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DESATURATION INDEXES DURING OVERNIGHT PULES OXIMETRY AT HIGH-ALTITUDE

The Impact of Averaging Window Length on the “Desaturation” Indexes Obtained
Via Overnight Pulse Oximetry at High Altitude
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Study Objectives: To determine the impact of averaging window-length on the “desaturation” indexes (Dls) obtained via overnight pulse oximetry
(Sp0,) at high altitude.

Design: Overnight SpO, data were collected during a 10-day sojourn at high altitude. SpO, was obtained using a commercial wrist-worn finger
oximeter whose firmware was modified to store unaveraged beat-to-beat data. Simple moving averages of window lengths spanning 2 to 20 cardiac
beats were retrospectively applied to beat-to-beat SpO, datasets. After SpO, artifacts were removed, the following DIs were then calculated for
each of the averaged datasets: oxygen desaturation index (ODI); total sleep time with SpO, < 80% (TST < 80), and the lowest SpO, observed

during sleep (SpO, low).
Setting: South Base Camp, Mt. Everest (5,364 m elevation).

Participants: Five healthy, adult males (35 £ 5y; 180 + 1 cm; 85 + 4 kg).

Interventions: N/A.

Measurements and Results: 49 datasets were obtained from the 5 participants, totalling 239 hours of data. For all window lengths = 2 beats, ODI
and TST < 80 were lower, and SpO, low was higher than those values obtained from the beat-to-beat SpO, time series data (P < 0.05).
Conclusions: Our findings indicate that increasing oximeter averaging window length progressively underestimates the frequency and magnitude
of sleep disordered breathing events at high altitude, as indirectly assessed via the desaturation indexes.
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INTRODUCTION

Sojourning at high altitude (> 2,400 m) is often accompa-
nied by repeating episodes of apneas/hypopneas during sleep;
i.e., sleep disordered breathing.! The prevalence of sleep disor-
dered breathing may be indirectly assessed via overnight pulse
oximetry (Sp0,).> Overnight SpO, provides insight into the
manifestation of disordered breathing patterns during sleep
by the calculation of the “desaturation” indexes (DIs). Some
commonly used DIs are the oxygen desaturation index (ODI;
events per hour) and the total sleep time (TST) below a certain
threshold of SpO,. For overnight SpO, studies performed at
sea level, it is well known that DIs are underestimated during
episodes of sleep disordered breathing when a pulse oximeter’s
averaging window is set too wide.** While these observations
may have clear implications for the interpretation of overnight
SpO, at sea level, the impact of averaging window length on
the DIs obtained at high altitude is unknown.

This short report was designed to explore the influence of
averaging window length on DIs obtained from overnight
SpO, data collected at high altitude. Data were obtained from
five young, healthy adults during a 10-day sojourn at South
Base camp, Mt. Everest (5,364 m elevation). Simple moving av-
erages of window lengths spanning 2 to 20 cardiac beats were
retrospectively applied to beat-to-beat SpO, collected during
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sleep. DIs obtained from each averaged dataset were: the ox-
ygen desaturation index (ODI); total sleep time spent below
SpO, of 80% (TST < 80); and the lowest SpO, value observed
during sleep (SpO, low). Based on the findings of studies at
sea level, ™ we expected that ODI and TST < 80 would fall
and SpO, low would rise as averaging window length was in-
creased from 2 to 20 cardiac beats.

METHODS

Participants and Ethical Approval

Five healthy adult males (35 = 5 yr; 180 £ 1 cm; 85 + 4
kg) participated in the present study. Prior to the study period,
participants underwent health screening to ensure they were
nonobese, physically active, nonsmokers, with no history of
cardiac, metabolic and/or pulmonary disease. None of the par-
ticipants had a previous history of central or obstructive sleep
apnea. All participants provided written informed consent to
participate in the study, which had been approved by the Insti-
tutional Review Board of the Mayo Clinic.

