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ABSTRACT

Oxygen saturation monitoring of neonates is a demanding task,
as oxygen saturation (SpO2) has to be maintained in a particular
range. However, auditory displays of conventional pulse oximeters
are not suitable for informing a clinician about deviations from
a target range. A psychoacoustic sonification for neonatal oxy-
gen saturation monitoring is presented. It consists of a continu-
ous Shepard tone at its core. In a laboratory study it was tested
if participants (N = 6) could differentiate between seven ranges
of oxygen saturation using the proposed sonification. On average
participants could identify in 84% of all cases the correct SpO2
range. Moreover, detection rates differed significantly between the
seven ranges and as a function of the magnitude of SpO2 change
between two consecutive values. Possible explanations for these
findings are discussed and implications for further improvements
of the presented sonification are proposed.

1. INTRODUCTION

In a clinical environment auditory displays can be very beneficial
for patient monitoring, especially when visual attention is commit-
ted with another task [1]. The translation of input data to sound is
called sonification, which is considered as the central element of
an auditory display [2]. As sound is a temporal medium, process
monitoring seems to be a very promising candidate for sonifica-
tions [3]. In a monitoring situation temporally-related data has to
be observed and it is important to recognize changes in the current
state of the process to be able to intervene appropriately in time
[3]. In a clinical context auditory displays are already very com-
mon. For example there exists a huge variety of different alarms
for patient monitoring. However, there seem to be drawbacks us-
ing them [4]. Apart from auditory alarms, auditory displays have
the potential to inform the listener continuously about the current
state of a patient, rather than putting him in a sudden state of alert
[5]. This way the issue about when information is presented can be
avoided and moreover the sonification also informs about normal
states of the process, while attention is not attracted in an inappro-
priate way [6]. For example in the case of pulse oximetry, auditory
displays seem to be of great use for patient monitoring, as they
can shorten reaction times [5] and improve performances in time-
shared tasks [5], [7].

Pulse oximeters are used to monitor oxygen saturation (SpO2)
and to prevent unwanted deviations [8]. The realization of a high
level of SpO2 was often supported by the aim to avoid negative
consequences of hypoxemia and tissue hypoxia [9]. However, op-
timal oxygen saturation differs significantly across ages [1], [10].
Mainly patients at the extremes of age are at high risk of potential
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detriments of hyperoxia [10], [11]. In a meta-analysis the effect
of functional oxygen saturation targets in premature infants was
examined, which revealed an increased relative risk for mortality
and necrotizing enterocolitis and a reduced relative risk of severe
retinopathy of prematurity for a low compared to a high oxygen
saturation target [12]. According to these results, the functional
SpO2 should lie between 90- and 95% in case of a gestational
age under 28 weeks until 36 weeks postmenstrual age [12]. It is
therefore of high importance to keep the oxygen saturation level
in newborns in a particular range [1]. However, the maintenance
of SpO- in a particular range using a pulse oximeter seems to be
difficult, as could be shown in the case of preterm infants [13],
[14]. In a conventional pulse oximeter a tone can be heard on each
heartbeat and the pitch of the tone is varying with the oxygen sat-
uration [15]. With the oxygen saturation rising or falling, the pitch
is accordingly going up or down. Although most manufacturers
include a variable pitch tone in their pulse oximeters, the acoustic
properties of this tone are not standardized [16], which can lead to
confusion interpreting the sonification [17]. For example the map-
ping between SpO2 and frequency can be linear or logarithmic,
whereby pitch perception is logarithmic rather than linear in na-
ture [18]. Accordant to that, anaesthetists could estimate absolute
oxygenation values as well as the size of oxygenation level dif-
ferences significantly more accurate with a logarithmic pitch scale
than with a linear scale [18]. Nonetheless, considering the specific
demands on oxygen supply for neonates, a clinician would need
more direct information, if and to what extent the SpO- level is
moving out of a target range, unless he regularly checks the SpO»
level on a visual monitor [1].

