant number of obstructive and central events
(Table 2). The model-adjusted mean (95% CI) AHI was 16.9 events/
hour (12.2, 21.5), obstructive AHI was 10.2 events/hour (7.4, 13.1)
and central apnea index was 6.6 events/hour (4.2, 9.0).

Time in airway obstruction was 1.9% (1.3, 2.4) of total sleep time.
Of the total respiratory events at baseline, an adjusted mean of 18%
of events were obstructive apneas, with 39% central apneas, 32%
obstructive hypopneas, and 11% mixed apneas. There was little

Table 1
Demographics. Values are in median (95% CI) unless otherwise specified.

Parameter Study cohort (n = 30)
Age at baseline visit, weeks 3.7(2.0,7.1)
Gestational age at birth, weeks 39.6 (37, 41)
Early term (37—38 weeks), n % 7 (23.3)
Race, n (%)
Black 15 (50)
White 11 (36.7)
Asian 0
Other 4(13.3)
Ethnicity, Latinx, n (%) 5(16.7)
Sex, female, n (%) 13 (43.3)
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associated desaturation or hypercapnia. No healthy infant had
saturation below 90% for greater than 0.5% of their total sleep time.
The sleep time with end-tidal CO; greater than 50 mm Hg was 0.18%
(0, 0.37) for the cohort. There were no significant differences in the
PSG results (AHI, obstructive apnea index, obstructive hypopnea
index, mixed apnea index, and central apnea index) based on sex,
race, or ethnicity, and no significant associations with gestational
age or age at baseline visit (all p > 0.05).

Five healthy infants were lost to follow-up and twenty-five
returned for repeat PSG at five months of age (Fig. 1). None of the
participants were admitted to the neonatal intensive care unit after
birth or hospitalized prior to follow-up visit and none were treated
for OSA or other respiratory conditions during the study. There was
a significant reduction in AHI [4.1 events/hour (3.2, 5.0), p < 0.001]
as well as time in airway obstruction [0.4% (0.3, 0.6), p < 0.001]
compared to baseline testing (Fig. 2). There were significant re-
ductions in all the respiratory indices, including obstructive apnea
index [0.3 events/hour (0.2, 0.5), p < 0.001], obstructive hypopnea
index [1.3 events/hour (0.8, 1.8), p < 0.001], mixed apnea index
[0.3event/hour (0.1, 0.4), p < 0.001], and central apnea index [2.2
events/hour (1.6, 2.9), p < 0.001]. The time spent in respiratory
events decreased proportionally [0.4 (0.3, 0.6), p < 0.001]. There
was a significant change in the proportion of respiratory event
types at the five-month-old visit with 8.6% (4.0, 13.2) obstructive
apneas (p = 0.007) and 52.3% (42.2, 62.3) central apneas (p = 0.002)
(Fig. 2). Compared to baseline testing, by the 5-month visit, sleep
efficiency had increased significantly, associated with reduced
nocturnal feeding during the study. In addition, there was a lower
proportion of REM sleep and fewer arousals at the 5-month visit
compared to baseline.

3.2. Systematic review

A total of 101 articles were identified satisfying the above-
mentioned search terms. Except for one article emanating from
our group [26], the authors on any of the identified article were not
contacted for any additional information.

Ten studies [3,4,26—33] met inclusion criteria for meta-analysis
out of a total of 101 articles (Fig. 3), including one (Duenas-Meza
2022), which had two separate age cohorts that were both
analyzed. This study assessed infants living at altitude (2640 m
above sea level) and was included for completeness. 59 articles
were excluded because they did not include healthy infants, 8 ar-
ticles were excluded because they only included participants
younger than 12 months, 2 because the article was not available in
English, 12 because the participants were not studied with poly-
somnography or polysomnography variables were not available, 4
because they were unrelated to the topic, and 6 because they were
review articles. The year of publication varied from 1981 to 2022.
The number of subjects per study varied from 7 to 400. Techniques
varied, primarily as a function of the study date, including the
sensors used in polysomnography and the scoring of events, but all
studies included measures of events per hour as the primary
outcome.

Due to the high level of heterogeneity in all 6 sleep respiratory
indices considered (AHI, OAHI, MAI, OHI, CAI and OAI), we split the
studies into three age groups by the age of the participants into:
newborns (first month of life), young infants (2—6 months old) and
older infants (6—12 months old). Nevertheless, this change did not
result in notable decrease in heterogeneity which remained high.