Data Collection and Analyses

Participants were studied during a recent expedition to
South Base Camp on Mt. Everest (5,364 m elevation). Over-
night SpO, was recorded using a wrist-worn finger pulse ox-
imeter (WristOx,, Model 3150, Nonin Medical Inc., Plymouth,
MN, USA). The firmware of the oximeter was modified to
store unaveraged beat-to-beat values of SpO,. Only contig-
uous datasets > 5 h were included in the present study. Simple
moving averages were retrospectively applied to the raw, pre-
processed beat-to-beat SpO, time series. The window length
of these moving averages varied from 2 to 20 cardiac beats in
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Figure 1—The impact of averaging window-length on the prevalence
of SpO, artifacts during sleep at high-altitude. The black-bar denotes
that all averaging windows = 2 beats wide produced artifact indexes that
were significantly lower than those determined from the raw, beat-to-
beat Sp0O, dataset, P < 0.01. B2B, beat-to-beat data.

single-beat increments. Cardiac beats were used as the time
basis for the moving averages rather than seconds. This ap-
proach ensured that any effect of averaging window length on
the DIs was due solely to the value of n, and not to variations
in heart rate within and between participants. Once the “av-
eraged” SpO, time series had been created, each dataset was
analyzed for artifacts and desaturation events.

Artifacts and Dls

Artifacts were identified as single-beat values that were
either < 30% or had changed by more than + 4%/s from the
previous beat.”” An artifact index was determined by dividing
the observed number of artifacts by the total number of heart
beats during the corresponding overnight recording. Once the
artifact index had been determined, artifacts were removed
from the dataset before calculation of the DIs. The minimum
value of SpO, observed within the “artifact-free” time series
was reported as the lowest SpO, (SpO, low). The total sleep
time spent below SpO, of 80% was expressed as a percentage
of total sleep duration, yielding the score TST < 80. Desatu-
ration events were identified as a fall in SpO, > 3% below a
proceeding 20-s baseline, lasting for a duration > 10 s."> Impor-
tantly, the “minimum duration” criterion served to minimize
spurious event detection due to breath-by-breath variations in
SpO, during sleep. The oxygen desaturation index (ODI) was
calculated as the number of events (dips) per hour.

Statistical Analyses

Repeated measures analyses of variance were used to ex-
amine the influence of averaging window-length on artifact
index, SpO, low, TST < 80, and ODI. Pair-wise comparisons
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were assessed using the Bonferroni post hoc adjustment. Re-
sults are presented as means + 95% confidence interval (Clys,,).
Statistical analyses were considered significant if P < 0.05.

RESULTS

A total of 49 datasets were obtained from the 5 participants,
totalling 239 h of data. The average basal SpO, and heart rate
for all datasets were 79% + 6% and 72 + 2 beats/min, respec-
tively. The artifact index decreased with progressively wider
moving average windows (Figure 1, P < 0.05). The influ-
ence of averaging-window length on the DIs at high altitude
is displayed in Figure 2. For all averaging window lengths,
the calculated ODI, and TST < 80 were lower than those ob-
tained from the “artifact-free” beat-to-beat SpO, time series
(P < 0.05). In contrast, SpO, low was higher for all window
lengths than those values derived from the “artifact-free” beat-
to-beat SpO, data (P < 0.05).

DISCUSSION

The novel findings of this report demonstrate that varying
averaging window length does indeed produce different DIs
calculated from overnight SpO, at high altitude. These obser-
vations are in agreement with those made at lowland, whereby
increasing the averaging window length of a pulse oximeter
progressively reduces the frequency and magnitude of arterial
O, desaturation events recorded during sleep.>** Our results
highlight the need for investigators to carefully consider their
choice of oximeter averaging window length when reporting
DIs obtained during sleep at high altitude.

Artifacts and Dls

New-generation pulse oximeters do not typically allow the
user to record and/or display SpO, data on a beat-to-beat basis.
A major reason for this constraint is that raw, beat-to-beat SpO,
data is often confounded by motion artifact. The presence of such
“noise” adversely affects calculation of DIs. A simple approach
to reducing the prevalence of SpO, artifacts is to apply a moving
average to beat-to-beat data. Certainly, we show in Figure 1 that
a 2-beat wide moving average effectively reduces the artifact
index by 50% and, moreover, that artifact index approximates
zero when n > 10 beats. This “robustness” to SpO, artifact may
be ascribed to the low-pass filtering effect of moving averages.'s
On this point, however, moving averages are regarded as excep-
tionally poor low-pass filters. The effective cutoff frequency and
stop-band attenuation of a moving average filter are dependent
on its window length (i.e., #). An example of this relationship is
illustrated in Figure 3. In general, cutoff frequency decreases and
stop-band attenuation improves as window length is increased.
For this reason, it is difficult to choose a value for n which ap-
propriately separates noise (i.e., SpO, artifact) from meaningful
signal content (i.e., desaturation events). This problem is high-
lighted in the present study. Our findings demonstrate that while
a 10-beat moving average yielded a desirable level of artifact
rejection (artifact index < 0.1%), the corresponding DIs were
markedly different from those obtained with the “artifact-free”
beat-to-beat SpO, datasets (see Figure 2). What, then, is an ap-
propriate value for n?

