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ABSTRACT

Objective Pulse oximetry is used extensively in hospital
and home settings to measure arterial oxygen saturation
(SpQ,). Interpretation of the trend and range of Sp0,
values observed in infants is currently limited by a lack
of reference ranges using current devices, and may be
augmented by development of cumulative frequency (CF)
reference-curves. This study aims to provide reference
oxygen saturation values from a prospective longitudinal
cohort of healthy infants.

Design Prospective longitudinal cohort study.

Setting Sleep-laboratory.

Patients 34 healthy term infants were enrolled, and
studied at 2 weeks, 3, 6, 12 and 24 months of age
(N=30, 25, 27, 26, 20, respectively).

Interventions Full overnight polysomnography,
including 2 s averaging pulse oximetry (Masimo Radical).
Main outcome measurements Summary SpO,
statistics (mean, median, 5th and 10th percentiles) and
SpO, CF plots were calculated for each recording. CF
reference-curves were then generated for each study age.
Analyses were repeated with sleep-state stratifications
and inclusion of manual artefact removal.

Results Median nocturnal SpO, values ranged between
98% and 99% over the first 2 years of life and the CF
reference-curves shift right by 1% between 2 weeks and
3 months. CF reference-curves did not change with
manual artefact removal during sleep and did not vary
between rapid eye movement (REM) and non-REM
sleep. Manual artefact removal did significantly change
summary statistics and CF reference-curves during wake.
Conclusions Sp0O, CF curves provide an intuitive visual
tool for evaluating whether an individual's nocturnal
SpO, distribution falls within the range of healthy age-
matched infants, thereby complementing summary
statistics in the interpretation of extended oximetry
recordings in infants.

INTRODUCTION

Modern pulse-oximeters non-invasively measure
and record high temporal resolution arterial blood
haemoglobin oxygen saturations (SpQO,), making
them a valuable clinical tool in a range of paediatric
clinical applications. Published reference ranges
have documented the normal ranges of summary
measurements such as baseline SpO,, mean SpO,
and median SpO, values,"” with more recent
studies expanding reference statistics to include
ranges, nadirs, Sth and 10th percentiles of SpO, dis-
tributions and time below specific SpO, levels.!?
However, many of these studies used devices which
are no longer available in clinical practice or present
selected parameters specific to particular models
and averaging time settings. Furthermore, with

» Extended recording of pulse oximetry can
provide important information about the health
of an individual relatively non-invasively in a
hospital environment.

» SpO, reference data, stratified by sleep-state in
term infants aged 2 weeks—24 months, are
currently not available for modern high
temporal resolution pulse-oximeters.

» Summary statistics, such as mean and medians,
do not capture the overall distribution of
extended SpO, recordings.

» This study provides reference SpO, statistics,
stratified by sleep-state, for healthy term
infants aged 2 weeks—2 years, using a current
generation pulse-oximeter.

» Cumulative frequency reference-curves provide
an intuitive visual tool for rapidly evaluating
whether an individual’s SpO, distribution is
within a healthy range.

» Cumulative frequency plots complement
summary statistics and visual inspection of raw
data in the clinical interpretation of nocturnal
Sp0, recordings.

modern oximeters capable of recording individual
data points for extended periods, it is highly desir-
able to develop normative measurements which
quantify the overall SpO, distribution. This would
be of particular value in the titration of supplemen-
tal oxygen requirements in infants with chronic neo-
natal lung disease'*™"* and screening for obstructive
sleep apnoea.'®

One method of presenting SpO, data in a graph-
ical, and therefore perhaps more readily interpret-
able manner, is the SpO, cumulative frequency
(CF) curve. These are produced by some commer-
cial oximetry software, and reference values for
healthy preterm infants have been presented by
Harigopal et al'” and Ng et al.'® In this approach,
the SpO, CF curve was generated for each infant
by calculating the proportion of the recording
spent at or below each discrete SpO, saturation
level. CF reference-curves were then generated
by calculating the Sth and 50th centiles at each
SpO, value for the study population. Thus,
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analogous to using a growth chart, by plotting the SpO, CF
curve for a subject of interest over the reference-curves, it can
be easily observed whether the infant’s SpO, profile falls within
the range expected for a healthy infant. This study thus aimed
to present reference ranges for SpO, summary statistics and CF
reference-curves for healthy term infants from the neonatal
period to 2 years of age. The impact of manual artefact removal
and sleep-state stratification on CF reference-curves and
summary statistics are also investigated.

METHODS

Subjects and procedures

Complete details of the protocol have been described else-
where.'*™* Recruitment was from antenatal clinics during the
third trimester of an uneventful singleton pregnancy, with 34
healthy Caucasian infants (16 girls) enrolled following birth.

The intention of the initial study design was to collect norma-
tive data on various cardiorespiratory parameters, including
oxygen saturation. The sample size was selected to ensure statis-
tical power to detect maturational changes in key summary vari-
ables such as number of SpO, desaturation events, while being a
feasible number in which detailed sleep studies could be per-
formed. Infants were eligible if they were: born by normal
vaginal delivery or planned caesarean section at term (38—42
weeks) with normal birth weight (10th-90th percentile),*?
Apgar score >7 at 5 min and were from a non-smoking house-
hold. Exclusion criteria included congenital or anatomical
abnormality; sudden infant death syndrome sibling; supplemen-
tal oxygen requirement >5 min following delivery; or a strong
maternal family history of atopy.

This prospective cohort was studied with full overnight poly-
somnogram within the Queensland Paediatric Sleep Service at the

Table 1 Participant characteristics and SpO, summary statistics calculated without manual artefact removal
Summary statistic All non-REM/QS REM/AS Wake
2 weeks (N=30, 13 female)
Age (days) 1443
Duration (min) 549.6 (396-1024) 153.9 (114-544) 203.8 (93-270) 156.0 (38-357)
Artefact-free duration (min) 503.0 (343-635) 151.2 (113-220) 193.9 (93-266) 117.6 (15-231)
SAT5 (%Hb) 95.0 (88-97) 96.0 (85-98) 95.0 (88-97) 92.0 (73-99)
SAT10 (%Hb) 96.0 (92-98) 97.0 (93-98) 96.0 (92-98) 96.0 (77-99)
Median SpO, (%Hb) 98.0 (95-100) 98.0 (95-100) 97.5 (95-100) 98.0 (96-100)
Mean SpO, (%Hb) 97.6 (95-99) 97.9 (95-99) 97.2 (95-99) 97.6 (93-100)
3 months (N=25, 10 female)
Age (days) 97+9
Duration (min) 534.5 (411-660) 249.5 (151-327) 189.5 (86-302) 75.5 (8-313)
Artefact-free duration (min) 492.9 (391-621) 249.5 (149-327) 189.5 (73-302) 60.6 (8-169)
SAT5 (%Hb) 97.0 (90-99) 98.0 (94-99) 97.0 (93-99) 85.0 (68—99)
SAT10 (%Hb) 98.0 (95-99) 98.0 (95-100) 98.0 (94-99) 91.0 (76-100)
Median SpO, (%Hb) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100)
Mean SpO, (%Hb) 98.5 (97-100) 98.7 (97-100) 98.9 (97-100) 97.3 (92-100)
6 months (N=27, 10 female)
Age (days) 198+6
Duration (min) 498.6 (367-680) 270.6 (160-421) 147.0 (88-229) 91.5 (20-214)
Artefact-free duration (min) 462.5 (351-654) 262.0 (160-397) 140.0 (83-227) 66.7 (14-179)
SAT5 (%Hb) 97.0 (95-98) 97.0 (95-99) 97.0 (95-99) 96.0 (83-98)
SAT10 (%Hb) 97.0 (96-99) 98.0 (96-99) 98.0 (96-99) 97.0 (86—100)
Median SpO, (%Hb) 98.0 (97-100) 98.0 (97-100) 99.0 (97-100) 99.0 (98-100)
Mean Sp0, (%Hb) 98.3 (97-100) 98.3 (97-100) 98.5 (97-100) 98.2 (96-99)
12 months (N=26, 10 female)
Age (days) 371+14
Duration (min) 499.0 (259-744) 272.3 (131-532) 128.3 (47-216) 72.0 (3-251)
Artefact-free duration (min) 442.8 (205-612) 267.1 (119-355) 121.9 (47-216) 434 (3-132)
SAT5 (%Hb) 97.0 (89-99) 97.0 (95-99) 97.0 (83-99) 95.5 (69-99)
SAT10 (%Hb) 98.0 (95-99) 98.0 (95-99) 98.0 (94-99) 97.0 (75-99)
Median SpO, (%Hb) 99.0 (96-100) 98.5 (96-100) 99.0 (96-100) 99.0 (97-100)
Mean SpO, (%Hb) 98.4 (96-100) 98.4 (96-100) 98.5 (96-100) 98.2 (95-100)
24 months (N=20, 5 female)
Age (days) 725+8
Duration (min) 486.3 (323-658) 337.8 (240-512) 112.8 (41-188) 375 (0-155)
Artefact-free duration (min) 481.5 (220-582) 306.7 (181-385) 103.9 (38-188) 289 (0-138)
SATS5 (%Hb) 97.5 (96-99) 98.0 (96-99) 98.0 (95-99) 97.0 (73-98)
SAT10 (%Hb) 98.0 (96-99) 98.0 (96-100) 98.0 (96-99) 97.0 (75-100)
Median SpO, (%Hb) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100)
Mean SpO, (%Hb) 98.7 (97-100) 98.7 (97-100) 98.8 (97-100) 97.9 (94-100)