In arecent study a novel pulse oximetry sonification for neona-
tal oxygen saturation monitoring was proposed [1]. In two exper-
iments it was tested, if nonclinician’s ability to identify a target
range of SpO2 (90-95%) would improve with a modified version
of a conventional pulse oximeter with a logarithmic mapping be-
tween SpO2 and pitch. Two different redesigns of the conven-
tional sonification were compared to the control condition. For
the first sonification the pitch differences became very small in the
target zone and increasingly large outside the target zone. This
design didn’t improve range identification accuracy compared to
the control condition. In a second redesign [1] a fixed-pitch ref-
erence tone was included, when SpO» was outside of the target
range. The pitch of this reference tone corresponded to the pitch at
a SpO2 level of 93% and it preceded every fourth pulse. This soni-
fication significantly improved the accuracy of SpO2 range iden-
tification in comparison to the control condition (85% vs. 60%).
Consequently a modified sonfication seems to be beneficial for the
listeners ability to detect a specific range of SpO>. In a subse-



The 25" International Conference on Auditory Display (ICAD 2019)

quent study different levels of tremolo were added to a conven-
tional pulse oximeter to test, if this would help listeners to iden-
tify SpO2 ranges, direction of change and target transitions [19].
SpO- ranges were subdivided into five ranges, a target range and
two ranges below and above the target range. In the target range
no tremolo was used, whereby three cycles of tremolo were added
each time a SpO2 range was reached, that deviated further form the
target range. SpO2 ranges and transitions into and out of the target
range were identified more accurately with the advanced sonifi-
cation, than with the conventional sonification of a pulse oximeter.
According to this, adding tremolo to a conventional pulse oximeter
seems to be beneficial for identifying SpO2 ranges and might even
be more effective than the use of a reference tone [19]. Similarly
in another study, tremolo and brightness were used to differentiate
three SpO2 ranges [20]. Participants of this study could success-
fully identify SpO2 ranges (Mdn = 100 %), as well as transitions
into and out of the target range (Mdn = 100 %).

This work proposes a novel sonification for pulse oximetry
to convey information about current SpO2 of neonates receiving
supplemental oxygen. Unlike the examples discussed above, this
design deviates further from the auditory display of a conventional
pulse oximeter, as a Shepard tone [21] forms the basis of the sonifi-
cation. Among other things, this approach is motivated by the aim
to differentiate a larger number of SpO2 ranges. In a listening test
the effectiveness of the proposed sonification for identifying seven
different SpO2 ranges was tested. On the basis of the results of the
listening test, further adjustments of the sonification are discussed.

2. THE SONIFICATION

The sonification is derived from the psychoacoustic sonification
for navigation that has been introduced in [22] and discussed in a
clinical context in [23]. The technical implementation is explained
in [24]. The central element of the sonification is a continuous
Shepard tone. In a preliminary study the Shepard tone has proven
to be helpful in finding a target region [22]. As it might be im-
portant for a clinician to be able to estimate the distance of current
SpO- from a predefined target range, a Shepard tone was used in-
stead of the conventional mapping of SpOa to pitch. The Shepard
tone contains the carrier frequencies

fn - fanHZ, (1)

whereby n = 0, ..., N — 1. In total the Shepard tone contains six
carrier frequencies with fo = 100 Hz. If SpOs values are above or
below the center of the target range, the Shepard tone is rising or
falling in frequency respectively. This way the information about
SpO2 being below or above the center of the target range is con-
veyed by a simple binary coding. All carrier frequencies are rising
or falling with the function

F(6) = fo2 % . @

This way neighboring carrier frequencies are always one oc-
tave apart. In Eq. (2) ¢ is the phase of one cycle, such that the
frequency rises from fo to fx. The phase ¢ is defined as

@(0,t) = arg[sin(27w0t)], 3

whereby 6 is a function of the distance to the center of the SpO-
target range. This way the speed of the Shepard tone (rising or
falling) is dependent on the distance to the center of the SpO2
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target range (90-95%), such that the speed increases the further
SpO2 deviates from the center. The amplitude of one frequency is
weighted by a simple bell shaped curve. Consequently the ampli-
tude of partials close to fy and at f are gradually reaching 0. A
temporal envelope curve is used to create a pulse like sound, as the
Shepard tone is supposed to get integrated in the sound design of
conventional pulse oximeters. The frequency interval every pulse
goes through, is increasing or decreasing with the Shepard tone
gaining or losing speed respectively. This way a continuous map-
ping for the distance of current SpO from the center of the target
range is provided. A logarithmic mapping from distance to speed
is used, such that a 1% change of SpO2 would result in an ap-
proximately equal change of the perceived frequency interval. As
the partials of the Shepard tone are continuously rising or falling,
it is likely to happen, that the phase is varying between different
pulses. Therefore, it is important that the Shepard tone is reseted
to the starting point of its period 7' with every pulse of the oxime-
ter. This means that the point of origin is held constant for every
pulse, avoiding possible confusion, as the period of the Shepard
tone contains no additional information.

