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ARTICLE INFO ABSTRACT

Keywords: In neonatal care, maintaining oxygen levels in the target range is essential to minimize adverse outcomes.
Hypoxemia Both episodes of hyperoxemia and hypoxemia are associated with adverse neonatal outcomes. Criteria to
Hyperoxemia determine the hypoxemic and hyperoxemic burden are currently not standardized or generally applied in
Premature clinical care. This results in difficulty to identify clinically relevant events in preterm infants. Clinical deci-
Il\;[’(f)a;;rmg sions and interventions are therefore mostly based on the experience of the clinical team. This systematic

review aims to provide an overview of the used definitions for hypoxemia and hyperoxemia in preterm
infants, based on continuous monitoring techniques and the relation to neonatal outcome (PROSPERO:
CRD42023493201).

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

INTRODUCTION

Abbreviations: cFTOE, fractional cerebral oxygen extraction; CI, Confidence
interval; FiO,, fraction of inspired oxygen; FTOE, fractional tissue oxygen extrac-
tion; GA, gestational age; IH, intermittent hypoxemia; IQR, interquartile range;
NICU, neonatal intensive care unit; NIRS, near-infrared spectroscopy; OR, odds
ratio; PMA, postmenstrual age; PNA, postnatal age; rcSO,, regional cerebral tissue
oxygenation saturation; RCT, randomized controlled trial; ROP, retinopathy of

Preterm infants often suffer from transient hypoxemic events
due to immaturity of the respiratory system and its control. Respi-
ration can be supported with invasive and non-invasive ventila-

prematurity; RR, relative risk; rStO,, regional tissue oxygen saturation; rSO,C,
regional cerebral tissue oxygen saturation; SD, standard deviation; SctO,, StO,,
cerebral tissue oxygen saturation; SGA, small for gestational age; SpO,, oxygen
saturation measured with pulse oximetry; TcPO,, transcutaneous partial pressure
of oxygen.
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tion, oxygen supplementation, and medication [1,2]. Maintenance
of oxygen levels within narrow target ranges is important to avoid
adverse outcomes. Low oxygen levels are associated with a higher
risk of death, impaired neurodevelopment, persistent ductus arte-
riosus, and necrotizing enterocolitis [3]. High oxygen levels are
associated with retinopathy of prematurity (ROP) and bronchopul-
monary dysplasia (BPD) [3]. Intermittent hypoxemia, calculated as
a percentage of time below a certain oxygen saturation measured
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with pulse oximetry (SpO-), has been associated with an increased
risk of late death or disability at a corrected age of 18 months [4].

Clinical target ranges are mainly used to optimize oxygenation
and to avoid exposure to both low and high oxygen levels. No stan-
dard definitions are available to determine the burden of hypox-
emia and hyperoxemia, or to identify clinically relevant events.
As a consequence, interventions and clinical decisions are largely
based on the experience of the clinical team. Pulse oximetry is by
far the most frequently applied technique for measuring oxygena-
tion continuously and noninvasively to support clinical decisions.
Despite its invasiveness, intermittent arterial blood gas analysis
remains the gold standard for measuring oxygen levels due to its
accuracy. Transcutaneous oxygen monitoring can be used as well
to estimate arterial blood gas levels noninvasively [5]. Near-
infrared spectroscopy (NIRS) is applied for the assessment of
end-organ perfusion and, combined with arterial oxygen levels,
can provide information on the balance between oxygen delivery
and consumption [6].

Treatment and respiratory support can be adjusted to prevent
hypoxemia and hyperoxemia when their harmful limits are clearly
defined. There is a wide variety in definitions used in literature,
making it difficult to concisely conclude upon a clinically relevant
relation with neonatal outcome. This review aims to investigate
the literature definitions of hypoxemia and hyperoxemia based
on continuous monitoring techniques, and the association between
applied definitions and outcome in preterm infants. The results of
this systematic review could aid in the assessment of the hypox-
emic and hyperoxemic burden in preterm infants in daily clinical
care and provide more clarity on the relation with adverse outcome.