All summary statistics are calculated from SpO, data without manual artefact removal. Data are presented for the entire recording (All), and stratified according to sleep-states
non-REM, REM and wake for children at 3 months and older; and quiet sleep (QS), active sleep (AS) and wake for children at the neonatal study. SATS5, 5th percentile SpO, value;
SAT10, 10th percentile SpO, value. Values are presented as median (range) or mean+SD. REM, rapid eye movement.
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Mater Children’s Hospital in the neonatal period (day 5-20) and
then at 3, 6, 12 and 24 months of age. Scheduled studies were
conducted if the infant was well and free of inter-current illness
(on physician examination). In the event of a viral respiratory
illness, studies were rescheduled to at least 2 weeks after clinical
resolution of the illness. A polysomnographic sleep-study was con-
ducted using an EMBLA acquisition system (Embla N7000 system,
Natus Medical Inc) and Somnologica software (Somnologica
V.3.3.2 Build 1559). As part of this montage, arterial oxygen satur-
ation was measured using a Masimo Radical (software-build 4.1,
Masimo Corporation, Irvine, California, USA) pulse-oximeter
with 2 s averaging and 1 Hz temporal resolution. All procedures
were completed between March 2006 and July 2009, and were
compliant with the Thoracic Society of Australia and New
Zealand recommendations for paediatric sleep laboratories.>*

Each study was manually scored by a trained, experienced scorer,
with sleep-staging conducted using Anders criteria at the neonatal
study? and the AASM manual for scoring sleep for infants aged
3 months and over,”® as recommended by Grigg-Damberger
et al.*” This study was approved by the Mater Health Services
Human Research Ethics Committee (Number 952C).

Data analysis

The nocturnal SpO, recording for each infant, at each of the
study ages, was exported from Somnologica into the European
Data Format (.edf) and then imported into MATLAB
(Mathworks, Natick, Massachusetts, USA) for further analysis.
To account for small analogue acquisition calibration errors

(<0.5%) when digitally sampled at the polysomnogram system,
SpO, values were rounded to the nearest integer percentage
value. The Masimo Radical oximeter has sophisticated artefact
detection algorithms which mark artefactual periods by setting
SpO,=0% and, consequently, samples of data less than 25%
after rounding were removed from further analysis.

The SpO, cumulative distribution function (CDF) describes
the proportion of the recording spent at or below each integer
SpO, value, that is, for a recording of SpO, samples S, and
integer SpO; values (x):

CF(x) = P(S < x). (1)

For each infant, at each of the five study points, a CF curve
was generated using the method described by Harigopal et al.'”
Reference CF reference-curves were then generated by identify-
ing the minimum, 25th percentile, median, 75th percentile and
maximum value across the study population at each discrete
SpO; value to generate CF reference-curves representing the
expected range of values for healthy infants at the specified age.
In addition, the mean, median, 5th and 10th percentiles of
SpO, values (SATS and SAT10) were calculated for each study.

Secondary analysis included the stratification of results
according to the sleep-states of wake, non-rapid eye movement
(REM) and REM (wake, quiet sleep and active sleep for infants
at 2 weeks);?’?° the manual identification and removal of
movement artefacts in the SpO, channel (defined as changes in
SpO, corresponding to movement noted on video recording)
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Cumulative frequency (CF) reference-curves of SpO, profiles for a population of healthy term infants aged 2 weeks, 3, 6, 12 and

24 months. CF reference-curves are derived from the nocturnal SpO, recordings of 30, 25, 27, 26 and 20 infants at 2 weeks, 3, 6, 12 and 24 months
of age, respectively, in a longitudinal follow-up study. Results are presented for the whole nocturnal recording, using CF plots calculated from
oximetry data without manual artefact removal. The CF plot for an individual shows the percentage of a recording spent at, or below a particular
Sp0, value, while the CF reference-curve shows the range of percentage time spent below a particular SpO, value in the healthy term population.
For example, it may be seen that in healthy infants at 2 weeks of age, between 0% and 60% of a recording may be spent with an SpO, of 95% or
less. Notably, the CF reference-curves shift right by 1%-2% between 2 weeks and 3 months, where they remain stable up to 24 months.
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which were not automatically detected; and comparison of CF
reference-curves to those previously presented for healthy
preterm children.!” Wilcoxon-Sign-Rank tests were used to
compare summary statistics in sleep-state, age and artefact rejec-
tion comparisons. p Value<0.01 was considered statistically sig-
nificant. In the event of a missing study for an infant at a
particular age, that infant was excluded from statistical tests in
relevant age comparisons.

RESULTS

Of the 34 children enrolled, 31, 25, 27, 26 and 20 participants
completed studies at 2 weeks, 3, 6, 12 and 24 months, respectively
(see online data supplement 1.1, including figure S1). One study at
2 weeks had less than 60 min of artefact-free SpO, data and was
removed from analysis. Summary statistics of the SpO, profiles cal-
culated without manual artefact rejection for the infant population
are presented in table 1. As expected, mean duration and percent-
age of study time of REM decreased with maturation, while
non-REM percentage of study time increased. SATS was lower
during wake than non-REM and REM at 2 weeks and 3 months
(p<0.01) and SAT10 for the same comparison at 3 months
(p<0.01). There was an increase in median values of SATS and
SAT10 between 2 weeks and 3 months of age for pooled
non-REM and REM stratifications (p<0.01). SATS and SAT10
increased during wake between 3 and 6 months (p<0.01). The
Masimo Radical pulse-oximeter was generally effective in identify-
ing artefact (82.5%, 66.3%, 80.1%, 93.3% and 90.0% of total
manually scored artefacts in infants at 2 weeks, 3, 6, 12 and

3 Months

24 months, respectively). Complete summary statistics for analysis
with manual artefact rejection are presented in the online data
supplement 1.2. Analysis with manual artefact rejection did not
change the population median by >2% for any summary statistics
for pooled sleep-states or in REM or non-REM, but during wake
did result in a statistically significant increase of median SATS at
2 weeks, 3 and 12 months (p<0.01) and a notable increase in the
lower bound of the range for SATS and SAT10 (up to 23%).
Figure 1 shows the population minimum, 25th, 50th and
75th percentiles and maximum SpO, CF reference-curves gener-
ated for the study population at each of 2 weeks, 3, 6, 12 and
24 months of age. Plots are shown for the full nocturnal record-
ing without manual artefact removal. The CF reference-curves
shift right by 1% between 2 weeks and 3 months, where they
remain stable up to 24 months. The same CF reference-curves
overlaid with reference-curves generated using manual artefact
removal are presented in figure 2. There is no qualitative change
to median or minimum population curves, but the maximum
curve shows a reduced percentage of the night spent below 94%
saturation. Tabulated data for these SpO, CDF nomograms and
those generated with sleep-state stratifications are presented in
online data supplement 1.3, while commonly used summary sta-
tistics derived from these (percentage of night with SpO, below
92% and 95%) are tabulated in online data supplement 1.4.
Figure 3 compares the CF reference-curves presented in
figure 1 with those presented in literature for healthy preterm
infants at the same corrected age of 2 weeks post-term.'” The
CF reference-curves for the preterm infant group are shifted to
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Figure 2 SpO, cumulative frequency (CF) reference-curves for healthy infants aged 2 weeks—24 months, generated with and without manual
artefact removal. CF reference-curves are shown for SpO, data from the whole nocturnal recording. At SpO, values greater than 95%, there is no
discernible deviation between nomogram curves generated with and without manual artefact removal. At lower Spo, values, the maximum curve for
data without manual artefact removal remains higher than the respective nomogram curve with manual artefact removal, indicating that artefact
manually removed tends to be at lower SpO, values. Max (Man Artfct Remvl), population maximum reference-curve generated with manual artefact
removal; Med (Man Artfct Remvl), population median reference-curve generated with manual artefact removal; Min (Man Artfct Remvl), population

minimum reference-curve generated with manual artefact removal.
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Figure 3 SpO, cumulative frequency (CF) reference-curves for healthy
term infants and healthy preterm infants. CF reference-curves for
healthy infants at 2 weeks, overlaid with the reference-curves presented
by Harigopal et al'’ for healthy preterm infants (median gestational
age at birth of 33 weeks; median age at study of 2 weeks). The
reference-curves for the preterm infant group are shifted to the left
relative to the term infant group (median curve shifted approximately
3%—4% Sp0,). Physiological differences in the oxy-haemoglobin
dissociation curve, use of different pulse-oximeter models and the
extent of manual artefact removal may account for these differences.

the left relative to the healthy infant group (median curve
shifted approximately 3%—4% SpO,).