The aim of this sonification was to enable the listener to dif-
ferentiate between seven different ranges of SpO; illustrated in
Figure 1. This is achieved by subdividing the target range (90-
95%) into five ranges, consisting of a center range (92-93%) and
two ranges below (90-91% and 91-92%) and above (93-94% and
94-95%) the center range. The remaining two SpO- ranges are de-
fined as below (< 90%) or above (> 95%) the target range. SpO2
ranges are numerated starting with range 1 at the top (see Figure
1). Pink noise is used to indicate that SpO2 is within the target
range. It provides a continuous background sound, such that it
does not only occur within the time window of every pulse. Pink
noise is used, as it is considered to be more pleasing to hear than
white noise. This way the most critical information about the cur-
rent SpO» is provided by placing only a minimum of cognitive
workload on the clinician. Further information about the posi-
tion of SpO2 can be inferred by the direction and the speed of
the Shepard tone. Within the center range (92-93%) the speed of
the Shepard tone is set to 0, resulting in a pulse with a constant
pitch. Deviations below or above the center range result in an in-
creasingly falling or rising speed respectively. Thus, by identifying
a rising or falling motion of the Shepard tone, a clinician should
be able to locate current SpO2 below or above the center range.
To further differentiate between the remaining two ranges below
(90-91% and 91-92%) and above (93-94% and 94-95%) the center
range, the listener has to rely on the size of the interval the partic-
ular pulse goes through. The speed of the Shepard tone reaches its
maximum at 90% and 95% of SpOa, respectively, such that further
deviations of SpO2 do not result in an additional increase of speed.
SpO- values outside the target range (90-95%) are made audible
by the vanishing of the pink noise, whereby the direction of the
Shepard tone still indicates, if current SpOs is below or above the
center range. Nonetheless, a redundant coding is chosen, to make
the ranges below (< 90%) and above (> 95%) the target range
more distinguishable. A redundant coding by a second parameter
can increase the robustness of the auditory display, as it may re-
inforce the representation parameter [25]. For SpO2 values below
the target range, frequency modulation is used to increase the per-
ceived roughness of the Shepard tone, whereas for SpO» values
above the target range the sound is not further manipulated. By
using FM-synthesis to create roughness the perceived inharmonic-
ity, roughness and noisiness increases with an increasing modu-
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Very High (> 95%)

(94.5%) Range2 Faster rising pitch

(93.5%) Range3 Slowly rising pitch

Target range| (92.5%) Constant pitch

(91.5%) Range 5 Slowly falling pitch

(90.5%) Range 6 Faster falling pitch

Very Low (< 90%)

Figure 1: Subdivision of SpO2 ranges. The target range (90-95%)
is further subdivided into five SpO> ranges.

lation depth, such that the sound is perceived as more urgent [2].
Consequently the proposed sonification suggests a higher need for
action in the case of hypoxia than in the case of hyperoxia. A
demo video can be found on the second authors Youtube channel
(https://youtu.be/5kwzCunbLrAd).

3. METHOD

A convenience sample was recruited, consisting of students (N =
5) and staff (N = 1) of the Institute of Systematic Musicology at
the University of Hamburg. In total 6 participants (1 female and 5
male) with an average age of 27.6 years (age range: 22-32 years)
took part in the listening test. With only 6 participants the sam-
ple was rather small and not very representative, which should be
kept in mind, while interpreting the results. All participants were
non clinicians and except for one participant had no or little ex-
perience with sonifications. Participants were seated around two
broadband loudspeakers, approximately 2-3 meters away. Due to
economic reasons, all participants were tested simultaneously and
were therefore instructed not to communicate with each other dur-
ing the listening test, to prevent potential bias in the individual per-
formances. The primary outcome variable was the detection rate
calculated as the percentage of correct identified SpO2 ranges. As
described earlier, the principle of the proposed sonification is con-
tinuous between 90 and 95% of oxygen saturation. More precisely
the frequency interval the Shepard tone went through got continu-
ously bigger between 93- and 95% and 92- and 90% of SpO.. As
the participants had to discriminate between two different SpO-
ranges in each of these cases, they could solely rely on the mag-
nitude of the corresponding interval to do so. In the proximity of
the transition from one range to the other it would be almost im-
possible to identify the correct range by hearing alone. Therefore,
all values in the range of 93- to 95% and 90- to 92% were replaced
by the mean of the corresponding range. The value of 90.2% was
for example replaced by the corresponding value of 90.5%, which
is the mean of 90 and 91%.