The overall AHI was estimated to be 6.54 (95% CI [3.33, 9.75],
Fig. 4).

Furthermore, using a random-effects meta regression, there was
a significant decrease in AHI for both young (b: —7.13; 95% CI
[-13.36, —0.89]; P = 0.025) and old infants (b: —11.59; 95% CI
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Table 2
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Change in polysomnographic parameters from baseline to 4-month follow-up in healthy infants. Summary polysomnography data from 30 healthy infants, 25 of whom
completed both visits. Results shown are model estimated adjusted mean and 95% confidence interval. EtCO,, end-tidal CO,; Sy0,, arterial oxygen saturation. * Model resulted
in a negative number for the lower bound of the 95% CI and was unable to determine whether the marginal mean was different than zero.

Parameter One month old (n = 30) Five months old (n = 25) p

Age, weeks 3.8(3.3,44) 224 (21.3,235)

AHI (n/hour) 16.9 (12.2, 21.5) 4.1 (3.2,5.0) <0.001
Obstructive apnea hypopnea index, n/hour 10.2 (7.4, 13.1) 1.9(14,24) <0.001
Time in airway obstruction (%) 1.9(1.3,24) 0.4 (0.3, 0.6) <0.001
Obstructive apnea index, n/hour 3.1(1.6, 4.6) O 3(0.2,0.5) <0.001
Obstructive hypopnea index, n/hour 5.4 (3.8,6.9) 3(0.8,1.8) <0.001
Mixed apnea index, n/hour 1.8 (1.0, 2.6) 0 3(0.1,0.4) <0.001
Central apnea index, n/hour 6.6 (4.2,9.0) 2.2(1.6,29) <0.001
Periodic breathing, % total sleep time 0.5 (0.2, 1.0) 0.2(0.1,0.3) 0.14
SpO; nadir, % 85.5(83.3, 87.6) 87.2 (84.6, 89.7) 0.31
Desaturation nadir below 80%, n (%) 4(13.3) 3(12) 0.89
Mean SpO0,, % 97.9 (97.5, 98.4) 98.6 (98.2, 99.0) 0.002
Total sleep time with Sp0,<90%, % 0.3(0.1,0.4) 0.1 (0, 0.2)* 0.016
Maximum etCO,, mm Hg 48.3 (46.9, 49.7) 47.8 (46.2,49.4) 0.59
Sleep time with etCO,>50 mm Hg, % 0.2 (0, 0.4)* 0.02 (0, 0.03)* 0.08
Sleep efficiency, % 76.8 (73.7,79.9) 87.9 (86.1, 89.6) <0.001
REM sleep, % total sleep time 456 (42.7,48.9) 37.3(34.2,40.3) <0.001
Arousal index, n/hour 229 (19.9, 25.8) 14.4 (12.6, 16.3) <0.001

30 healthy
newborns enrolled

Polysomnography at
one month (n=30)

5 healthy infants lost
to follow-up

4-month follow-up
polysomnography
(n=25)

Fig. 1. Consort diagram.

[—18.23, —4.85]; P = 0.001) in comparison to the newborn group.
There was not a significant difference in AHI between young and
old infants. Overall OAHI was estimated to be 3.53 (95% CI [1.95,
5.11], Supplemental Fig. 1). Of note, OAHI was less frequently re-
ported than AHI, with only one study that reported this index in
older infants. There were no differences in OAHI between the three
age groups. MA index was estimated to be 0.82 (95% CI [0.34, 1.30],
Supplemental Fig. 2). MA index was less frequently reported than
OAHI or AHI, and again no significant differences were found be-
tween the age groups. OH index was estimated to be 2.07 (95% CI
[0.34, 3.8]; Supplemental Fig. 3). The large level of variance of this
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index resulted in non-physiological lower bound, again indicating a
high level of heterogeneity.

CA index was estimated to be 6.59 (95% CI [4.27, 8.91],
Supplemental Fig. 4). OA index was estimated to be 1.26 (95% Cl:
[0.51, 2.02], Supplemental Fig. 5).

There were not significant age group-related differences with
the available data for OA and CA indices.