DISCUSSION

The objective of this study was to present reference ranges of noc-
turnal SpO, recordings from a prospective cohort of healthy term
infants at 2 weeks, 3, 6, 12 and 24 months of age using both con-
ventional summary statistics and CF reference-curves. To our
knowledge, this is the first study to present reference ranges
recorded using a Masimo Radical pulse-oximeter with 2 s aver-
aging in a prospective cohort of healthy term infants from 2 weeks
to 24 months. This study was conducted in a sleep-laboratory and,
as such, secondary analyses investigated the impact of sleep-state
and manual artefact identification on reference ranges.

The SpO, summary statistics presented for entire nocturnal
recordings are generally consistent with the literature despite the
recognised variations in recorded SpO, values between different
oximeter makes and models.’® In particular, the population
range of mean and median nocturnal SpO, values was between
95% and 100% over the first 2 years.” > © 3! 32 Median SATS was
95% at 2 weeks which supports existing studies that show
healthy term neonates have nocturnal SATS values as low as
95%"° and these lower end SpO, values tend to increase and sta-
bilise over the first few months of life.>! These results provide
important normative data using a current generation high tem-
poral resolution pulse-oximeter. While this is the first study to
present CF reference-curves for healthy term infants, these
curves have previously been presented in literature for a cohort
of healthy preterm infants.'” It was noted in the results that there
was a left shift of 3%-4% in the median curve for preterm
infants indicating that SpO, values are lower in the preterm
group. Physiological differences in the oxy-haemoglobin

dissociation curve, use of different pulse-oximeter models*® and
the extent of artefact removal may account for these differences.
Sleep-state stratification confirmed earlier work that there is no
clinically significant difference (>2%) in summary measures of
SpO, between REM and non-REM sleep-states,! and this was
reflected in CF reference-curves (see online data supplement
1.3). Although we found that SATS and SAT10 were lower
during wake than sleep at 2 weeks and 3 months, this may be
related to the additional likelihood of movement artefact during
wake which was not detected by the automatic algorithm. While
results indicated that Masimo Radical’s artefact identification was
good, manual artefact removal during wakefulness resulted in an
increase in summary statistics (particularly SATS) and deviation
in CDF’s (observed as lower percentage of time spent below
90%). No difference was found in either SpO, summary statistics
or SpO, CDF nomograms for pooled data, REM or non-REM
stratifications following manual artefact rejection. These results
suggest that clinical utility would not be limited by the inability
to classify sleep-stage, although there would be benefit to manu-
ally excluding obvious movement artefacts during wake from
analysis (see online data supplement 1.5 for further discussion).
The CF reference-curve has previously been proposed as a
useful clinical tool for interpreting extended SpO, recordings
due to its ability to present information about the SpO, distri-
bution in an intuitive graphical manner.'” '® Indeed, SpO, CF
curves for individuals can be produced with some commercial
oximetry and polysomnogram software, and may be readily gen-
erated using standard spreadsheet software (see online data sup-
plement 2 provides a brief tutorial). Yet, to date, CF
reference-curves for healthy term infants have been lacking.
This study thus provides important reference data to allow this
method to be translated into wider clinical practice. To illustrate
the potential clinical utility of CF reference-curves, figure 4 dis-
plays the CF curves for an infant with chronic neonatal lung
disease at 3 months gestational corrected age during an oxygen
titration study superimposed on the CF reference-curves for
infants at 3 months. It can be observed that when the infant is
in room air, the CF is shifted to the left of the normative range
indicating that SpO, values are lower than may be expected in
healthy infants. However, when the same infant is placed in sup-
plemental oxygen at 0.25 L/min, the CF curve is within the
healthy range, indicating normal SpO, distribution. The CF
curve alone does not discriminate between a large number of
short desaturations or a smaller number of longer desaturations
and, as such, best clinical utility would be achieved by using CF
curves to complement summary statistics and visual inspection
of large time-scale trend graphs. As with all diagnostic tests,
results need to be interpreted in the wider clinical context.
There are a number of limitations in this study. First, partici-
pants were continuously supervised by an experienced sleep
technologist to ensure that all sensors remained correctly
attached, likely resulting in fewer artefacts than expected in a
general clinical environment. While this provides the scientific
advantage of improved data quality, it may limit generalisability
to other clinical environments. Second, generalisability is also
potentially restricted to the pulse-oximeter used in this study.
However, it is a commercially available model and is commonly
used in hospital settings. Finally, this was a resource-intensive
sleep-laboratory based prospective cohort follow-up study, and
consequently results may also be limited by a relatively small
sample size. This may have particular impact on maximum and
minimum CF reference-curves, and these should be interpreted
as the maximum and minimum in this sample, rather than the
expected limits for the wider population. Future work should
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Figure 4 Effect of supplemental oxygen on an infant with chronic
neonatal lung disease at 3 months corrected age during an oxygen
titration study. Cumulative frequency (CF) plots for an infant with
chronic neonatal lung disease at 3 months gestational corrected age,
plotted over the Sp0O, CF reference-curves for healthy infants at

3 months. It can be observed that when the infant is in room air, the
CF plot is shifted to the left of the normative range indicating that
SpO, values are lower than may be expected in healthy infants.
However, when treated with 0.25 L/min of supplemental oxygen, the
CF plot is within the healthy range indicating normal SpO, distribution.

expand these results by studying a larger sample in a more gen-
eralised clinical environment.

In conclusion, this paper presents reference ranges for healthy
term infants aged from 2 weeks to 24 months of nocturnal
SpO, recordings using a Masimo Radical pulse-oximeter with
2 s averaging. The SpO, CF reference-curves provide an intui-
tive visual tool for evaluating whether an individual infant’s
nocturnal SpO, distribution falls within the range of healthy
age-matched infants. This reference range is potentially applic-
able to extended oximetry studies conducted in a range of gen-
eralised care settings and may be a useful tool in monitoring
and setting appropriate supplemental oxygen levels for infants
with respiratory and other diseases.
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ONLINE MATERIAL 1:

1.1 Loss to follow-up in prospective cohort study:

Figure S1 shows a flowchart which documents the loss to follow-up in the prospective cohort follow-up
study. In summary, 34 children were enrolled, and 31, 25, 27, 26 and 20 participants completed studies at 2
weeks, 3, 6, 12 and 24 months respectively. One study at 2 weeks of age was discarded from analysis

because less than 60 minutes of artefact free SpO2 data was available.



34 Healthy Term Infants
(15F) Enrolled at Birth

3 Participants (1F)
withdrawal prior to
completion of Study 1

Y

Study 1
(2 Weeks)

{x)

Y

1 Participant (1F)
completed Study 1, but
then withdrew.

Data not included in analysis, due
fo less than 1 hour of artefact-free
Sp02 data available

2 Participants (OF) miss
study 2 (lliness, Away)

30 Participants (13F)
Successfully Complete
Study 1

3 Participants (3F)
withdrawal prior to
completion of Study 2

y

Study 2
(3 Months)

()

y

25 Participants (10F)
Successfully Complete
Study 2

Y

N
‘Ct-u—dy 3

,QMonths)

\ 4

27 Participants (10F)
Successfully Complete
Study 3
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Y
Study 4
(12 Months)

\ 4

26 Participants (10F)
Successfully Complete
Study 4

\

y
Study 5
(24 Months)

h 4

20 Participants (5F)
Successfully Complete
Study 5

1 participant (OF)
withdraws prior to
completion of Study 4

6 participants (5F)
withdrawal prior to
completion of Study 5

Figure S1: Flow-chart documenting loss to follow-up in the prospective cohort study. Many of the study
withdrawals were prior to the completion of the first 2 studies, due to the difficulty undertaking full overnight
polysomnograms so close to birth, and the attendant adjustment difficulties for families.