At first the sonification was explained, in particular the the-
oretical background and the applied mapping of data and sound,
which was supported by auditory examples. After that the partic-
ipants took part in a training session, which lasted about 5 min-
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Figure 2: In each of the four blocks participants had to identify 30
SpO- values by ticking the correct box in a 7x30 table. The 7 rows
correspond to the 7 SpO» ranges and each column to one SpO
value, which changed for every second pulse with a frequency of
30 Hz. The sample solution for each block is depicted above.

utes. In this session, participants had to listen to the modified
pulse oximeter, which produced a pulse-like sound with a heart
frequency of 60 Hz. Since it was assumed that the identification
of the correct SpO2 range each second would be too demanding
for an untrained person, the value of the oxygen saturation was
changed every two pulses. This way participants had two seconds
for every SpOaz value to identify the correct range. SpO2 values
were chosen arbitrarily, to cover all relevant ranges in a relatively
short amount of time. Altogether, the training session consisted
of four blocks, whereby in each block participants had to identify
the correct SpO2 range of five consecutive SpO2 values. For each
SpO- value the participants had to tick the correct box in a 7x5
table, whereby each row corresponded to one of the seven oxygen
ranges and each column to one of the five SpO2 values. After each
part of the training session a feedback in terms of the correct an-
swers was provided and a short break of approximately 30 seconds
was taken. To indicate the start of a sequence, two pulses with the
corresponding sound of 92.5% of oxygen saturation were always
played at the beginning.

After the training was completed, the actual experimental task
was performed, which lasted for approximately 10 minutes. In
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Median (Mdn), upper (HQ) and lower (LQ) quartiles for the detection rate

of each SpO2 range

Mdn LQ HQ
Range 1 89% 60% 96%
Range 2 18% 12% 25%
Range 3 100% 78% 100%
Range 4 100% 100% 100%
Range 5 100% 87% 100%
Range 6 87% 78% 87%
Range 7 100% 100% 100%

Note. Detection rates were calculated as percentage

of correct SpO, range identifications.

Table 2
Effect sizes (r) for multiple post hoc comparisons

Range 1 Range 2 Range 3 Range 4 Range 5 Range 6 Range 7
Range 1 -.62 -30 -.55% -47 -.06 -.55%
Range 2 ) Rk -.O1FF® -.62%%% -.61% -.O1F%*
Range 3 -.26 -.08 .00 -.26
Range 4 -.26 -.56 .00
Range 5 -31 -.26
Range 6 -.56

Note. P-values were calculated by a post hoc test after Conover (1999). Bonferroni adjustment method was used;

#p<.05, #*p<.01, ***p<.001.

contrast to the training session, participants had to identify 30
SpO2 ranges in each of the four blocks and no feedback was given
after each sequence. The four blocks are illustrated in Figure 2.
In addition, the SpO2 values were generated by a sine function.
A smooth function was used, because it was considered to be in
line with the fluctuations of oxygen saturation in an actual clinical
setting. To account for possible training affects trial 1 and 4 were
identical. Moreover, trial 3 was the reversal of trial 1 to examine
possible effects of the direction of SpO2 movement. In trial 2 the
sine function was shifted about 2/3 7 to the right. For the evalu-
ation of the experimental task each tick, which was not placed in
the correct box, that is the row and the column had to be correct,
was considered as a wrong answer.