METHODS
Search strategy

A systematic search of electronic medical databases, including
Embase, Medline, Web of Science Core Collection, Cochrane Central
Register of Controlled Trials, and Google Scholar, was conducted on
March 30, 2022 and extended on August 18, 2023 by a reference
librarian (Supplementary Methods). The search was restricted to
studies including human participants and written in English. This
systematic review has been registered in the international
prospective register of systematic reviews database (PROSPERO:
CRD42023493201).

Screening and data extraction

The following inclusion criteria were defined prior to the search
and review: 1) preterm infants with a gestational age
of < 32 weeks; 2) continuous oxygen monitoring techniques; 3)
quantifiable definition of hypoxemia and/or hyperoxemia. Moni-
toring techniques could have varying sampling rates and averaging
intervals. All cerebral near-infrared oxygen measurements, regard-
less of their specific brand-specific parameter names, were
included as NIRS. All types of published studies could be included,
except for case reports, reviews and conference abstracts. Studies
published before 1975, subjects other than human infants and
written in a language other than English were also excluded. Stud-
ies on intermittent monitoring methods, such as laboratory values,
do not fall within the scope of this review. All selected publications
were managed in EndNote© X9 (Clarivate™, London, United King-
dom). Two reviewers (N.G.-P. and J.P.) screened titles and abstracts
independently. Discrepancies were resolved by consensus and
disagreement was resolved by consensus with two additional
reviewers (W.W. and S.S.). Full text articles were screened for eli-
gibility by two reviewers (N.G.-P. and ].P.) and data were extracted
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independently. Data extraction included information on (I) study
characteristics, (II) participant characteristics, (III) hypoxemia
and/or hyperoxemia definitions, (IV) device specifications, (V)
monitoring periods, and (VI) investigated associations with
adverse outcomes.

Quality assessment

Quality assessment of the studies including the association of
definitions with clinical outcomes was performed independently
by two reviewers (N.G.-P. and ].P.). Discrepancies and disagree-
ment were resolved similarly to the data screening and extraction
methods. The Newcastle-Ottawa Scale tool was used for quality
assessment of observational and cross-sectional studies [7]. Stud-
ies are judged on the selection of the study groups, the comparabil-
ity of the groups, and the ascertainment of either the exposure or
outcome of interest. A study can be awarded with a star for quality
for each item in the scale, with a maximum of nine stars.

Outcome measures

The primary outcome measure of this systematic review was
defined as a quantified definition of hypoxemia and/or hyperox-
emia based on continuous monitoring data. This included the type
of data source, monitoring technique, sampling rate, averaging
time and gestational age. In addition, secondary outcome measures
assessed the associations between hypoxemia and/or hyperoxemia
and neonatal outcomes, including mortality and morbidity, during
or after neonatal intensive care unit (NICU) admission.

Data analysis

A description of all used definitions is provided. Data on the def-
inition of hypoxemia and hyperoxemia were synthesized struc-
turally according to the characteristics of the study population,
data source, and measurement details. Descriptive methods,
including frequencies, were used to summarize the data. Descrip-
tive methods were also used to present the association between
hypoxemia and/or hyperoxemia and adverse outcomes. The out-
come measures were not suitable for meta-analyses, as this was
a descriptive systematic review on the definition of hypoxemia
and/or hyperoxemia. Data analyses were performed using R (ver-
sion 4.2.3, The R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

The search strategy resulted in 1914 potentially relevant stud-
ies. Of these, 1703 were excluded based on title and abstract,
resulting in the selection of 211 studies for full-text screening. Ulti-
mately, 91 studies were extracted for further analyses (Fig. 1)
[4,6,8-96]. Eighty-six (86/91) articles explicitly stated one or more
definitions of hypoxemia (N = 135) [4,6,8-39,41-44,46-
81,83,84,86-93,95,96] and thirty-six provided definitions of hyper-
oxemia (N = 47) [6,8,13,19-21,32-34,38,40,45,47,49,50,54,56—
59,67,68,72,73,78,80,82,83,85,89-95].