1.2 Impact of Manual Artefact Removal on SpO2 Summary Statistics:

Supplementary Table S.I displays the summary statistics of the SpO2 profiles for the infant population with
manual artefact rejection. Median and range across the infant population are presented for SpO2 recording
duration, artefact free SpO2 recording duration and the SpO2 metrics: SAT5 (5™ percentile value across the
recording); SAT10 (10" percentile value across the recording); median value, and mean value. Key trends
associated with maturation, and sleep state stratification do not vary from those presented in Table | of the
main paper. Relative to data with no manual artefact rejection, analysis with manual artefact rejection did not
change the population median by >2% for any summary statistics for pooled sleep-states or in REM or non-
REM, but did result in an decrease of median SAT5 at 2 weeks, 3 and 12 months (P<0.01 with Wilcoxon-
Sign-Rank Test) and a notable increase in the lower bound of the range for SAT5 and SAT10 (up to 23%)
during wake. A tabulated version of these results, and those contained in Table I of the main document is

available in the online material file “SpO2_ Summary Statistics.xIsx”.



Table S.1 — Summary of statistics of nocturnal SpO2 recording calculated with manual artefact removal

Summary Statistic All non-REM/QS REM/AS Wake
2 Weeks (N=30, 13 Female)
Age (days) 1443
Duration (mins) 549.6 (396-1024)  153.9 (114-544)  203.8 (93-270) 156.0 (38-357)
Artefact Free Duration (mins) 489.4 (334-629)  150.2 (112-219)  191.6 (92-258) 108.3 (7-222)
SAT5 (%Hb) 95.0 (90-97) 96.0 (85-98) 95.0 (88-97) 95.0 (75-99)
SAT10 (%Hb) 96.0 (93-98) 97.0 (93-98) 96.0 (92-98) 96.0 (79-99)
Median SpO2 (%Hb) 98.0 (95-100) 98.0 (95-100) 97.5 (95-100) 98.5 (96-100)
Mean SpO2 (%Hb) 97.8 (95-99) 97.9 (95-99) 97.3 (95-99) 97.9 (94-100)
3 Months (N=25, 10 Female)
Age (days) 9749
Duration (mins) 534.5 (411-660)  249.5 (151-327)  189.5 (86-302) 75.5 (8-313)
Artefact Free Duration (mins) 483.1 (351-620)  248.9 (149-327)  188.2 (72-301) 46.9 (7-137)
SAT5 (%Hb) 97.0 (94-99) 98.0 (94-100) 98.0 (93-99) 97.0 (91-99)
SAT10 (%Hb) 98.0 (95-99) 98.0 (95-100) 98.0 (94-99) 98.0 (94-100)
Median SpO2 (%Hb) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100) 99.0 (98-100)
Mean Sp02 (%Hb) 98.9 (97-100) 98.8 (97-100) 98.9 (97-100) 99.1 (98-100)
6 Months (N=27, 10 Female)
Age (days) 19816
Duration (mins) 498.6 (367-680)  270.6 (160-421)  147.0 (88-229) 91.5 (20-214)
Artefact Free Duration (mins) 456.9 (350-610)  259.1 (159-396)  139.7 (83-226) 60.3 (14-161)
SAT5 (%Hb) 97.0 (95-98) 97.0 (95-99) 97.0 (95-99) 97.0 (90-99)
SAT10 (%Hb) 97.0 (96-99) 98.0 (96-99) 98.0 (96-99) 98.0 (94-100)
Median SpO2 (%Hb) 99.0 (97-100) 98.0 (97-100) 99.0 (97-100) 99.0 (98-100)
Mean SpO2 (%Hb) 98.5 (97-100) 98.4 (97-100) 98.5 (97-100) 98.6 (97-99)
12 Months (N=26, 10 Female)
Age (days) 371+14
Duration (mins) 499.0 (259-744)  272.3 (131-532)  128.3 (47-216) 72.0 (3-251)
Artefact Free Duration (mins) 439.5 (205-611)  266.6 (118-354)  119.7 (47-214) 41.5 (3-130)
SAT5 (%Hb) 97.0 (95-99) 97.0 (95-99) 97.0 (93-99) 97.0 (83-99)
SAT10 (%Hb) 98.0 (95-99) 98.0 (95-99) 98.0 (94-100) 97.0 (88-99)
Median SpO2 (%Hb) 99.0 (96-100) 98.5 (96-100) 99.0 (97-100) 99.0 (98-100)
Mean SpO2 (%Hb) 98.6 (96-100) 98.5 (96-100) 98.6 (96-100) 98.5 (96-100)
24 Months (N=20, 5 Female)
Age (days) 7258
Duration (mins) 486.3 (323-658)  337.8 (240-512)  112.8 (41-188) 37.5 (0-155)
Artefact Free Duration (mins) 476.8 (216-580)  305.1 (178-383)  103.2 (38-188) 27.3 (0-134)
SAT5 (%Hb) 98.0 (96-99) 98.0 (96-99) 98.0 (95-99) 97.0 (95-100)
SAT10 (%Hb) 98.0 (96-99) 98.0 (96-100) 98.0 (96-99) 98.0 (96-100)
Median SpO2 (%Hb) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100) 99.0 (97-100)
Mean SpO2 (%Hb) 98.8 (97-100) 98.8 (97-100) 98.8 (97-100) 98.7 (97-100)

All summary statistics calculated from SpO2 data with manual artefact removal. Data is presented for the entire recording
(All), and stratified according to sleep states non-REM, REM and Wake for children at 3months and older; and Quiet Sleep
(QS), Active Sleep (AS) and Wake for children at the neonatal study. SAT5 - 5t percentile SpO2 Value; SAT10 - 10t
percentile SpO2 Value. Values are presented as Median (Range) or Mean+SD.



1.3. Impact of Age, Manual Artefact Removal and Sleep State Stratifications on SpO2 Cumulative

Distribution Function Nomograms:

The file “Complete SpO2_ CF_ReferenceCurves.xlsx” contains complete tabulated data for SpO2
cumulative frequency (CF) reference-curves at each of the study ages (2 weeks, 3, 6, 12 and 24 months).
Reference-curves are presented for CF plots generated from raw data with, and without manual artefact
rejection. In addition to results for the entire nocturnal data recordings (“All”), results are also presented for
the sleep state stratifications: REM sleep (Active sleep for infants at 2 weeks); non-REM sleep (quiet sleep
for infants at 2 weeks); and wake. This tabulated data is presented to allow other researchers to present their
own data in this format and to compare with this reference dataset of healthy infants. Microsoft Excel plot
functions may be utilised to replicate the style of the nomogram plots presented in Figure 1 and Figure 2 of

the main document.

As reported in the main paper, The CF reference-curves shift right by 1% (both with and without manual
artefact rejection) between 2weeks and 3 months, where they remain stable up to 24 months. For any given
age group, there is no appreciable difference in data generated from the REM and non-REM sleep
stratifications, with or without manual artefact rejection. However, it is observed that data generated from
wake stratifications show CF reference-curves shifted to the left of those for REM and non-REM sleep states
(indicating a greater proportion of the night at lower SpO2 values). Furthermore, the max and 75" percentile
nomogram curves in particular are shifted to the left for no manual artefact rejection relative to manual
artefact rejection. The relatively low percentage of the total nocturnal recordings spent in wake for most
infants (Table I of main paper) manifests in CF reference-curves for entire nocturnal recordings which show
no appreciable difference to those for REM or non-REM stratifications with the exception of the max curve,
which is shifted to the left by 1-3%. This also explains the observation in Figure 2 of the main document

showing that only the lower end of the max curve is appreciably affected by manual artefact rejection.

The higher proportion of wake with lower SpO2 values, and the greater sensitivity to manual artefact
rejection may be explained by the likely increase in movement artefacts during wake periods relative to sleep

periods. The periods of wake available for analysis are highly variable from individual to individual,



highlighted by the range of analysed wake duration of 3-251 minutes at 12months of ages (Table I). In the
method of translating individual CF plots to reference-curves, equal weighting is given to each individual
and as such outlier points, particularly manifesting in the max nomogram curve, may arise due to an

individual with a disproportionately large proportion of artefact in a relatively short period of wake.



1.4. Additional Summary Statistics

Table S2 presents additional SpO2 summary statistics: percentage of the night below SpO2=92%, and
percentage of the night below SpO2=95%. It is noted that values for both statistics are low during REM and
non-REM sleep, with values higher during wake. Manual artefact removal reduces values. Indeed, where
manual artefact removal has been performed, SpO2 values below 95% occupy less than 1% of the night by
three months of age.

