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METHOD AND MEANS OF PHYSIOLOGICAL MONITORING USING SONIFICATION

FIELD OF THE INVENTION

The present invention relates to a means and a method of monitoring human

respiration and gas exchange. In particular but not exclusively, it relates to the sonification
of respiratory parameters fo monitor human respiration and gas exchange during
anaesthesia and intensive care.
BACKGROUND OF THE [NVENTION
Various respiration detection and/or monitoring devices have been suggested

and/or utilised in a variety of settings previously, and have included devices utilising
impedance pléthysmography, inductance plethysmography, aural monitoring, EMG or
EKG monitoring, strain gauges or the like. These devices all have different limitations,
including undue complexit)} for some uses, inability to monitor, or distinguish between,
different types of respiratory andfor unrelated events such as upper airway obstructions,
breath halding, sighing, yawning and artefact both of a rﬁechanical and electromagnetic
nature. Despite these limitations these devices are still used today as previous studies
have established the crucial importance of respiratory monitoring for patient safety.

In recent years, puise oximetry and capnography have been used to monitor heart
rate and oxygen saturation. Pulse oximetry is describéd in US Patent 4,653,498 and
utifises sonification. Alihough there have been-experimental versions of sonifications
designed to convey information about respiratory functioning (Fitch & Kramer, 1994; Loeb
& Fitch, 2000) all have been in the context of a reworking of cardiovascular sonification

and all have been experimental in nature. There has been no comparative study of the

effectiveness of different respiratory sonifications under controlled conditions and no study
of the effectiveness of respiratory sonification when other tasks must be performed, as is
often the case in the operating theatre. Accordingly, there is no respiratory sonification in
regular clinical use in health care or other physiological monitoring contexts.

The only devices used in the clinical context that provide auditory information about
respiration are the ventilator and the precordial stethoscope. Ventilators are used in
anaesthesia and intensive care contexts to support @ patient's respiration, and usually
deliver a base mixture of air and oxygen. In the anaesthesia context, a variety of
anaesthetic gas can be added such as nitrous oxide, isofiurane, sevofiurane, halothane,
and. the like. Ventilators work in several modes, which can be roughly distinguished as

follows:

JP 2004-538115 A 2004.12.24
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1). spontaneous patient respiration;

2). manually assisted patient respiration; and

3). Machine-supported patient respiration.

Spontaneous patient respiration involves unassisted patient respiration, where
respiration rate, airway pressure, tidal volume, volume flow, and end tidal carbon dioxide
(ETCO,) can be measured. Manually assisted patient- respiration involves patient
respiration that is assisted by the anaesthetist who manually forces gas info the patient's
fungs at regular intervals by squeezing a gas-filled bag attached to the ventilator.

Machine—supporte'd' patient respiration has a variety of modes relating to such
things as aspects of the lung pressure that is maintained, the volume of gas that is
delivered, the respiration rate maintained, the proportion of machine breaths that are given
per patient bréath if there is any patient respiration, and the ratio of the duration of
inhalations to the duration of exhalations. Under machine ventilation, gas is automatically
delivered to the patient through a mechanically-driven bellows.

In older anaesthesia machines and ventifators, the bellows was in plain view, and
its operation could be reasonably clearly heard alongside other ambient noise. However, in
newer anaesthesia machines and ventitators, there has been a trend to make the bellows,
operation quieter and to place the bellows out of sight. Therefore the informal information
provided about machine-supported patient respiration that an older generation of
ventilators provided is starting to disappear, with possible adverse conseguences.

The precordial stethoscope incorporates a sensor affixed to the patient's chest,
connecting tubing as seen in a normal stethoscope, and typically a single ear piece worn
by the anaesthetist or critical care provider. The precordial stethoscope amplifies and

delivers to the ear high-fidelity, naturally generated sound generated by the heart and the -

lungs. Not only can respiration rate and the ratio of inhalation to exhalation be heard and
depth of respiration inferred, but also a wide variety of lung sounds and qualities that
suggest inappropriaie intubation (positioning of a breathing tube), blockages and
occlusions, respiratory abnormalities and fung diseases. However there are disadvantages
to the preéordial stethoscope as a means of continuously monitoring patient respiratory
functioning. For example, the precordial stethoscope provides no information about
ETCO;, which refies upon the presence of capnometry; the sensor and ear piece need to
be continuously in place for monitoring to take place, which may not always be convenient.