Definition of hypoxemia

Hypoxemia was defined as a threshold or a percentage devia-
tion from a baseline. Additionally, time could be included in the
definition as a threshold with a specified time limit, and as a speci-
fic interval or time period (intermittent hypoxemia) (Table 1).
Pulse oximetry (N = 117), NIRS (N = 16) and transcutaneous blood
gas monitoring (N = 2) were applied in the studies with
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937 Records removed before screening

J
1914 Records screened

- 1422 identified by Embase

- 300 identified by Medline

- 83 identified by Web of Science Core
Collection

- 52 identified by additional search in
Google Scholar

- Duplicates (n = 937)

N
211 Relevant studies
Sought for retrieval
|

Clearly not relevant based on screening on title and

1703 Abstracts excluded

abstract

¥

204 Relevant studies
Full-text retrieved and evaluated

7 Records not retrieved
- No full text available (n =7)

91 Studies included

120 Studies excluded that did not meet
the inclusion criteria:

- Gestational age > 32 weeks (n = 80)

- No clear definition of hypoxemia or
hyperoxemia (n = 17)

- No continuous method of oxygen
monitoring (n = 9)

- Not written in English (n = 1)

- No patient data (n = 5)

- Duplicates (n = 3)

Fig. 1. Flow diagram of the systematic selection of literature.

corresponding definitions. The most frequently used definition of
hypoxemia with pulse oximetry was an SpO, threshold of < 80 %
(28/117; 24 %) (Fig. 2A). For cerebral NIRS, a threshold of < 55 %
was most commonly used (9/16; 56 %). Two definitions of
hypoxemia were found for transcutaneous blood gas monitoring;
a deviation of more than 20 % from the baseline and a threshold
of < 40 torr. In 39/135 definitions, time was taken into account,
mostly in studies using pulse oximetry (38/39), applied as a limit
(22/39) or as intermittent hypoxemia (13/39) (Fig. 2B). Intermit-
tent hypoxemia was most frequently defined as SpO,
exposure < 81 % with a duration between 10 s and 180 s.

Definition of hyperoxemia

Few articles provided a definition for hyperoxemia, which was
specified as either a threshold or a threshold with a specific time
limit (Supplementary Table 1). Most frequently, a threshold
of > 95 % for pulse oximetry was applied (16/35) (Fig. 3).
Levels > 85 % were used in most studies (8/9) in which NIRS was
applied for tissue oxygen monitoring. No definitions for transcuta-
neous blood gas monitoring were found. Time with hyperoxemia
was taken into account in two articles, with limits varying greatly
from 10 s to 30 min.

Association with adverse outcomes

Twenty-two studies tested the difference in hypoxemic and/or
hyperoxemic exposure for the development of adverse outcomes,
including ROP, mortality, BPD, symptomatic childhood wheezing,
necrotising enterocolitis, intraventricular hemorrhage, and

neurodevelopmental impairment [4,9,12,25,34-36,42,53,55-
57,59,69,72,73,77,78,82,87,93,94]. The quality assessment of these
studies is presented in Supplementary Tables 2 and 3. Eight out of
22 studies scored 8 to 9 points on the 9-point quality assessment
scale. Five out of 22 studies scored 6 or less points. The associations
of ROP, mortality, BPD, neurodevelopmental impairment and other
adverse outcomes with hypoxemic and hyperoxemic exposure are
presented in Table 2. Exposure to hypoxemia was found to be asso-
ciated with a higher risk of ROP in 5/7 studies, with mortality in 3/5
studies, with BPD in 2/3 studies, with neurodevelopmental impair-
ment in 1/2 studies, and with combined death or disability in 3/3
studies. In the remaining studies no association was found
between hypoxemic exposure and adverse outcomes.

In associations describing a higher risk for certain outcomes,
varying SpO, limits of 80 % (N = 8), 83 % (N = 2), 85 % (N = 4)
and 90 % (N = 1) were used to define hypoxemia. In 5 of these asso-
ciations a time interval was used to define hypoxemia, varying
from a duration below the defined saturation target of at least
10 s to 1 min up to a maximum duration of 3 to 5 min.