Table S.2 — Additional Summary statistics for nocturnal SpO2 recordings

Summary Statistic All non-REM/QS REM/AS Wake

2 Weeks, no manual artefact removal

% Time<92% 1.8 (0.2-8.7) 0.1(0.0-7.2) 0.8 (0.1-9.5) 4.6 (0.2-24.7)

% Time<95% 4.6 (1.0-36.7) 1.0 (0.0-32.3) 3.5(0.2-38.9) 8.3 (0.3-29.3)
2 Weeks, manual artefact removal

% Time<92% 1.3 (0.0-6.3) 0.1 (0.0-7.2) 0.6 (0.0-9.4) 2.0 (0.0-20.9)

% Time<95% 3.7 (0.1-35.7) 0.9 (0.0-32.2) 3.1(0.1-37.7) 4.3 (0.1-25.4)
3 Months, no manual artefact removal

% Time<92% 1.4 (0.0-5.6) 0.1 (0.0-0.6) 0.1 (0.0-3.2) 10.1 (0.0-39.6)

% Time<95% 2.1(0.1-8.7) 0.2 (0.0-5.5) 0.5 (0.0-11.5) 12.1 (0.0-43.9)
3 Months, manual artefact removal

% Time<92% 0.0 (0.0-1.4) 0.0 (0.0-0.5) 0.0 (0.0-3.0) 0.0 (0.0-5.5)

% Time<95% 0.2 (0.0-7.1) 0.0 (0.0-5.4) 0.3 (0.0-11.1) 0.1 (0.0-10.4)
6 Months, no manual artefact removal

% Time<92% 0.5 (0.0-3.9) 0.0 (0.0-0.5) 0.1 (0.0-2.0) 2.7 (0.0-18.8)

% Time<95% 1.2 (0.1-4.7) 0.1 (0.0-3.4) 0.6 (0.0-2.4) 3.4 (0.0-21.2)
6 Months, manual artefact removal

% Time<92% 0.1 (0.0-1.3) 0.0 (0.0-0.6) 0.1 (0.0-1.1) 0.0 (0.0-6.1)

% Time<95% 0.2 (0.0-2.4) 0.0 (0.0-3.0) 0.3 (0.0-1.9) 0.3 (0.0-12.1)
12 Months, no manual artefact removal

% Time<92% 0.3 (0.0-5.1) 0.0 (0.0-3.5) 0.1 (0.0-5.9) 1.8 (0.0-16.9)

% Time<95% 0.6 (0.0-6.3) 0.1 (0.0-3.6) 0.4 (0.0-14.8) 3.1 (0.0-22.0)
12 Months, manual artefact removal

% Time<92% 0.0 (0.0-2.8) 0.0 (0.0-0.2) 0.1 (0.0-1.7) 0.0 (0.0-16.8)

% Time<95% 0.2 (0.0-4.7) 0.0 (0.0-2.3) 0.2 (0.0-13.5) 0.4 (0.0-21.3)
24 Months, no manual artefact removal

% Time<92% 0.2 (0.0-3.2) 0.1 (0.0-2.1) 0.0 (0.0-0.6) 0.6 (0.0-20.2)

% Time<95% 0.3 (0.0-3.7) 0.2 (0.0-2.3) 0.2 (0.0-3.8) 1.4 (0.0-21.6)
24 Months, manual artefact removal

% Time<92% 0.0 (0.0-0.1) 0.0 (0.0-0.1) 0.0 (0.0-0.2) 0.0 (0.0-0.4)

% Time<95% 0.1(0.0-1.2) 0.0 (0.0-0.9) 0.1 (0.0-3.7) 0.0 (0.0-2.8)

Data is presented for the entire recording (All), and stratified according to sleep states non-REM, REM and Wake for
children at 3months and older; and Quiet Sleep (QS), Active Sleep (AS) and Wake for children at the neonatal study. Values

are presented as Median (Range).



1.5. Application of the SpO2 Cumulative Frequency Reference-Curves to the Clinical Environment:

It is important to critically evaluate the applicability of the CF reference-curve method to a clinical
environment where robust sleep staging and manual artefact rejection cannot be performed. These detailed
results, as well as the trends observed in Figure 2 of the main document suggest that provided the individual
is sleeping throughout most the recording, suggest that sleep staging and manual artefact identification is not
necessary. However, where there are significant wake periods, there would be clear benefits to excluding
obvious movement artefact from analysis. In a clinical management scenario, an individual’s SpO2 CF curve
falling entirely to the right of the maximum reference-curve is probably able to be reasonably identified as
being within the healthy range. However, an individual who’s CF plot entirely, or partially, falls to the left of
the maximum nomogram curve will warrant further investigation to identify the explanation for this variation
from the healthy reference range — whether this be movement artefact, identification of pathology, or referral

for further, more detailed diagnostic tests (i.e. full overnight polysomnogram).



ONLINE MATERIAL 2:

Whilst the SpO2 CF plots, and the derived CF reference-curves presented here were generated using a
customized MATLAB program, SpO2 CF plots are able to be generated using standard spread-sheet
software. In order to facilitate other researchers to present SpO2 data in the CF plot format, we provide a
brief tutorial here on how to generate a CF plot using Microsoft Excel 2010 Spreadsheet software. This
tutorial assumes some familiarity with MS Excel. There are many excellent tutorials available online to assist
readers which may not be familiar with Excel. The completed spread-sheet file

“Generating_ CFplot_Excel Example.xlsx” is available online.

This example implementation is intended for research purposes only, and should not be used itself or in

conjunction with the CF reference-curves as a clinical diagnostic tool.

Step 1:

Download, or export the extended SpO2 recording into a text file format. If the SpO2 data has been recorded
on a Masimo pulse oximeter, you will need software to copy this data to a PC. Software available to do this
includes the Masimo Trendcom Download Software, and the independent product “Download 2001” and the

more recent version, “Visi-Download” (http://www.stowood.co.uk/Visi-Download.html) from Stowood. In

a sleep laboratory environment, where nocturnal oximetry is recorded on a commercial polysomnogram
system, the oximetry channel is generally able to be exported as a text file. The example below is an
extended SpO2 recording on a Masimo Radical, downloaded using “Download 2001” version 2.8.0,

Stowood.

Open the text file containing the SpO2 recording:


http://www.stowood.co.uk/Visi-Download.html

"
| 5p02_CDF_Example.tt - Notepad fel-o- e |
File Edit Format View Help

pate of study: 04,/12/2008 5:01:53 PM R t

Chan 1: Saturation Sampled at every 2 seconds |

chan 2: pPulse sampled at every 2 seconds

17:01:53 0.0000 0.0000

17:01:55 0.0000 0.0000

17:01:57 0.0000 0.0000

17:01:59 0.0000 0.0000

17:02:01 0.0000 0.0000

17:02:03 0.0000 0.0000

17:02:05 0.0000 0.0000

17:02:07 0.0000 0.0000

17:02:09 0.0000 0.0000

17:02:11 0.0000 0.0000

17:02:13 0.0000 0.0000

17:02:15 0.0000 0.0000

17:02:17 0.0000 0.0000

17:02:19 0.0000 0.0000

17:02:21 0.0000 0.0000

17:02:23 0.0000 0.0000

17:02:25 0.0000 0.0000

17:02:27 0.0000 0.0000

17:02:29 0.0000 0.0000

17:02:31 0.0000 0.0000

17:02:33 0.0000 0.0000

17:02:35 0.0000 0.0000

17:02:37 0.0000 0.0000

17:02:39 0.0000 0.0000

17:02:41 0.0000 0.0000

17:02:43 0.0000 0.0000

This particular recording contains 3 header rows detailing the format of the data recording, and then 3 data
colums — a time-stamp, a column of SpO2 saturation data, and a column of pulse rate data. Samples are

provided every 2 seconds (0.5Hz) across the recording.

Step 2:

Open a blank workbook in Microsoft Excel 2010:

44 b W] Sheeti Sheet? Sheetl &3 [l L
T EErE e e




Step 3:

Highlight and Copy the columated data in the text file:

| Sp02_CDF_Bxample.bd - Notepad
File Edit Format View Help

Date of sStudy: 04/12/2008 5:01:53 PM -
chan 1: saturation sampled at every 2 seconds |
chan 2: pulse sampled at every 2 seconds

Undo

Cut

Copy
Paste
Delete

Select All

Right to left Reading order
Show Unicode control characters

Insert Unicode control character 3

Open IME

SePSoSoOPS0P00S0P0RS0PoS0DSS

Reconversion

Note, in this example, we have copied from the first row of the columated data (i.e. we have not selected the

first three header rows).

