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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.   



 
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
th
 percentile value across the 

recording); SAT10 (10
th
 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 I 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.xlsx”. 



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) 14±3 

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)  97±9 

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 SpO2 (%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)  198±6 

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)  725±8 

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 - 5th percentile SpO2 Value; SAT10 - 10th 
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
th
 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


 

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: 

 

 

 

 

 



Step 3: 

Highlight and Copy the columated data in the text file: 

 

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”:  



 

Step 5: 

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

 

 

 

 

 

 



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”.  

 

  



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”.  

 

  



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: 

 

 

 

  



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: 

 

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. 



 

 

  



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.  

 

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. 



  

 

 

 

 

  



Step 11:  

With pre-processing completed, we can now generate the cumulative frequency curve. Start by entering the 

values 85 through to 100 in a new column: 

 

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

value. Select cell I2, 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 (SpO2=85%). Fill this formula down column I: 



 

 

  



Step 12:  

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

SpO2 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 I17.  

 

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

“=100*I2/$G$2”, and down column J: 



 

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

“Scatter Plot”: 

 

  



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.xlsx) – in this case, reference CF 

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

 

We can now observe that the SpO2 CF curve of this particular individual fits safely within the range 

expected in health infants at 2 weeks of age.   