DISCUSSION

This systematic review presents an overview of literature defi-
nitions of hypoxemia and hyperoxemia in preterm infants, based
on continuous monitoring techniques. Pulse oximetry, NIRS, and
transcutaneous blood gas monitoring were used to detect hypox-
emia and hyperoxemia. A large range of thresholds and time vari-
ables was described to define the burden of hypoxemia and
hyperoxemia. A higher burden of hypoxemia was related to an
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Overview of the included articles with a hypoxemia definition. cFTOE = fractional cerebral oxygen extraction; d = days; FiO, = fraction of inspired oxygen; GA = gestational age; IQR = interquartile range; n = number; min = minutes;
NICU = neonatal intensive care unit; NIRS = near-infrared spectroscopy; PMA = post menstrual age; PNA = postnatal age; RCT = randomized controlled trial; rStO, = regional tissue oxygen saturation; rcSO, = regional cerebral tissue
oxygenation saturation; rSO,C = regional cerebral tissue oxygen saturation; s = seconds; SD = standard deviation; SctO, = cerebral tissue oxygen saturation; SpO, = oxygen saturation measured with pulse oximetry; StO, = cerebral
tissue oxygen saturation; TcPO, = transcutaneous partial pressure of oxygen; w = weeks.
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Threshold (<67%)
Threshold (<65%)
Threshold (<63%)
Threshold (<60%)
Threshold (<55%)
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Pulse oximetry

Percentage from baseline (>9%)
Percentage from baseline (>4%)
Threshold (<91%)
Threshold (<90%)
Threshold (<88%)
Threshold (<86%) 1
Threshold (<85%)
Threshold (<83%)
Threshold (<81%)

80

Threshold (<75%) 1
Threshold (<71%)
Threshold (<70%) 1
Threshold (<60%)
Threshold with time limit (<90%)
Threshold with time limit (<86%)
Threshold with time limit (<85%) 1
Threshold with time limit (<81%)
Threshold with time limit (<80%)
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Fig. 2. a. Frequency graph on the different hypoxemia definitions (threshold, threshold with time limit, percentage from baseline, interval and intermittent) for NIRS, pulse
oximetry and transcutaneous blood gas monitoring. b. Histogram of pulse oximetry definition based on a threshold or a threshold with a specific time limit.

A NIRS

Threshold (>90%)
Threshold (>85%)

Pulse oximetry

Threshold (>98%)
Threshold (>97%) 1—®

Threshold (>96%) —————@
Threshold (>95%)

Threshold (>94%) —@

Threshold (>03%) ———@

Threshold (>00%) ———@
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NIRS/pulse oximetry ratio

Time limits

Threshold (>20%) 1—
Threshold (>15%) {—
Threshold (>10%) 1—
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Number of definitions
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Number of definitions

Fig. 3. a. Frequency graph on the different hyperoxemia definitions (threshold, threshold with time limit) for NIRS, pulse oximetry and NIRS/pulse oximetry ratio. b.
Histogram of pulse oximetry definition based on a threshold or a threshold with a specific time limit.

increased risk of ROP, mortality, BPD, neurodevelopmental impair-
ment, and the combined outcome of death and disability. A higher
burden of hyperoxemia was related to an increased risk of ROP and
overall mortality. However, the evidence on clinically relevant def-
initions remains sparse, due to the retrospective nature of most
studies and relatively small samples sizes.