Step 4:
Select a cell in the Excel workbook, and paste the data. The data will appear, but all three columns from the
text file will appear in a single column of the spread-sheet. Click the “Ctrl” button on the screen, and select

“Use Text Import Wizard”:



d @lﬂ L R R Bookl - Microsoft Excel o B %
n Home Insert Page Layout Formulas Data Review  View  Developer a@o@ R
| _j % e T A S = EE]S’J General - ECondmonal Formatting~ 3<Inset~ X ~ ﬂ m
- E==5- $-% » [EEromatasTable- 3% Delete - (3]~ 3
W Pt g BZU-E- O A iy Wy 55 Cell Styles - BiFormat - | 2+ Finers seiect+
Clipboard & Font ) Alignment % | Number @& Styles Cells Editing
B2 - £« | 17:01:530.0000 0.0000 ~
=
WZ a2 [ 8 [ c D | e | F | 6 | w [ v | 2 | ® | ¢t | m | =
1] E
12| 0000 0.0000
3| 0000 0.0000
4| 0000 0.0000
15 0000 0.0000
L6 0000 0.0000
17| 0000 0.0000
418 0000 0.0000
9| 0000 0.0000
10| 0000 0.0000
11 0000 0.0000
112 0000 0.0000
q |13 0000 0.0000
14 0000 0.0000
{15 0000 0.0000
16 RaSe-0:
2] o B C i x
W 4% ¥| Sheetl . She( paste Options: M4l M |0
(Ready | 7 | A Count: 27250 |[E@QIE 100% &0

==

Use Text Import Wizard... | l
Step 5:

A dialog box will appear. Select “delimited” in “original data type, and then click “next”:

4™ I A R Bookl - Microsoft Excel o B =
_ Home | Insert Page Layout Formulas Data Review View Developer [ e o @ R
3 = — v iti ing v o= - -
U & Calibri Yo AN HE] = General Lﬁcandmonal Formatting g Insert = ﬂ m
- E==- $-% » [romatasTable~ % Delete - | [§]~
Paste . v - v | g X o0 Sort & Find &
e g | B U &~ A EE D 8 %9 () Cell Styles ~ [EiFormat + | 2~ Fiter~ Select -
Clipboard Font |  Alignment | Number | Styles | cens Editing |
B2 (= -~
s
.
4 A l 8 c The Text Wizard has determined that your data is Delimited. M T :
’i ) ) | If thisis correct, choose Next, or choose the data type that best describes your data. ) @
I — (T
3 Choose type that best describes your data:
; - Characters such as commas or tabs separate each field.
*5'* () Fixed width - Fields are aligned in columns with spaces between each field.
=
= Startimport at ow: |1 F| Flegrign: | windows (ans) =]
8
9
10 Preview of selected data:
11
e 7:01:53 0.0000 0.0000 -
12 7:01:55 0.0000 0.0000 ]
13 7:01:57 0.0000 0.0000
= 7:01:59 0.0000 0.0000
14 7:02:01 0.0000 0.0000 -
15 ‘ v
16

I "l
i 4 v %] Sheet1 Shests . Shael R 30|
Ready | 7 | Count 27250 [ 0% = U (5




Step 6:

This screen allows you to select a Delimiter character, which tells Excel what defines the separation between
the columns of data. The specific character may vary depending on the specific format of the text file (which
may vary depending on the download software). In this example, the delimiter is a “Space” (i.e. the character
separating the rows is a space). In the data preview section of the dialog box, it can be seen that the vertical
lines divide the data correctly into columns.

Once formatted correctly, click “Next”.

. s e v Gussueoss
EEH9-&-|= d R = B =B |
=14
Home Insert Page Layout Formulas Data Review View Developer & e o BB 2R "
Ay = _[]=; - . . T . -
j & Calibri 1 - A A =  General 5 Conditional Formatting 5= Insert x ﬁ lﬁ
4=l g " B+ $ v % o [BromatasTable - FDelete - | [g]~ & =
Faste B I U~ e - A~ 5 i Sort & Find & 3
- = == 3 %60 5% (55 Cell Styles ~ EiFormat - | 2~ Filter~ Select - =
Clipboard 1« Font Alignment Number Styles Cells Editing
B2 v (" £ [a]
Text Import Wizard - Step 2 of 3 =
-
This screen lets you set the delimiters your data contains. You can see how your text s affected in the preview =
a [ 1 e [fodw M R
g B
Delimiters
; : i
| Semicolon [#] Treat consecutive delimiters as one
a .
5 - Text gualifier: ~ 3
| Space
z Other:
7
8
] Data praview
10
11
7:01:53 .0000 P.0000 -
12 7:01:55 [1.0000 [r.0000
13 7:01:87 P.0000 0.0000
12 7:01:55 P.0000 0.0000
7:02:01 P.0000 0.0000 -
15 « »
16
12 cancel | | | [ mext> ][ Emsh | =
W 4 » M| Sheetl Sheet2 . Sheef] J <Back = = | v ]
Ready ‘ ﬂ | Count: 27250 | BB B 100% (=5 U '\1-;1 .




Step 7:
The next dialog screen allows the selection of the data format for a particular column. In this case, the default

“general” is sufficient. Click “finish”.

[IRaaT— rrrang s e i Lo
q @ H9~-0-|= Bookl - Microsoft Excel
Home Insert Page Layout Formulas Data Review View Developer @
= ¥ Calibri = = General - ?ﬁ Conditional Formatting = 5= Insert - - A?
A e
- j E3- = &~ $ - % o [BEFormatasTable~ 3 Delete - | @]~ Z
Paste B T U- o .00 = e Sort
I = £ | @ %8 58 (S Cell Styles - [ElFormat - 2~ Fijter
Clipboard Font u Alignment Number Styles Cells Edit
82 - (- £ —
Text Import Wizard - Step 3 of 3 - |
A I ) | c This screen lets you select each column and set the Data Format. |
1 Column data format
2 :! iy 'General’ converts numeric values to numbers, date values to dates, and all
3 O Text remaining values to text.
: O o [3]
I () Do not import column (skip)
6
7
8
9 Data preview
10
11 al
L0000 -
12 .0000 ]
13 L0000 |
L0000
14 L0000 -
15 b
16
17 n _ cm 1 M s |
M 4 » M| Sheetl ~Sheet2 - Sheef I [ S fack | |

Ready | B3 |

Tount: 27250 [ EHC] O] 100% (=)



Step 8:
The data will now appear in three columns of the spread-sheet. We can now label the columns so that we

can keep track of what they are:

Bookl - Microsoft Excel

] [z“ Hd9-0o- = = [E R
Home | Insert Page Layout  Formulas Data Review  View  Developer o @ o @ =
ﬁj * Calibri 11 e = -[;] =S¢ General - Selnsert X v ,? lﬁ
1 :t La- BZ U- AN EEEFHE $-% Styles | 3. Delete ” vszrt&F'd&
S | A EEE| o 8 8 > | [BiFomat- | 2~ Fier~ select~
Clipboard Font [F] Alignment G| Number 1a| Cells Editing
E2 - ﬁe‘ ]
=\
A B c | D E F G H 1 1 K e
1 Time SpD2 Pulse @
2] 17:01:53 0 o
3 | 17:01:55 0 0
4 | 17:01:57 0 0
5 | 17:01:59 1] 1]
6 | 17:02:01 0 0
7 | 17:02:03 0 1]
8 | 17:02:05 0 0
l 17:02:07 1] 1]
ﬂ 17:02:09 a 0
i 17:02:11 1] 1]
£ 17:02:13 1] 0
£ 17:02:15 Q 1]
i 17:02:17 1] 0
£ 17:02:19 0 0
£ 17:02:21 1] 0
17:012:92 n n ol
_lljﬁl Sheet1 . Sheet2 Sheetd ¥J [T il | » [
Ready | (3] | ([Emm s o U @




Step 9:

We will now do some simple pre-processing, replicating the process described the the methods section of the
paper to exclude artefactual samples. The first step of this process was to round SpO2 values to the nearest
integer to account for small rounding errors associated with analogue acquisition at the polysomnogram unit.
The data in this example was downloaded directly from the oximeter unit using visi-download, and

consequently, does not contain any rounding errors. However, we include this step here for generality.