All significance tests were conducted at a significance level
of a = .05. Detection rates were calculated as the percentage of
correct SpO2 range identifications for each participant over all 4
trials. To examine possible differences between different SpO2
ranges, detection rates were also calculated for each SpO2 range
respectively. As an inspection of the corresponding qq-plots re-
vealed deviations from normality a Friedman rank sum test was
applied and subsequent multiple comparisons were conducted by a
post hoc test after Conover (1999) [26]. The Bonferroni correction
was applied, in which the p values were multiplied by the num-
ber of comparisons. In addition, it was tested, if different SpO2
increment sizes did have an effect on the detection rates. Again a
Friedman rank sum test was applied, as the corresponding qq-plots
did not form a straight line. A post hoc test after Conover (1999)
and the Bonferroni correction were used for multiple comparisons
as well. To examine possible training effects between trial 1 and 4
the Wilcoxon signed rank test was applied, as the sampling distri-
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bution of the differences between scores did not look normal on a
qq-plot. Moreover, detection rates between trial 1 and 3 were com-
pared to account for any effect of direction of SpO2 movement.
The Wilcoxon signed rank test was used as well, as the correspond-
ing qq-plot showed deviations from normality. Furthermore, it was
of particular interest, if participants could identify an SpO. value
being either within or outside the target range. Therefore, all given
answers were additionally evaluated on a binary basis, whereas
only the confusion between SpO. values within and outside the
target range was treated as an incorrect answer (inside/outside er-
ror).

4. RESULTS

On average participants could identify in 84% (about 102 of 120
answers) of all 120 SpOx values the correct range. The chances to
randomly guess the correct box were 1/7 ~ 14%. In 98% (about
118 of 120 answers) of all cases participants could identify either
the correct range or its neighbor range. Chances of choosing the
correct field or its neighbor with a random guess are 19/49 ~ 38%.
To find out which part of the sonification was most ambiguous
for the participants, detection rates were calculated for each SpO2
range respectively (see Table 1). Detection rates of the participants
changed significantly over SpO. ranges (x?(6) =24.96, p < .001).
The results of multiple comparisons are summarized in Table 2. In
addition, detection rates were varying significantly as a function of
the SpO> increment size (x?(4) = 19.66, p < .001). An overview
of the detection rates for different SpO2 increment sizes and the
post hoc test of multiple comparisons is given in Table 3 and 4
respectively. To further examine, if participants found it particu-
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Median (Mdn), upper (HQ) and lower (LQ) quartiles for the detection rate

of different SpO2 increment sizes

Mdn LO HQ
Two ranges up 20% 5% 35%
One range up 75% 75% 84%
No change 97% 95% 98%
One range down 75% 72% 77%
Two ranges down 20% 20% 35%

Note. Detection rates were calculated as percentage

of correct SpO2 range identifications.

Table 4

Multiple post hoc comparisons of detection rates of different SpO2 increment sizes

Value 1 Value 2 p r

No change One range up .003** -.62
No change Two ranges up <.001*** -.62
No change One range down .018%* -.62
No change Two ranges down <.0071%*%* -.61
One range up One range down 1 -.06
Two ranges up Two ranges down 1 -.16
One range up Two ranges up .003** -.61
One range down Two ranges down .018* -.55

Note. Increment sizes: -2 (two ranges down), -1 (one range down), O (no change),+1 (one range up),
+2 (two ranges up). P-values were calculated by a post hoc test after Conover (1999). Bonferroni
adjustment method was used; *p<.05, **p<.01, **¥*p< .001.

larly difficult to identify SpO- ranges above the center, detection
rates were compared between SpO» ranges above and below the
center range. After examination of the corresponding qq-plots, a
nonparametric test was chosen, as the data points did not form a
straight line. The Wilcoxon signed rank test indicated, that partic-
ipants detection rates were lower above the center (Mdn = 78%)
than below the center (Mdn = 94%) of SpOa saturation ranges (p
=.031, r=-.62).