JP 2004-538115 A 2004.12.24
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Accordingly, neither the- ventitator nor the precordial stethoscope provides a
satisfactory means of monitoring respiration in a subject. Therefore, there is a real need
for @ means of monitor human respiration, especially during anaesthesia and intensive
cars.

The applicant has now developed a respiratory sonification means and method that
overcomes or at least alleviates some of the problems highfighted above.

OBJECT OF THE INVENTION

It is therefore the object of the present invention to overcome or alleviate some of
the limitations and disadvantages of prior art respiratory monitoring system during
anaesthesia and intensive care or to at least provide the public with a useful choice.

STATEMENT OF THE INVENTION
In one aspect, the invention resides in a respiratory sonification monitoring system

for monitoring respiration and/or gas exchange in a subject including in combination
capnometric means for measuring respiratory carbon dioxide concentrations,
flowmeter means for measuring gas flow and volume of said gas flow by the

integration of the gas flow with respect to time, .

signat processing means adapted to process into digital information, signal output
from the capnometric means and the flowmeter means,

sound synthesizer means adapted to convert said digital information into
synthesised audio output, wherein in use; '

changes in respiratory flow during inhalation and exhalation, and

changes in end tidal carbon dioxide concentrations (ETCO,) and cumulative tidal
volume (cumVt) of the subject can be represented and monitored as changes in
synthesised sound heard through a loudspeaker, headphone or ear piece.

Preferably, the capnometric means is an electronic carbon dioxide monitor with
signal output means whereby end tidal carbon dioxide concentrations (ETCO2) can be
measu}ed and recorded.

Preferably, the flow meter means is an electronic respiratory flow meter wherein
cumulative volume measurements can be calculated by the electronic integration of the
gas flow signal over a given time interval.

Preferably, the signal processing means is an analogue to digital signal converter
wherein analogue signals from the capnometric means and the flow meter means are

converted into digital information.

JP 2004-538115 A 2004.12.24
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Preferably, the sound synthesizer means has audic pre-amplifier means which
conditions the digitat information and converts it to a synlheéised audible tone which can
be heard through a loudspeaker, headphone or ear piece.

Preferably, inhalation is represented as an upper note of a musical third interval
and exhalation is represented as the lower note that comprise a pair of tones.

Preferably, end tidal carbon dioxide concentration (ETCO,) is represented by a

change in relative pitch across respiratory cycles wherein the pitch of the exhalation tone

is set at a minor third interval below that of the inhalation tone, and wherein a high ETCO,
would be . represented by a pair of fones at a high pitch and low ETCO, would be
represented by the pair of tones in at a low pitch.

Preferably, there are five regions of pitch changes wherein the lowest pitch level
reflects end tidal carbon dioxide concentrations below an arbitrarily low ETCO;
concentration value and the highest pitch reﬂects'end tidal carbon dioxide concentrations
values above an arbitrarily high ETCO, concentration value.

Preferably, the measured end fidal carbon dioxide levels can be graphically
represented as a frequency modulation of the minor third interval note pairs of inhalation
and exhalation tones. ’

Preferably, cumulative tidal volume (cumVit) is calculated by integrating volume
flow (Vi) over time and is represented by sound intensity (loudness) andfor sound quality
(timbre or brightness) and wherein the cumulative tidal volume (cumVi) can be
represented by the amplitude of more than one spectral component of the sound, resulting
in perceptible differences in timbre or harmonic brightness of the audible tones.

Preferably, there is user interface means typicatly a volume control to control and
adjust the overall volume of the sonification.

Preferably, the user interface means is an electronic or eleciromechanical volume
control means.