Select cell E2, and enter: “=ROUND(C2,0)”. This rounds the value in cell C2 to the zero decimal places (i.e.
to the nearest whole integer:

|"_'_'|j = R = Bookl - Microsoft Excel = B 5

File Home Insert Page Layout Formulas Data Review View Developer & o = EH 2

= ' Calibri 11 v EFo=gle General A g=lnset- X - »ﬂ\? }}
el . Lr

T Bru- Ax E S 8 7% o ¥ Deete - [g] L

Paste

Aa L = Styles Sort & Find &

8 of = a . Y o ort & Find &

7 B v | e é = " L “58 370 = =]Format = (2~ Filter~ Selact~
y Calls Edi

Font " Alignment * Number . Cells Editing

Clipboare

E2 - /| =ROUND(C2,0)

A | B | ¢ | o | E | fF | & | H ;| K
Time  Sp02  Pulse Rounded
17:01:53 0
17:01:55
17:01:57
17:01:59
17:02:01
17:02:03
17:02:05
17:02:n7

M EE

AR ETRE- ST RSy [y
s oo0oocooooo
2 0 O O O O O O

This formular can now be “filled” down column E to apply this rule to all SpO2 samples. This can be done
by double dragging the bottom right corner of cell E2 down to the bottom row, or simply double clicking the

bottom right hand corner of cell E2.



r®|ﬂ'ﬂ'("'|=

Bookl xlsx - Microsoft Excel = @ R
Home l Insert Page Layout  Formulas Data Review  View Developer a@o@ R
=% calibr o = -E] = General - S=lnset~ X - ﬁr [ﬁ
Bar B T U~ ANy EE=TEH $% I Delete ~ a' -
Paste = Styles Sort & Find &
S Sy A - iEIE | P %% %8 - [EjFormat~ 2~ Filter~ Select~
Clipboard & Font fa| Alignment Pl Humber M Cells Editing
E2 v (= J< | =ROUND(C2,0) ]
E
4 A | B | [ o E | F G H ] ) E
27239 8:09:47 0 0|
27240 8:09:49 0 0|
27241 §:09:51 0 0
27242 B8:09:53 0 0
27243 B8:09:55 0 0
27244 &:09:57 1] 0
27245 B8:09:59 0 i}
27246 8:10:01 (1] 0
27247 &:10:03 1] 0
27248 B8:10:05 1] 0
27249 8:10:07 1] 0
27250 8:10:09 0 1]
27251 8:10:11 1] D.
27252
27253
27254




Step 10:
The next step is to identify, and exclude any artefactual samples from analysis. As described in the mehtods
section of the paper, we apply the rule that SpO2 samples greater than 100, or less than 25 are defined as

artefact.

Click on cell F2, and enter: “=IF(E2<25,"NaN",IF(E2>100,"NaN",C2))”. This uses a nested “IF” statement
to determine whether the calue in cell E2 (the rounded sample) is less than 25, or greater than 100, and if so,
enters the text “NaN” (meaning non a number). Otherwise (i.e. the value in cell E2 is a valid sample), it

copies the value in cell E2 to cell F2. Fill this formula to the final row of data.

@l = I |= Bookl.xlsx - Microsoft Excel = = 53
Home Insert Page Layout Formulas Data Review View Developer [~ g = g 2B
'—“j dg Calibri - 11. : =5 Genera A ET—']nsert - E- éj' l?;i?l
Paste a-| B IU-AL B $ % Styles e zl- S{.:rt& Find &
v - A~ P %9 % x EFormat* | (2~ Filter~ Select
Clipboard Font | Alignment | Number Cells Editing |
F2 - Jx | =IF(E2<25,"NaN" IF(E2>100,"NaN",E2)) b |
A B [« D E | F | G H [fi
1 Time Sp02 Pulse Rounded  Artefact Removed :
2 17:01:53 0 0
3 17:01:55 0 0
4 17:01:57 0 0
5 17:01:59 0 0
6 17:02:01 0 0
7 17:02:03 0 0
8 17:02:05 0 0
El 17:02:07 0 0
10 17:02:09 0 0
11 17:02:11 0 0
12 17:02:13 0 0
13 17:02:15 0 0
14 17:02:17 0 0
15 17:02:19 0 0
16 17:02:21 0 0
17 17:02:23 0 0
18 17:02:25 0 0
15 17:02:27 i 0
20 17:02:29 0 0
1 1740721 n n nlsiam R = -
4 » W | Sheetl ~ Sheet? Sheet3 ¥ ]+« 40
Ready | P | Average: 98.27666019  Count: 27250  Sum: 2628311 |[EE|[0] @ 100% (=) L} F)

You will observe that values of SpO2 which are equal to zero (indicating that the pulse oximiter was likely

not connected to the patient at this stage) have now been marked as NaN’s.




n

- e - W L]

(R

Paste o | . Styles | - = sonta Find&
- B S A iEEE| B | + | [EdFormat~ | @2 Fiter~ select
Clipboard I | Font w| Alignment | Number | Cells | Editing
F2 * (= fe | =IF(E2<25,"NaN",IF(E2>100,"NaN" E2)) ~
=
| 4] A B | o | E | F G H [ 5|
1333 17:12:55 0 0 o|nan =
1334 17:12:57 0 0 o|nan
1335 17:12:59 0 0 OlNaN
336 17:13:01 0 0 o|nan
1337 17:13:03 0 0 o|nan
338 17:13:05 0 0 OlNaN
339 17:13:07 98 144 98 98
1340 17:13:09 98 146 98 98
1341 17:13:11 98 148 98| 98|
1342 17:13:13 94 150 94 94
1343 | 17:13:15 a5 154 95| 95|
1344, 17:13:17 97 153 97 97




Step 11:
With pre-processing completed, we can now generate the cumulative frequency curve.

values 85 through to 100 in a new column:

@i =, 1= Bookl xdsx - Microsoft Excel = = =R
Home Insert Page Layout Formulas Data Review View Developer @ o @ = I
# Calibri -1 - General }11] Conditional Formatting ~ j‘“ Insert - - A? Lﬁ
Ea- B 7 U~ A A $ - % »  [BFormatas Table ~ F* Delete - | 3]~ Z
....... . Sort & Find &
F | E- | S-A- 0 5% B Cell styles - [ElFormat = | 2~ Fijter~ Select
Clipboard T Font Numbe Styles Cells Editing
119 - ]
a
A B C D E F G H I J K i
1 Time Sp02 Pulse Rounded  Artefact Removed Sp02 Value =
2 17:01:53 0 0 0 NaN 85
3 17:01:55 0 0 0 NanN 86
4 17:01:57 0 0 0 NaN 87
5 17:01:59 0 0 0 NaN a3
6 17:02:01 0 0 0 NaN 89
7 17:02:03 0 0 0 NaN 90
8 17:02:05 0 0 0 NaN 91
9 17:02:07 0 0 0 NaN 92
10 17:02:09 0 0 0 NaN 93
11 17:02:11 0 0 0 NaN 94
12 17:02:13 0 0 0 NaN 95
13 17:02:15 0 0 0 NaN 96
14 17:02:17 0 0 0 NaN 97
15 17:02:19 0 0 0 NaN 98
16 17:02:21 0 0 0 NaN 99
17 17:02:23 0 0 0 NaN 100
18 17:02:25 0 0 0 NaN
El LI E— oftr —

Start by entering the

Now, for each SpO2 value (85-100), we want to count the number of samples less than, or equal to that

value. Select cell 12, and enter the formula: “=COUNTIF($F$2:$F$27251,"<="&H2)”. This counts the

number of values in the selection F2:F27251 (column F) which are less than of equal to the value entered in

cell H2 (Sp02=85%). Fill this formula down column I:



A9~ |= Bookl xlsx - Microsoft Excel o B =2
Home Insert Page Layout Farmulas Data Review View Developer & 0 o e 23
‘ﬁj % Calibri e = -m[@] General - [Ff Conditional Formatting = S=Inset - E - W [ﬁ
" - B I U- A ANy EEER- $-% » [@romatasTable-~ ¥ Delete - [g- &
Pt & - oA IEEE | - | 8 ) Cell Styles - [EFormat - | 2~ Fater+ St~
Clipboard 1 Font fu | Alignment fu| MNumber 7w Styles Cells Editing
12 v (= Sfe | =COUNTIF(SFS2:5F$27251,"<="&H2) b
>
A B8 ¢ | bp | E | F | & | H 1 J =
Number of (=
Time Sp02 Pulse Rounded  Artefact Removed $p02 Value Samples
| 1|
| 2| 17:01:53 0 0 0 NaN
| 3| 17:01:55 ] 1] 0 NaN
| 4 | 17:01:57 0 0 0 NaN
| 5 | 17:01:59 0 o 0 NaN
| 6 | 17:02:01 ] o 0 NaN
7 17:02:03 0 0 0 NaN
T 17:02:05 0 0 0 NaN
T 17:02:07 0 0 0 NaN
10| 17:02:09 0 0 0 NaN
| 11 | 17:02:11 0 0 0 NaN
| 12 | 17:02:13 0 0 0 NaN
| 13 | 17:02:15 0 0 0 NaN
| 14 | 17:02:17 0 0 0 NaN
115 | 17:02:19 0 0 0 NaN
| 16 | 17:02:21 0 0 0 NaN
| 17| 17:02:23 0 0 0 NaN
| 18 | 17:02:25 0 0 0 NaN
119 | 17:02:27 0 0 0 NaN
20 17:02:29 0 0 0 NaN




Step 12:

Recalling that the cumulative frequency curve is defined as the proportion of the night spent below each