There was significant heterogeneity in reported oxyhemoglobin
saturation data between studies included for secondary analysis,
especially with both cohorts from Duenas-Meza and colleagues,
which was conducted at altitude and overall had lower saturation
nadir. SpO; nadir was estimated to be 85.4% (95% CI: [81.7, 89.1],
Fig. 5).

Mean SpO, was estimated to be 97.6% (95% CI: [97.0, 98.2],
Supplemental Fig. 6).

The proportion of total sleep time with saturation below 90%
was estimated to be 2.4% (95% CI: [0.1, 4.8], Supplemental Fig. 7).
There were not significant age group-related differences for any of
the saturation indices evaluated.

4. Discussion

In this observational cohort study, we compared respiratory
parameters during sleep as measured by PSG at one month of life to
a follow-up at five months old. We found that at one month of age,
there was a significant amount of obstructive and central events
during sleep in healthy infants. However, in our cohort, at 5 months
of age, both obstructive AHI and central apnea index decreased
significantly. Importantly, the type of most residual events in
healthy infants at 5 months of age changed, with a preponderance
of central apneas or obstructive hypopneas and minimal obstruc-
tive apneas. Our cohort, which uniquely included longitudinal data
using full overnight polysomnography, suggest that at one month
of age, an obstructive AHI of greater than 18 events per hour or an
obstructive apnea index of greater than 9 events per hour would be
considered abnormal. Data from both our primary data and meta-
analysis suggest that a central apnea index greater than 9 events
per hour would be outside the 95% confidence interval for infants.

Using full in-lab overnight PSG in a racially diverse cohort, this
finding supports other studies that included PSG in healthy infants.
Our findings at one month of age are consistent with the findings of
our meta-analysis, confirming a wide spectrum of both central and
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PubMed electronic database search
(n=101 records)

Abstracts reviewed
for eligibility
(n=101)

Full text articles
reviewed for eligibility
(n=18)

83 excluded

*59: not healthy infants
+8: participants >12 mos
*6: reviews

*5: inadequate PSG data
4. off-topic

*1: non-English

8 excluded
*7 inadequate PSG data
*1 non-English

analysis (n=10)

Studies included in final

*3 newborn
*6 young infant
*4 older infant

e

Fig. 3. Flowchart of the protocol for article selection.
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obstructive events during sleep in healthy newborns, greater than
normative data for older children. Previous studies included in that
meta-analysis have largely been limited by cross-sectional design.
Data from our cohort found that even in healthy infants with the
greatest number of apneic events at one month old, there is sig-
nificant reduction by five months of age. This finding is similar to
the pattern seen by Brockmann and colleagues, which was one of
the few previous studies that included longitudinal assessment [4].
This decrease may be due to improved respiratory mechanics,
increased functional residual capacity, more mature ventilatory
control, and reduced REM sleep [7,11].

Our meta-analysis did find a reduction in overall AHI from
newborns to infants older than one month old. Trends of reductions
in other indices from younger to older age groups were seen, but
were not statistically significant, possibly related in part to overall
heterogeneity. The causes of this heterogeneity may be multifac-
torial, but are likely due to spectrum factors, including but not
limited to differences in methodology and within-group age as well
as within-sample homogeneity. Nevertheless, estimated mean
values for all indices other than obstructive hypopnea index that
had non-zero overlapping 95% CI indicating a significant mean
value that is different from 0.