Preferably, the respiratory monitoring apparatus is not necessarily used in isolation
but alongside prior art pulse oximetry systems. )

In another aspect, the invention resides in a method of monitoring human
respiration and gas exchange during anaesthesia or intensive care including the steps of.

connecting a flow meter to an anaesthesia circuit to measure the rate at which gas
is flowing into (inhalation) and out of (exhalation) a patient's lungs,

JP 2004-538115 A 2004.12.24
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connecting a capnometer to the anaesthesia circuit to measure carbon dioxide
concentrations, inclusive of end tidal carbon dioxide concentrations (ETCO;) at the end of
each exhalation,

pracessing signals from the flow meter and the ca;;nometer by signal processing
means into digital information,

converting the digital information by sound synthesizer means into audio output,
wherein, the onset and offset of inhalation and exhalation are represented as changes in
tone of a synthesized musicai note, :

the value of cumulative tidal volume (cumVt) is represented as sound intensity
(loudness) and/or sound quality (timbre or brightness) of the tone, and

end tidal carbon dioxide levels (ETCOz) are represented by relative changes in
pitch across respiratory cycles, whersin the pitch of the exhalation tone is set at a minor
third interval below that of the inhalation tone.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows the mapping of respiratory parameters into dimensions of the
respiratory sonification. The height of the inhalation and exhalation lines (black areas)
symbolically represent increase in sound brightness and intensity rather than changing
spectral band in the vicinity of the fundamental frequency of the base sound.

Figure 2 shows a block diagram of possible implementation of the respiratory
sonification.

"Figure 3 shows the general form of mapping ETCO, in mmHg to pitch in Hz. Note
the five regions: 1=lowest pitch used for lowest ETCO; levels, 2=pitch rising monotonically
with ETCO,, 3=pitch equivalent or near-equivalent pitch values across the normal range
(shown in grey), 4=pitch rising mongctonically with ETCO,, and 5=highest pitch used for
highest ETCO, levels.

Figure 4 shows the mapping of sound intensity (Sound Pressure Level or SPL)
and/or sound quality (timbre or brightness) via harmonic structure to Cumulative Vt.As
Cumulative Vi increases the fundamental frequency (FF) determined by ETCOQ stays
constant, but the distribution of sound energy over harmonics changes as shown.

Figure 5 shows the percentage correct responses to probes about whether
parameters were (Upper graph) normal, abromally high, or abnormally low or (Lower
graph) holding steady, increasing, or decreasing for Examples 1 and 2.
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Figure & shows the anaesthesia simulation as used in Example 3. Controls for

anaesthesia gases and ventilator are occluded.

Figures 7a and 7b show the primary task (arithmetic) performance and secondary
task (patient monitoring) judgements of physiological abnormality (Figure 7a) or direction
of physiological change (Figure 7b). )

Figures 8a and 8b show the anaesthetists' and IT postgraduates’ judgements
compared across monitoring modalities (S, V and SV) and physiological parameters.
Figure 8a shows abnormality judgements and Figure 8b shows directional judgements.

DETAILED DESCRIPTION OF THE INVENTION

Qur respiratoré/ sonification collects digital information about each of several
respiratory parameters from a patient monitoring system or ventilator. It then maps the
information about each respiratory parameter into a specific value of a specific auditory
dimension that has been designated for that respiratory parameter.

The onset of inhalation, and therefore of a new breath, and the duration of

inhalation and the duration of exhalation are all determined from ventilator sensors such as

" the volume flowmeter. The onset of inhalation and the onset of exhalation define the

periods over which component parts of the respiratory sonification should be played (see
arrows 1 and 2 on Figure 1).

Any movement of air in or out of the lungs is represented as a base sound strean.
In our initial investigations 'we have used a pure tone as the base sound stream. However
other waveforms or combinations of waveforms could be used as long as they do not
sound so similar to natural respiration that they might be confused for it (see points below).

The difference between movement into the fungs (inhalation) and out of the tungs
(exhalatién) is represented as a consistent difference in sound quality. In our initial
investigations we have distinguished inhalation and exhalation as follows. Inhalation is
represented as the upper note of a musical third interval and exhalation is represented as
the lower note (see point 3 on Figure 1). However other ways of acoustically separating
inhalation and exhalation could be used, such as other musical intervals.