Sp0O2 value, we now need to scale the number of samples below each SpO2 value by the total number of

analysable samples. To determine the total number of analysable samples, we can again use the “COUNTIF”

function. Select cell G2 and enter the formula: =COUNTIF($F$2:$F$27251,">=25"). This counts all

numberical values in column F (i.e. does not count NaN’s). This should be equal to the value in cell 117.

|‘_7\|. =, = Bookl.xlsx - Microsoft Excel = B R
m Home Insert Page Layout Formulas Data Review View Developer & 0 o gp 23
= X Calibri =11 = g‘ = General - fﬂ’ Conditional Formatting = g*=Insert ~ E - ;ﬁ! L;}
j B3~ $ v % » [ Formatas Table ~ 3% Delete ~ j' Z
Paste — . Sort & Find &
- 7 8 R B cell styles ~ =dFormat ~ | (2~ Filter~ Select
Clipboard Font Alignment MNumber Styles Cells Editing
G2 - Je | =COUNTIF(SF52:5F527251,"»=25")} o~ |
vI
A B c D E F G H ] ] x E
Total Number of =
Time Sp02 Pulse Rounded Artefact Analysable Sp02Value Samples B
Removed
1 Samples <=5p02
2 17:01:53 0 0 0 NaN I 26?44! 85 350
3 17:01:55 0 0 0 NaN 86 411
4 17:001:57 0 0 0 NaN a7 477
5 17:01:59 0 o 0 NalN 88 545
6 17:.02:01 0 o 0 NaN 89 608
7 17:02:03 0 o 0 NaN 90 705
g 17:02:05 0 0 0 NaN 91 896
& 17:02:07 0 0 0 NaN 92 1116
10 17.02:09 0 0 0 NaN 93 1393
11 17:.02:11 0 o 0 NaN 24 1836
12 17:.02:13 0 o 0 NalN 95 2483
13 17:02:15 0 o 0 NaN 96 3504
14 17:02:17 0 o 0 NaN 97 5350
15 17:02:19 0 0 0 NaN 98 8936
16 17:02:21 0 0 0 NaN 99 15560
17 17:02:23 0 0 0 NaN 100 26744
18 17:02:25 0 0 0 NaN
19 17:02:27 0 0 0 NaN
20 17:02:29 0 0 0 NaN

The values in column | can now be scaled by the total number of samples. In Cell J2 enter the formular:

“=100*12/$G$2”, and down column J:



P I AR Bookl xlsx - Microsoft Excel o @ =
Home Insert Page Layout Formulas Data Review View Developer o @ o @ =
= X Calibri 1o E= [_| General » [l conditional Formatting» S=Inset~ X ~ W l‘R
J Gg- B JT U~ Ay EES=EH §$-% {5 Format as Table ~ I Delete ~ C’j - & -
e A EE S WS (5 Cell Styles = Bl Fomat - | 2 Fitere Selett+
Clipboard Font [F] Alignment (7] Number ] Styles Cells Editing
12 v (= Je | =100%12/$GS2 &
=
A | B © D E F G H [ J K
Artefact Total Mumber of % Recording %
Time Sp02 Pulse Rounded Removed Analysable Sp02Value Samples  Equal to, or
q Samples <=5p02 Below Sp02
Z 17:01:53 0 0 0 NaN 26744 85 350
| 3| 17:01:55 0 0 0 NaN 86 411
4 | 17:01:57 1] 1] 0 NaN a7 477)
| 5 | 17:01:59 1] 1] 0 NaN a3 545
| 6 | 17:02:01 1] 1] 0 NaN 89 608]
L 7 | 17:02:03 o 0 0 NaN 90 705
| 8 | 17:02:05 o 0 0 NaN 91 896
1 9 | 17:02:07 o 0 0 NaN 92 1116
|10 | 17:02:09 0 0 0 NaN 93 1393
|11 | 17:02:11 0 1} 0 NaN 94 1836
112 | 17.02:13 0 a 0 NaN 95 2485
|13 | 17.02:15 0 a 0 NaN 96 3504) 13.1020042|
| 14 | 17.02:17 [} o 0 NaN 97 53508 20.004437)
|15 | 17.02:19 0 o 0 NaN 98 8936] 33.413102
116 17.02:21 0 0 0 NaN 39 15560] 58.1812743]
117 17:02:23 0 0 0 NaN 100 26744 100_
18 17:02:25 0 0 0 NaN =71
19 17:02:27 o 0 0 NaN
20 17:02:29 o 0 0 NaN
21 17:02:31 0 0 0 NaN

The plot of column H vs. Column J will now give us our SpO2 cumulative frequency curve.

“Scatter Plot”:
= Chart Tools
view View Developer Design Layout Format
T | chat
Chart Styles Location
G H 1 J K L M N (o} P Q R S
ital Number of % Recording =
ralysable Sp0O2Value Samples  Equal to, or 120
mples <=5p02  Below SpO2
26744 85 350 1.20870476 100 *
86 411 1.5367933
87 477| 1.78357762
88 545 2.03784026 80
89 608| 2.27340712
90 705| 2.63610529
91 896 3.35028418 60 ——Seriesi
92 1116( 4.17289859
93 1393| 5.20864493 w0
94 1836| 6.86509124
95 2485| 9.29180377
96 3504| 13.1020042 20
97 5350 20.004487
98 8936| 33.413102
99 15560( 58.1812743 0 T T )
100, 26744 100, B0 85 90 95 100 105

Using the



Step 13:

In isolation, with no reference data for comparison, it

is difficult to ascertain whether this cumulative

frequency curve matches the normal healthy range. We can copy the reference nomogram data from the table

described in Online Material 2 (Complete_SpO2_CF_ReferenceCurves.xIsx) — in this case, reference CF

reference-curves for infants at 2 weeks, for the entire nocturnal recording, without manual artefact rejection.

A9~ Bookl s - Microsoft Excel Chartroot o B =
n Home Insert Page layout  Formulas  Data Review  View  Developer Design | Layout Format 6@ =@ =
== = - fi dn
u ag ol e - | /\ ~ ‘ ~ | ‘ -
Change 5 Select = Wove
Chart Type Template | R Data v Chart
Type | Data | Chart Layouts Chart Styles acation |
Chart 3 - Je | =SERIES("CDF from Example ""patient™",Sheet1!SH33:5H518,Sheet1151$3:51518,4) &)
F G H 1 J K L M N o P Q R s T u v w X [~
$pO2 CDF Nomogram Data for Healthy Term Infants =
1 at 2 Weeks, No manual artefact rejection, "All"
Total Number of % Recording . . . . .
Artefact Analysable SpO2value  Samples Equalto,or  Min  25thgile S50thsdle 75th%ile  Max SIJ02 Cumulative Distribution Funtion
a Removed samples <=5p02  Below SpO2 1000 ﬂx
3 [NaN 26744 85 350 1.30870476| 0.0 0.3 0.6 12 42 £ goo [T M= /'_
4 |NaN 86 411|  1.5367932 0.1 04 0.7 17 4.5 = / /l
5 [NaN 87| 477| 1.78357762| 0.1 0.5 0.8 20 5.0 g $0.0 [ ——Medan / / ‘(._
6 [NaN 88 545| 2.03784026| 0.1 0.6 1.0 22 56 ’E' e -
7 |NaN 83 608 2.27340712 0.1 0.7 12 2.3 6.3 E 60.0
8 [NaN 90 705| 2.63610529| 0.1 0.9 1.4 2.7 7.3 5 ——CDF from Example
9 |NaN 91 896| 3.35028418| 0.2 11 1.8 3.1 8.7 § 00 "patient”
10 |NaN 92 1116| 4.17289853| 0.5 14 23 3.6 110 % 0 |
11 |NaN 93 1393| 5.20864493| 0.8 1.9 3.3 5.3 18.0 =
12 |NaN 94 1836| 6.86509124) 1.0 26 4.6 9.1 36.7 ® I 7
13 |NaN 95 2435| 9.29180377 14 44 8.2 16.2 63.9 g
14 |NaN 96 3s04| 13.1020042| 2.8 8.4 17.9 7.8 85.9 F]
15 |NaN 97| 5350 20.004487| 10.0 18.9 38.7 63.5 97.1 £
16 |NaN 98 8936| 33.413102( 26.0 44.0 68.3 50.8 99.6
17 |NaN 99 15560| 58.1812743| 3.8 75.9 87.5 98.0 100.0 10 ot Area
18 |NaN 100, 26744 100 1000 1000 1000 1000  100.0 $p02 (%)
19 |NaN
20 |NaN

We can now observe that the SpO2 CF curve of this

expected in health infants at 2 weeks of age.

particular individual fits safely within the range
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