In addition to obstructive AHI, data from our cohort suggest that
the proportion of obstructive apneas may also be a useful marker of
more pathologic OSA. Obstructive apneas represented a relatively
low proportion of total events in one-month-old infants, and an
even smaller proportion at five months of age. These data support
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AHI
Effect size Weight
Study with 95% CI (%)
Newborns: first month of life
Brockmann et al., 2013 —l— 15.97[12.39, 19.56] 7.21
Daftary et al., 2019 —M— 14.90[ 11.64, 18.16] 7.32
Kanack et al., 2022 —1— 9.70[ 7.51, 11.89] 7.64
Heterogeneity: 12 = 9.82, I2 = 81.06%, H2 = 5.28 —ll— 13.32[ 9.37, 17.27]
Test of 6,=6: Q(2) = 11.88, p=0.00
Testof 8 =0: z=6.60, p = 0.00
Young infants: 3-6 months old
Brockmann et al., 2013 —— 9.72[ 7.65, 11.80] 7.67
Cielo et al., 2016 - 510[ 3.64, 6.56] 7.79
Duenas-Meza et al., 2022 [12-16 weeks] —M— 15.07[12.05, 18.08] 7.40
Duenas-Meza et al., 2022 [24-28 weeks] E 3 780[ 6.68, 8.92] 7.85
Huang et al., 2019 [ ] 0.50[ 0.43, 0.57] 7.92
Verrillo et al., 2014 [ | 0.68[ 0.39, 097] 7.92
Heterogeneity: 12 = 29.83, |2 = 99.83%, H2 = 601.29 —~al 6.35[ 1.93, 10.78]
Test of 8, = 6, Q(5) = 366.75, p = 0.00
Testof 6 =0:z=2.82, p=0.00
Older infants: 6-12 months old
Cielo et al., 2016 —— 570[ 3.48, 7.92] 7.63
Montgomery-Downs et al., 2006 . B 1.00[ -0.29, 2.29] 7.82
Testa et al., 2005 [ | 0.30[ 0.09, 0.51] 7.92
Ykeda et al., 2009 [ | 0.70[ 0.66, 0.74] 7.92
Heterogeneity: T2 = 4.83, I2 = 99.64%, H2 = 275.19 . 1.73[ -0.51, 3.97]
Test of 8, = 8;: Q(3) = 32.90, p = 0.00
Testof8=0:z=1.52,p=0.13
Overall - 6.54[ 3.33, 9.75]
Heterogeneity: 12 = 33.78, 12 = 99.97%, H? = 3983.36
Test of 8, =6, Q(12) =617.77, p = 0.00
Test of 8 =0:z=4.00, p =0.00
Test of group differences: Q,(2) = 25.54, p = 0.00
0 5 10 15 20

Random-effects REML model

Fig. 4. Forest plot of overall and per group mean of AHI.

the growing literature that newborn infants with an elevated AHI
using established pediatric standards do not necessarily have
pathologic obstructive sleep apnea and highlight the need for
specific polysomnographic respiratory interpretation for newborns
and infants. Accordingly, this could include re-classification of OSA
status based on AHI and utilizing repeat polysomnography in this
age group.

While the focus of this study was the progression of apneas and
hypopneas during sleep in healthy infants, the natural history of
OSA in high-risk groups like those with craniofacial conditions and
Down syndrome remains poorly understood. In infants with
micrognathia and glossoptosis, surgical correction during the
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newborn period with mandibular distraction osteogenesis is
widely accepted as a standard, highly effective therapy demon-
strated by improvement or resolution of OSA in many infants
[18,26]. However, OSA will improve in a portion of these patients
with growth and conservative therapy such as positive airway
pressure, supplemental oxygen, or watchful waiting [19,34]. In
these patients, determining how much of the improvement seen
after surgical treatment is due to growth and which patients will
improve without surgery is critical in designing treatment algo-
rithms. The natural history of OSA in other high-risk infants, such as
those with Down syndrome, is also poorly understood and would
benefit from longitudinal studies [35,36]. Infants with high-risk
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SpO2 nadir
Effect size Weight

Study with 95% ClI (%)
Newborns: first month of life
Brockmann et al., 2013 B 85.50 [ 84.21, 86.79] 9.18
Daftary et al., 2019 - 83.00 [ 80.85, 85.15] 9.00
Kanack et al., 2022 . » 88.50 [ 86.83, 90.17] 9.11
Heterogeneity: T2 = 6.47, |2 = 89.95%, H2 = 9.95 o 85.72 [ 82.67, 88.77]
Test of 6, = 6;: Q(2) = 16.66, p = 0.00
Testof 6 =0:z=55.16, p =0.00
Young infants: 3-6 months old
Brockmann et al., 2013 [ | 88.00 [ 87.36, 88.64] 9.26
Cielo et al., 2016 - 91.50[ 89.42, 93.58] 9.02
Duenas-Meza et al., 2022 [12-16 weeks] s B 71.67 [ 69.97, 73.36] 9.10
Duenas-Meza et al., 2022 [24-28 weeks] - 76.00 [ 74.14, 77.86] 9.07
Verrillo et al., 2014 = B 86.90[ 85.16, 88.64] 9.09
Heterogeneity: 12 = 71.54, 12 = 99.24%, H? = 131.62 ~ 82.82[ 75.36, 90.27]
Test of 6, = 6;: Q(4) = 449.07, p = 0.00
Testof 6 =0:z=21.78, p =0.00
Older infants: 6-12 months old
Cielo et al., 2016 |- 87.50 [ 84.91, 90.09] 8.87
Montgomery-Downs et al., 2006 - 90.10[ 88.14, 92.06] 9.04
Ykeda et al., 2009 [ | 90.33[ 89.78, 90.88] 9.26
Heterogeneity: 12 = 0.85, 12 = 54.95%, H2 = 2.22 < 89.73 [ 88.34, 91.11]
Testof 6, =6, Q(2) =4.40, p=0.11
Test of 6 =0: z=127.09, p = 0.00
Overall - 85.37 [ 81.68, 89.06]
Heterogeneity: 12 = 38.15, 12 = 98.95%, H? = 95.15
Test of 6, = 6, Q(10) = 635.94, p = 0.00
Test of 6 =0: z=45.37, p =0.00
Test of group differences: Q,(2) = 8.12, p = 0.02