ETCO; is always measured at the end of a breath. Therefore it is not possible to
provide information (auditory or visual) about CO2 concentration related to the exact breath
on which it was measured. ETCO, is only available after the breath on which it was
measured. Therefore the ETCO, of a breath attime -1 is mapped to the sonification of the
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breath at time t. The relation between ETCO,, other variables, and the sonification
produced is shown in Figure 1.

Our respiratory sonification maps ETCO; into the relative pitch of the inhalation and
exhalation sound (see point 4 on Figure 1). in the example we have tested, ETCO; is
represented as a frequency modulation of the minor third interval produced by the
inhalation and exhalation, In other words, inhalation and exhalation are ajways in the
same musical relationship or the same distance apart in pitch, but the relative pitch of the
inhalation exhalation pair varies with ETCO,.

Finally, the respiration sonification needs to indicate tidal volume. Tidal volume
(Vi) is a similar parameter to ETCO,-it is only known at the end of the breath. Therefors, if
Vt is to be mapped to the sonification, like ETCO, it will be giving information about the
breath.immediately prior. We propose using instead volume flow (Vf) or the reading of the
flowmeter which can be fitted to the Y-piece of the anassthesia circuit (see points 5 and 6
on Figure 1). Vf gives immediate information about the rate at which gas is flowing to the
patient's lungs during the current breath, and so is available to be mapped to the current
breath sonification in real time. Vf integrated over time gives CumVt. We propose that
CumVt be mapped into a mixture of sound intensity and sound quality (timbre or
brightness). At present we have evaluated .CumVt (against Vt — see Example 1) both
mapped only into sound inténsity (see Example 1). Figure 1 shows that the inhalation and
exhalation are depicted as heing broader near their respective midpoints. This is not to be
taken literally as a broadening of the sound spectrum with CumVt, but instead to indicate

the presence of greater sound intensity and/or an increase in the harmonic complexity

(increased presence of the harmonics of the base frequency of the sound).

The signiﬁcance of our respiratory sonification compared with prior examples lies in
the following factors.

Our respiratory sonification is intended to work alongside existing commercial pulse

oximelry systems rather than being part of a system for 'sonifying a broader range of.

physiological variables inctuding cardiovascular variabies.

In previous art it has not been noted that because capnometry (end tidal carban
dioxide level) and tidal volume (breath volume) are not known until the end of the current
breath, then they can only be sonified in the next breath. We therefore present a methed
for sonifying volume flow of the current breath, rather than sonifying tidal volume of the

previous breath. This provides immediate acoustic information to the listeners about
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respiratory functioning on the current breath. Within each inhalation and exhalation,
volume flow is sonified so that it ranges from zero to the maximum seen for inhalation and
exhalation rather than playing at a constant sound intensity and brightness. The distance
the sound travels from its baseline therefore provides useful relative information rather
than requiring the listener to judge overall tidal volume on the basis of an absolute and
constant presentation of a specific sound intensity and brightness.

Because a sonification can never capiure full array of clinical signs associated with
respiration, we propose that using complex naturalistic sounds to represent respiration,
such as a breathing or white noise sound, may be actively misleading. We therefore
present as the base sound for respiratory sonificationan artificial sound that will not run the
danger of being mistaken for the patient's actual breathing.

The distinction between inhalation and exhalation is presented as two pure notes
played in sequence, with constant acoustic differentiation between them. Our respiratory
sonification operationalises this with the first note (inhalation) as the upper note of a
musical third and the second not_e' (exhalation) as the lower note of a musical third.
Variants are possible. )