In addition to that, it was of particular interest, if the Shep-
ard tone was a useful choice to convey information about current
SpO2 being below or above the center and the current direction
of movement of SpO2. Of all 720 answers given there was only
one case, where a participant mixed up the corresponding SpO-
ranges below and above the center range. In three cases there was
a false evaluation of the direction of SpO2 movement and in seven
cases a change of the SpO2 range was not recognized. Interest-
ingly all these mistakes were made by one participant. Only par-
ticipant 3 had a detection rate below 80% (96 of 120 answers).
This participant accounted for approximately 37% (40 of 109 in-
correct answers) of all falsely identified SpO2 ranges. Already in
the training session participant 3 had together with participant 6
the highest occurring error rate. Overall, participant 3 performed
distinctly worse than all other participants. About 6% (about 7
of 120 answers) of the answers of all participants were false, due
to an inside/outside error. They accounted for around 39% (43
of 109 incorrect answers) of all incorrect answers. Approximately
84% (36 of 43 inside/outside errors) of all inside/outside errors oc-
curred due to a confusion between range 1 and 2 and around 5%
(2 of 43 inside/outside errors) due to a confusion between range 6
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and 7. Participant 3 accounted for about 51% of all inside/outside
errors. There was no observable training effect, as trial 1 (Mdn
= 88%), and trial 4 (Mdn = 91%) did not differ significantly in
their detection rates (p = .371, r = -.26). Moreover, there was no
difference between the detection rates of trial 1 (Mdn = 88%) and
3 (Mdn = 93%), which indicated that there was no effect of the
direction of SpO2 movement (p = .418, r = -.23).

5. DISCUSSION

Overall the results of the listening test are very promising, as the
six participants could differentiate seven ranges of SpO2 saturation
well above chance. Although participants received only a short
training in advance, they were able to continuously track SpO, sat-
uration in each of the four trials. Interestingly the detection rates of
all SpO2 ranges differed significantly from one another. Multiple
post hoc comparisons revealed that participants performed better
in identifying range 7 than range 1. A reason for this finding might
be the design of the sonification. As described above, perceived
roughness of the Shepard tone was increased, as soon as SpO2
values were below the target range (90-95%). On the contrary the
acoustic properties of the Shepard tone remained the same, after
reaching the upper threshold of the target range. Thus, partici-
pants had to recognize the discontinuation of the background noise
to detect deviations of SpO» above the target range. The fact that
values below the target range have been identified more accurately
than values above the target range is evidence, that a redundant
coding improves detectability. It is possible that participants sim-
ply missed the onset or offset of the continuous background noise.
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Although this did likely happen on both sides of the target range,
transitions below 90% of SpO2 could still be identified by rec-
ognizing the change of roughness of the Shepard tone alone. As
the results indicate, participants had greater difficulties to iden-
tify SpO2 ranges in the upper part of the sonification, meaning all
SpO2 ranges above the center range. It is therefore plausible, that
participants perceived the sonification of SpO2 above the center as
more ambiguous than below the center. These results underline
the importance of redundant coding, to make important thresholds
more obvious to the user.

In addition, participants performed distinctly worse in identi-
fying SpO2 values in range 2 than in all other ranges except range
1. As stated above, the asymmetric design of the sonification prob-
ably accounted for participants greater difficulties to detect range
1 in comparison to range 7. This might have also affected the
recognition of SpO2 values in range 2. As participants had to con-
tinuously track SpOs2 values the correct identification of a SpO2
range depended highly on the correct recognition of the previous
SpO2 range. Thus, an increased insecurity concerning range 1
most probably also affected the performance in range 2. Moreover,
the detection rate varied as a function of the SpO» increment size.
More precisely participants had greater difficulties in recognizing
the correct change of SpO» ranges, if the SpO2 value jumped two
ranges up or down, than if it simply moved one range upwards or
downwards respectively. If the preceding SpO2 value happened
to be in the same range, participants performed better than with a
preceding SpO2 value one or two ranges away. This finding might
provide an additional explanation for the distinctly worse perfor-
mance concerning SpO» range 2. SpO- values in range 2 and 6
were more often preceded by an SpOs value two ranges away, than
any other SpO2 range. In fact 50% of all preceding SpO2 values of
range 2 and 6 happened to be two ranges away, thus making it more
difficult to identify the correct SpO2 range. Nonetheless, only de-
tection rates for range 2 were considerably lower than for all other
ranges except for range 1. Therefore, it is likely that because of the
specific design of the sonification as stated above, participants per-
ceived a greater degree of ambiguity concerning range 1 and 2. As
already mentioned, around 6% of all given answers were false, due
to an inside/outside error, whereas about 84% of all inside/outside
errors occurred due to a confusion between range 1 and 2. This
result underlines the already mentioned difficulty to discriminate
range 1 and 2. Only in two cases there was a confusion between
range 6 and 7, whereas these mistakes likely occurred as an after-
effect. The design of the sonification consequently proved to be
useful to inform the listener about SpO2 being inside or below the
target range. On the downside, it appeared to be more difficult for
the participants to differentiate between SpO2 values being inside
or above the target range, mainly due to a confusion between range
1 and 2.