7b Bb 9‘0 1(50

Random-effects REML model

Fig. 5. Forest plot of overall and group mean of oxyhemoglobin saturation (SpO,) nadir.

conditions whose PSG results are only modestly different than
healthy controls may benefit from conservative management with
re-evaluation rather than surgical intervention.

Using the current American Academy of Sleep Medicine scoring
guidelines, respiratory events in children of all ages, including in-
fants, are scored using the same criteria [6]. However, until recently,
studies that aimed to establish normative values for respiratory
events on PSG excluded children under a year of age [37—39]. Ap-
neas are scored if there is a greater than 90% reduction in airflow for
the duration of at least two missed breaths, which may be only a
few seconds in an infant with a relatively rapid respiratory rate
[40]. Obstructive hypopneas are scored if there is a reduction in
airflow of greater than 30% accompanied by snoring, nasal pressure
flattening, or paradoxical breathing. However, snoring is not
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sensitive or specific for OSA in infants and paradoxical breathing
during sleep can be normal in this age group, also contributing to
the difficulty in distinguishing pathological from physiologic res-
piratory events during sleep in the youngest patients [9,41]. It may
be helpful to examine these criteria in the context of infants to
avoid misinterpreting physiological events as pathological. In
addition, the impact of demographic factors, such as sex, prema-
turity status, race/ethnicity air pollutants, and altitude on respira-
tory sleep findings should be examined in larger cohorts in this age
group. Two studies by the same group studying infants at altitude
in Bogota, Colombia have found that there is a higher rate of both
central and obstructive respiratory events as well as desaturation
during sleep in preterm compared to full-term infants [28,42], but
direct comparisons have not been made at sea level.
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Strengths of our study include longitudinal follow-up using full,
in-lab overnight PSG, the gold standard for OSA assessment and a
cohort that was much more diverse than previous studies. How-
ever, limited sample size that precluded sub-analyses based on
race/ethnicity and sex. Since participants were carefully screened to
avoid any parental concern for OSA and evaluated for any predis-
posing condition, we believe that this is truly a reflection of normal
evolution of infant anatomy and physiology. Rapid respiratory rate
in infants, often precluding an end-tidal plateau, may result in
artifactually low end-tidal CO, measurements, possibly reducing
the prevalence of detected hypoventilation during sleep. Partici-
pants in this study were only evaluated through the first six months
of life, and future longitudinal studies should re-evaluate later in
infancy and into childhood. Future studies should evaluate whether
infants with greater AHI during the newborn period are at
increased risk later in childhood. In addition, future studies should
also consider surrogate evaluation of obstructive sleep apnea such
as exhaled nitric oxide and exhaled breath condensate, which have
shown promise in older patients [43,44].

In summary, healthy infants experience more obstructive and
central respiratory events during sleep with a wider range of
normal than older children, and there are fewer of these after one
month of age. These findings support the existing literature
regarding normative PSG data in the first month of life and
demonstrate that the obstructive AHI can be used effectively to
distinguish between healthy infants and those with OSA. These
findings should be confirmed with additional infant groups that are
high-risk for OSA and evaluate the trajectory and impact of OSA in
those infants to improve treatment strategies. Meta-analysis of PSG
studies of healthy infants confirms these overall higher obstructive
and central indices. While a lower overall AHI was seen in infants
greater than one month of age than newborns, there was significant
heterogeneity in PSG indices in the mostly small studies available in
the literature.
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