Therefore our sonification is not a method and interface for allowing the user to
select which variables are sonified or how they are sonified, as in US 5,730,140. A major
distinction with US5,730,140 is that the present method, unlike the former, is not based on
generating or simulating a realistic bodily sound, but relies on the production of a
synthesised audible tone. The use of synthetic tonal sound has two major advantages
over the simulation of natural breathing sounds. First, it is much moare free from masking
by other sounds found in the operating theatre, such as suctioning. Second, the tonal
sound avoids the fncorrect association caused by operators mistaking the sound as an
audification (a natural sound that has simply been amplified and transformed) of the
patient's natural chest sounds. Third, spécifying the mapping of respiratory parameters to
sound dimensions, rather than allowing thé anaesthetist to select the mapping of
physiological paramsters to sound dimensions, supports other operating theatre staff
members’ awareness of the patient's physiological state because non-anaesthetists will be
able to learn to identify abnormal patient states from the combination of the respiratory and
pulse oximetry sonifications. Furthermore, US5,730,140 does not provide information
whereby ETCO; is represented by changes in relative pitch across the respiratory cycle
such that the exhalation tone is set at a minor third interval below that of the inhalation
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tone and wherein high vaiue ETCO, changes are represented by a change to a high pitch
and low value ETCO; changes by a change to a low pitch. In addition, the calculation of
cumVt is also not possible with US5,730,140.
ENGINEERING BLOCK DIAGRAMS AND SOUND MAPPING

Our respiration sonification uses iwo sensing systems: capnometry and the volume
flowmeter. It takes digital output from these systems, adjusts the output o the ranges
needed, maps the result to a dimension of sound.accessible through a sound synthesizer,
converts the information to sound using a sound synthesizer, and then provides audio
output either through loudspeakers, headphones, or through an ear piece worn by the

anaesthetist. There are many possible sound synthesis solutions.for rendering our.

respiration sonification. Our claim is for the design of the sonification itself rather than the
means of implementing it.

Capnometry exists on most anaesthesia machines and most ventilators. A sensor in the
breathing circuit provides a continuous signal for analysis of the concentration of C02 in
expired gases and an end tidal C02 value is supplied by end expiration. Qur respiratory
sonification system will use the capnography output from a serial port or through internal
software communication, as it is expressed in mmHg (millimetres mercury) (see box A of
Figure 2).

Volume flow can be measured through a standard flowmeter that can be connected
into the Y-piece of the external breathing circuit (see box B of Figure 2). The analogue
signals from the flowmeter are converted info continuous digital outputs for inhaled or
inspired volume fiow (Vfinh) and for exhaled or expired volume flow (Vfexh) and are
expressed as a flowrate of ml/minute (millilitres per minute) (see box C of Figure 2).
Volume flow is integrated over time to yield cumulative Vt, which is the value mapped to
the sonification parameter as shall be discussed.

The signal processing and mapping unit (see box D of Figure 2) prepares the
digital information received to be sent to the sound synthesizer. The unit takes the
digitized output of the flowmeter, which provides information about the start of inhalation
(start of flow of gas from ventilator towards patient) and the start of exhalation (start of flow
of gas from patient towards ventilator). The unit also receives digitized information about
ETCO, in mmHg at the end of each exhalation. The information is converted to a form that
can be read by the sound synthesizer. Specifically, the onset and offset of inhalation and

exhalation are represented as tones. The absolute value of volume flow is represented as
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the sound intensity (foudness) and/or sound quality (timbre or brighiness), the values
being read from a mapping function. The ETCO, value from the last breath is mapped to
the pitch of the inhalation tone, the actual pitch value being read from a further mapping
function. The pitch of the exhalation tone is set to a musical third interval below the
irhalation tone.

The resulting information is sent to the sound synthesizer (see box E of Figure 2).
At the start of inhalation, the synthesizer plays a tone determined as described above. At
the start of exhalation, the synthesizer plays a tone of the kind described above. The
results are sent in real time to audio output (see box F of Figure 2). As the absolute value
of volume flow increases, sound intensity (loudness) and/or sound quality (timbre or
brightness) increase, giving rise to a perception of1rising and- faling brightness of the
sound within the inhalation and within the exhalation, and/or a rise and fall of loudness of
the sound. ’

The user interface (see box G of Figure 2) allows the user to adjust the overall
volume of the respiratory sonification.