The AASM Manual for Scoring of Sleep and Associated
Events suggests that overnight SpO, data be recorded using a
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Figure 2—The impact of averaging window-length on the “desaturation” indexes obtained during sleep at high-altitude. The black-bar denotes that all
averaging windows = 2 beats wide produced desaturation indexes that were significantly different from those obtained with the “artifact-free,” beat-to-beat
SpO, dataset, P < 0.01. ODI, oxygen desaturation index; TST < 80, total time spent below an arterial O, saturation value of 80%; SpO, low, the lowest SpO,
observed during sleep; B2B, beat-to-beat data; A, absolute change in value expressed relative (%) to B2B data.
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window length < 3 s at a heart rate of 80 beats/min, or roughly
4 beats.” However, Figure 2 illustrates that a window-length as
small as 4 beats appreciably underestimates ODI and TST <80 by
10% to 15%. Further to this point, our data reveals that any value
of n > 2 produces DIs that are significantly different from those
obtained with the “artifact-free” beat-to-beat SpO, time series.
Thus, it may be tempting to state that the optimal value for n is 1:
that is, beat-to-beat SpO, data with artifacts removed. However,
because no clinical outcomes were assessed in this study, the as-
sertion that n = 1 is optimal must be considered as conjecture at
this point. Further studies are required to substantiate this idea.

Implications of Our Findings

Although sleep disordered breathing may explain the day-
time somnolence and mental fatigue suffered by native low-
landers sojourning at high altitude,'® 2 its role in the etiology of
altitude sickness is much less certain. For example, it appears
that the manifestation of altitude sickness is strongly related to
the degree of nocturnal hypoxic exposure (approximated here
by TST < 80).2"** However, there is evidence to suggest that
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a high frequency of desaturation/resaturation events during
sleep (i.e., high ODI) may lessen nocturnal hypoxic exposure
by raising mean SpO, throughout the night, potentially facili-
tating altitude tolerance."* With the above in mind, we caution
future investigators to be cognisant of the effect that averaging
window length bears on the calculation of ODI, TST < 80, and
SpO, low at high altitude.

Methodological Considerations

We chose to examine the impact of averaging window-
length on the DIs by averaging the participants’ beat-to-beat
SpO, data post hoc. The effect of averaging window length on
the DIs has been typically examined by recording SpO, data
from simultaneous pulse oximeters on one subject, with each
oximeter device set to a different averaging-time.>*!""* Our
approach was different in that averaging window length was
varied post hoc using beat-to-beat SpO, data collected during
sleep. The advantages of our approach were two-fold: (1) the
effect of averaging window-length on the DIs could be ex-
amined using data recorded from the same device; and (2) a
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Figure 3—Frequency responses of simple moving averages with
varying window lengths. An amplitude ratio of 1.00 indicates that 100%
of the amplitude-content in the original signal (i.e., raw beat-to-beat
Sp0,) is preserved in the filtered signal (i.e., “averaged” Sp0,) at the
corresponding angular frequency (w). Conversely, an amplitude ratio of
0.00 indicates that the amplitude-content of the original signal has been
completely attenuated by the moving average filter, at the given w.

greater range of window lengths could be explored because n
was not limited to the firmware settings of the device. It is also
worth mentioning that only equally weighted, “simple” moving
averages were used in our analysis. The weighting-scheme of
moving averages used by a pulse oximeter varies between
device manufacturers (exponential weighting, etc.). It is em-
phasized, however, that no matter which particular “type” of
moving average is used, a very similar effect of window length
on the DIs will be observed: namely that ODI and TST < 80
will decrease, and SpO, low increase, as n is lengthened.

Summary

The present study demonstrates that increasing the window
length of an oximeter’s moving average leads to a progres-
sive underestimation of the DIs obtained during sleep while
sojourning at high altitude. Although moving averages may
improve a pulse oximeter’s tolerance to unwanted noise, this
robustness to artifact comes at the price of underestimating the
frequency of desaturation/resaturation events and magnitude
of nocturnal hypoxic exposure during sleep at high altitude.
This point is particularly important for future investigators
seeking to examine potential relationships between DIs and
markers of altitude sickness.
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