The Shepard tone proved to be a useful choice to inform the
listener about being below or above the center range, the over-
all direction of current SpO2 movement and about deviations out-
side a critical target range. As already mentioned in the results,
only participant 3 made mistakes that disagree with this conclu-
sion. Interestingly participant 3 accounted for around 51% of all
inside/outside errors and for about 37% of all falsely identified
SpO2 ranges. Apart from possible differences in individual abil-
ities, the specific design of the listening experiment might con-
tribute to such a distinctly worse performance. As described in the
method section, participants had to continuously track SpO, val-
ues, which were changing every second pulse for 30 times in each
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block. Therefore, the listening test was highly susceptible to after-
effects. For example, if a single SpO2 value was missed during the
listening test, all subsequent ticks made in the corresponding table
were shifted one column to the left. Especially if a SpO2 value was
missed or falsely added at the beginning of a trial this could lead
to considerably lower detection rates. This is most probably the
reason for such huge performance differences between participant
3 and all the other participants.

Limitations and Prospects

In total six participants took part in the listening test, whereby the
sample consisted of students and staff of the Institute of Systematic
Musicology at the University of Hamburg. In a subsequent study
it would be desirable to have a larger sample, including partici-
pants without a musical background. There was no control group
and any findings need further corroboration. Moreover, clinicians
might interpret the sonification differently, because of a broader
medical background knowledge. Also the setting of the listening
test differed from a clinical environment, especially as there was
little background noise and participants could concentrate solely
on listening to the SpO2 sonification. As for example an anesthe-
siologist has to divide his attention across different tasks, Paterson,
Sanderson, Paterson, Liu and Loeb (2016) tested effects of a sec-
ondary task on identification of SpO» ranges using an enhanced
sonification of the pulse oximeter [27]. Performances for SpO,
range identification deteriorated more for a LogLinear sonification
than for the enhanced sonification of the pulse oximeter, although
the difference did not reach significance [27]. This way the appli-
cability of an enhanced sonification of the pulse oximeter can be
evaluated under more realistic conditions.

As described above, SpO2 values for the listening test were
generated by using a sine function. It was assumed that a smooth
function would provide a more realistic change of SpO2 over time,
but this needs the evaluation of a clinically trained person. By us-
ing a sine function, conditions were not identical for each SpO»
range, as for example the average distance to the previous value
differed as a function of the SpO» range. This might lead to mis-
leading conclusions, when the sonification is evaluated in terms of
each single SpOs range. The design of the listening test was very
susceptible to aftereffects. As already discussed above, these kind
of mistakes probably accounted for a considerable percentage of
all mistakes made by participant 3. Therefore, a different design
for the listening test might be helpful to prevent bias caused by af-
tereffects.

The results indicate, that participants found it particularly dif-
ficult to identify SpO2 range 1 and 2. As discussed above, SpO2
values above 95% could only be identified by the discontinuation
of a continuous background noise, in contrast to range 7, where the
perceived roughness of the Shepard tone was increased. Therefore,
it might be beneficial to increase the perceived roughness for SpO2
values above 95% as well. This might also contribute to a better
detection rate of SpO2 values in range 2. Alternatively beating
could be applied as suggested in [22].

The proposed sonification of the pulse oximeter could be ex-
tended to nine different SpO2 ranges by implementing two levels
of roughness above and below the target range. This way clin-
icians could differentiate between urgent and less urgent devia-
tions of SpO2 from the target range. This would be similar to
the enhanced sonification of the pulse oximeter by Deschamps et
al. (2016), where four different SpO2 ranges outside the target
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range were sonified by adding two levels of tremolo to a LogLin-
ear pulse oximeter [19]. However, the need of such a fine grained
subdivision (nine different ranges) in the case of oxygen satura-
tion monitoring of neonates needs to be evaluated by a clinically
trained person. Furthermore, the sonification principle is designed
to be continuous. It would be interesting to see how well the SpO2
value could be interpreted on a continuous scale.
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