The mapping of carbon dioxide concentration in mmHg to Hz is a non-linear
function. The normal range for ETCO; is conventionally 38 - 42 mmHg. Across this range,
mmHg is miapped to Hz in a way that produces very liﬁ"le change in Hz for a change in
mmHg, producing a flat or nearly flat region in the mapping function. When mmHg moves
lower than 38 or greater than 42, mmHg is mapping to Hz in a way that produces
significant change in Hz for a change in mmHg, producing steep regions in the mapping
function untit extreme mmHg values are reached at which the function flattens and stays
constant at extreme Hz values. The result is a piece-wise defined function whose general
form is illustrated in Figure 3.

The mapping of cumulative Vit to sound intensity (loudness) andfor sound quality
(timbre or brightness) is performed. according to the general schema shown in Figure 4.
As curnulative Vt increases, sound intensity increases and/or the relative intensity of sound
in the lower harmonics vs higher harmonics changes. The auditory perception of low Cum
Vtis of a rounded sound of audible volume, whereas the perception of high Cum Vtis of a
much sharper, brighter sound and/or somewhat louder volume. As the value of Cum Vt
changes within the inhalation or exhalation, the above changes fo sound loudness and/or
quality oceur.
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EMPIRICAL EVALUATION OF THE RESPIRATORY SONIFICATION
We have completed some studies that examine the following issues:
H1 At least one sonification of respiratory parameters as described above will support

judgements about respiratory status as effectively as pulse oximetry supports judgements
about cardiovascular status.

H2 if respiratory sonification presents physiological information in a way that is
consistent with expert knowledge, then anaesthetists will perform better.

H3 Percentage correct responses for different physiological parameters will be
sensitive o the changes in event rate.

H4 Percentage correct responses for different physiological parameters will be
sensitive to the base rate probabilities of changes for different parameters.

H5  When participants perform a cognitively loading primary task, they will be able to
monitor patient physiological status more effectively when patient data is sonified than
when it is visually supported. :

The invention will now be further described by way of reference only to the
following non-fimiting exampiles. It should be understood, however, that the examples
following are illustrative only, and should not be taken in any way. as a restriction on the
generality of the invention described above.

EXAMPLE 1 COMPARISON VARIOUS METHODS OF RESPIRATORY

SONIFICATION

In comparing a preferred method of respiratory sonification with two older versions
we made one hypothesis:

“At least one sonification of respiratory parameters will support judgements about
respiratory status as effectively as pulse oximetry supports judgements about
cardiovascular status."

All sonifications used a pure tone and mapped inhalation and exhalation to the
upper and lower note of a musical third. Respiration rate was represented by a direct
temporal mapping of inhalation and exhalation. For the “Varying” sonification, CumVt was
represented by sound intensity (but our proposed respiratory sonification also maps sound
quality (timbre or brightness) into CumVt). The integration of volume flow over time gave
tidal volume. ETCO, was represented by a frequency modulation of the inhalation:

exhalation minor third. Three variants were tested:
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(1). The Varying sonification worked as described above, mapping ETCO; from the
previous breath to the pitch of inhalation on the current breath, and using current breath
volume flow to ramp sound infensity up to the peak which indicated the Vi for the present
breath for inhalation or exhalation. . .

(2). The Even sonification was developed to test whether participants found it
difficult to judge tidal volume by fistening to the integration of volume flow of gas over time.
The Even sonification used ETCO, and tidal volume (Vt) from the previous breath. ETCO,
was mapped to the pitch of inhalation on the current breath and tidal volume was used to
determine a constant, or even, sound intensity level for the inhalation and exhalation.

The Short sonification was developed to test whether participants found it difficuit
to extract information about respiration rate until the end of the breath. The Short
sonification triggered the respiratory sonification at the start of each inhalation, as for the
Varying and Even sonifications but it compressed the duration of the sonification into
approximately one-third of its normal duration. At the same time, it preserved the relative
duration of longer and shorter breaths and the ratio of inhalation to exhalation. The goal of
developing the Short sonification was to see if performance was better when information
about respiration rate could be exiracted over a shorter period than the entire breath itself.