Definitions of hypoxemia and hyperoxemia were most fre-
quently reported for pulse oximetry, likely due to its widespread
use in neonatal clinical care and its non-invasive aspect. Upon
application, SpO, levels are available almost within seconds. How-
ever, the accuracy and reliability of pulse oximetry is affected by
incorrect sensor placement, motion artefacts, skin pigment, or
low blood perfusion and can decrease even further during periods
of hypoxemia and hyperoxemia [30,97]. During anemic periods
pulse oximetry readings might appear within normal ranges, while
hypoxemia occurs at a tissue level. Given the shape of the oxygen
hemoglobin dissociation curve, pulse oximetry has certain limita-
tions when measuring hyperoxemia, as exposure of tissue to high
oxygen levels is frequently underestimated [97]. Measurement of

14

hypoxemia is also underestimated as low levels of oxygen might
not be visible in pulse oximetry measurements due to the S-
shaped curve [97]. Varying pulse oximeter averaging times and
sample rates were applied in the identified studies, which influ-
ences the estimation of the actual burden of hypoxemia and hyper-
oxemia by inaccurate assessment of oxygen fluctuations [98,99].
Due to the absence of both a safe range of cerebral oxygenation
as well as evidence for clinical benefits on the reduction of the
cerebral burden of hypoxemia and hyperoxemia, NIRS monitoring
is not commonly applied in neonatal care [6,100]. Transcutaneous
oxygen monitoring is limited by the degree of arterialisation of the
skin, relatively slow response times, and the need for frequent cal-
ibrations [97]. Inaccurate oxygen measurements can result in an
underestimation or overestimation of the burden of hypoxemia
and hyperoxemia, hampering adequate interventions.

Our study shows a broad spectrum of definitions of hypoxemia
and hyperoxemia, which included other variables such as time
within the definition [8,10,11,13-16,18,19,22-24,26,28,32,34-
37,39,40,42,48,49,53,61,64,70,76,77,80,81]. It has been hypothe-



Table 2
Association of defined hypoxemia or hyperoxemia with neonatal outcomes.
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Overview of the association between hypoxemia and hyperoxemia definition and clinical outcome. IH = intermittent hypoxemia; ROP = retinopathy of prematurity; SGA = small for gestational age; FTOE = fractional tissue oxygen
extraction; NIRS = near-infrared spectroscopy; rcSO, = regional cerebral tissue oxygen saturation; StO, = tissue oxygen saturation; SpO, = oxygen saturation measured with pulse oximetry; CI = Confidence interval; RR = relative
risk; OR = odds ratio.
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sized that the harmful effects of intermittent hypoxemia depend
on the frequency, timing, severity, and duration of hypoxemic
events [101]. Using these parameters, high risk oxygenation pat-
terns can be distinguished from low risk oxygenation patterns to
identify the cumulative burden of hypoxemia and hyperoxemia.
Multiple studies calculated other compound parameters as sec-
ondary outcomes, including the number of episodes above or
below a certain threshold, a relative or absolute time spent at a
threshold, area under or above a threshold, time between events,
and variability in oxygenation [4,8-10,12-20,22,24,25,28-30,32,
33,35-39,41,42,46,48-51,53-56,59,61,64-67,70-75,77,78,80-82,
85-87,89-96]. In the case of hyperoxemia, measurements need to
be corrected for the administration of supplemental oxygen. Mea-
sured hyperoxemia without additional support is likely to be less
damaging than hyperoxemia while breathing more than 21 % oxy-
gen. Although these compound parameters could provide more
insight into the actual burden of hypoxemia and hyperoxemia,
their clinical relevance and the applicability of these methods are
unknown. This is complicated by the constantly evolving postnatal
course of oxygenation in preterm infants [34].