Our immediate fodus was whether the mapping of physiological parameters to
sound was intefligible. The study used a within-subjects design and participants were 23
tertiary-educated members of the general population with no medical or nursing training.
Participants listened to an anaesthesia scenario produced from an anaesthesia simulation’
created from the Body™ library, SCHIL's Arbiter experimental environment providing the
interface (Watson et al., 1999; 2000a; 2000b). When probed at semi-regular intervals,

participants reported whether each parameter was abnormally high, normal, or abnormally -

low, and whether it was rising, steady, or fafling. For volume, they were not asked about

volume flow but about cumulative tidal volume, which is the integration of volume flow over

time.

Results for the percentage of correct responses are shown in Figure 5. There is an
apparent superiority of pulse oximetry measures (HR and 02), but a deeper analysis of the
results indicated to us that the a priori probability of signals strongly influenced the
percentage of correct responses. Se!dom—experienced changes had a higher proportion of

“correct rejection” responses, artificiaily inflating the probably of correct responses overall.

JP 2004-538115 A 2004.12.24



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

10

20

(33)

WO 03017838 PCT/AUO2/01149

We performed signal detection studies to.separate discriminability from response bias, but
the test with probably the greatest ecological validity is the following. »

in a conservative test of the intelligibility of sonified bhysiological parameters, we
sought how many participants performed significantly better than chance given the number
of answer alternatives, p(chance), and significantly beiter than would be expected if
participants were responding randomly but with 2 response bias consistent With the base
rate of non-normal or non-steady events, p(correct/baserate). 'In each case, the
chancefbaserate value had to lie in the lower 5% tail of a subject's distribution of
responses for that item, in order for us to state that the participant had performed better
than chance.

As the results in Table 1 show, the Varying sonification supported best
performance across kinds of judgement, across tests, and across physiological
parameters, although there were minor points where another of the three sonifications was

superior.Table 1

Better than Sonification HR 0, RR [V CO,

Varying

plchance) Even

Abnormality Short

Judgment Varying

plcorr/ br) - { Even
" Short

Varying

p(chance) Even

Directional Short

Judgment Varying

p{corr / bry Even

Short

Number of participants for each sonification whose judgements were significantly
better than chance. Underlined figures in white squares indicate that the number of
participants is significantly different from chance at p < 0.05; plain figures in white squares
at 0.1 > p > 0.05. Figures in grey cells indicate that resuits were not significantly different
from chance.
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* The Varying sonification supported better judgements of abnormality that the other
two sonifications, with RR and C02 abnormalities apparently detected better than pulse
oximetry measures HR and 02, Méreover. the varying sonification supported better
across-the-board detection of directional changes, whereas the Even sonification was not
quite 'as good for RR and the Short sonification was not quite as good for Vi It is
important to note that the Varying sonification led to markedly better performance.

EXAMPLE 2 RELATIVE PERFORMANCE OF ANAESTHETISTS

We used the Varying sonification to test the relative performance of anaesthetists
(medically trained) and postgraduate students in information technology who had no
physiology training. The Example used anaesthesia scenarios that led to a more even
distribution of abnormal events across the five parameters, and also to a greater absolute
number of abnormal events or directional changes to report. Our hypotheses were:

! H2 \f the Varying sonification presents physiological information in a way that is
consistent with expert knowledge, then anaesthetists will perform better than non
anaesthetists.

H3 Percentage correct responses for physiological parameters will be sensitive
to the different overall event rates in Example 1 and Example 2.

H4 Percentage correct responses for different physiological parameters will be
sensitive to the base rate probabilities of changes for different parameters.

Results of a between-within subjects ANOVA indicated that H2 was supported:
Anaesthetists performed better than 1T postgraduates for judgements both of abnormality
and of direction of change, F(1,19)=20.604, p<0.001 and F(1,19)= 10.341, p<0.01,
respectively.

H3 was also supported. To compare relatively similar participant groups, the
results of the general population in Example 1 must be compared with those of the IT
postgraduates in Example 2. The number of abnormal events per trial was 2.2 in Example
1 and 3.4 in Example 2 and the number of directional changes per trial was 2.5 in Example
1 and 4.1 in Example 2. Percentage correct responding was lower in'Example 2 than
Example 1: for abnormality judgements, F(1,31=23.8, p<0.0001, and for directio