Strengths and limitations

The results of this systematic review can guide the application
of definitions for hypoxemia and hyperoxemia in current guideli-
nes and future research. Using a systematic approach, this study
provides a thorough overview of the available literature defini-
tions. It allows for a step towards clinical integration of scientifi-
cally used definitions for hypoxemia and hyperoxemia. Evidence
on the relationship between exposure to hypoxemia, hyperoxemia
and adverse outcomes is still scarce and limited to studies with
mostly small sample sizes and thus remains uncertain. The median
sample size of the included studies investigating associations with
adverse outcomes was 117, with the studies of Poets et al., Di Fiore
et al,, and Jensen et al. as outliers with more than 1000 participants
[4,36,53]. In addition, while numerous definitions were found, a
limited number was associated with neonatal outcome. As a result,
the clinical relevance and therefore the shortcomings could not be
sufficiently investigated. The heterogeneity of the presented
hypoxemia and hyperoxemia definitions, with varying monitoring
techniques and settings, may misdirect the search for clinically rel-
evant quantifications of harmful and beneficial levels of oxygena-
tion. No hyperoxemia definition using transcutaneous blood gas
monitoring was identified in the systematic search, which can be
explained by our inclusion and exclusion criteria, including studies
with a gestational age < 32 weeks, while some studies used birth
weight for subject inclusion [102,103]. Less definitions of hyperox-
emia were related to neonatal outcome, while, among others, stud-
ies investigating pulse oximetry target ranges, such as the STOP-
ROP and BOOST trials have shown the link between high SpO, tar-
gets and poor outcome. Previous reviews suggested an upper limit
of 80 torr for transcutaneous oxygen monitoring [97,104]. Studies
reporting relevant associations between exposure to hypoxemia
and hyperoxemia and adverse outcome could have been missed
or excluded if no quantifiable definition was provided. The avail-
ability of a quantifiable definition was the main outcome of this
systematic review, which could have resulted in these omissions.

Implications for clinical care and future research directions

In current clinical care, oxygen therapy is mostly titrated based
on pre-set target ranges, although the optimal SpO, target ranges
are still uncertain and adherence is suboptimal as shown in the
NeOProM studies [105]. It is also unknown what alarm settings
should be applied to reach optimal adherence to target ranges.
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The patient-specific hypoxemia and hyperoxemia burden is not
commonly quantified for clinical use and guidelines provide no
information for management based on the burden, despite the
known associations between the oxygen burden and adverse out-
comes. Introducing new methods to maintain oxygen levels within
the specific range could lead to better, more efficient and individ-
ualized neonatal care. Monitoring techniques should be combined
to increase the measurement accuracy of the hypoxemic and
hyperoxemic burden. Respiratory interventions should not be
based on alarm limits and target ranges only, the hypoxemic and
hyperoxemic burden should be accounted for. The data infrastruc-
ture of NICUs needs to allow for processing and integrating cur-
rently available data streams. This is essential to achieve
quantification of hypoxemia and hyperoxemia. Quantification of
hypoxemia and hyperoxemia should at least be based on the most
frequently used definitions in former studies (i.e. threshold
of < 80 % and > 95 % for pulse oximetry, < 40 torr and > 80 torr
for transcutaneous blood gas monitoring, and < 55 % and > 85 %
for NIRS). The feasibility and added value of the use of more com-
pound parameters to determine the hypoxemic and hyperoxemic
burden needs to be investigated. The association between expo-
sure to hypoxemia or hyperoxemia and short-term and long-
term outcomes needs to be investigated more extensively to iden-
tify optimal oxygen management in neonatal care. Future studies
should be conducted in a structured manner to enhance the knowl-
edge on clinically relevant oxygenation levels and the hypoxemic
or hyperoxemic burden and to enhance development of guidelines
for interventions.

CONCLUSION

In the large range of hypoxemia and hyperoxemia definitions in
preterm infants we found similarities, most frequently a threshold
of < 80 % and > 95 % for pulse oximetry, < 40 torr and > 80 torr for
transcutaneous blood gas monitoring, and < 55 % and > 85 % for
cerebral NIRS. Exposure to hypoxemia and hyperoxemia is found
to be associated with the development of adverse outcomes,
including ROP, mortality, BPD, neurodevelopmental impairment,
and the combined outcome of death and disability. The findings
of our review suggest that the relation between clinical application
of found definitions and adverse neonatal outcomes is insufficient
for direct implementation.

Future directions for research

e Detailed analysis on the duration, frequency, timing and sever-
ity of hypoxemic and hyperoxemic events is required to define
the actual burden.

e Clinical guidelines that uniformly apply a single definition and
method to determine the burden of hypoxemia and hyperox-
emia are required for early interventions that could potentially
improve neonatal outcomes.
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