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METHOD AND MEANS OF PHYSIOLOGICAL
MONITORING USING SONIFICATION

FIELD OF THE INVENTION

[0001] 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 to monitor human respiration and
gas exchange during anaesthesia and intensive care.

BACKGROUND OF THE INVENTION

[0002] 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 plethysmography, inductance plethysmography,
aural monitoring, EMG or EKG monitoring, strain gauges or
the like. These devices all have different limitations, includ-
ing undue complexity for some uses, inability to monitor, or
distinguish between, different types of respiratory and/or
unrelated events such as upper airway obstructions, breath
holding, sighing, yawning and artefact both of a mechanical
and electromagnetic nature. Despite these limitations these
devices are still used today as previous studies have estab-
lished the crucial importance of respiratory monitoring for
patient safety.

[0003] In recent years, pulse oximetry and capnography
have been used to monitor heart rate and oxygen saturation.
Pulse oximetry is described in U.S. Pat. No. 4,653,498 and
utilises sonification. Although 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 experimen-
tal 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 1s 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.

[0004] The only devices used in the clinical context that
provide auditory information about respiration are the ven-
tilator and the precordial stethoscope. Ventilators are used in
anaesthesia and intensive care contexts to support a 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, isoflurane, sevof-
lurane, halothane, and the like. Ventilators work in several
modes, which can be roughly distinguished as follows:

[0005]
[0006]
[0007]

[0008] Spontancous patient respiration involves unas-
sisted 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 into the
patient’s lungs at regular intervals by squeezing a gas-filled
bag attached to the ventilator.

1). spontaneous patient respiration;
2). manually assisted patient respiration; and

3). Machine-supported patient respiration.
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[0009] Machine-supported 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 breath 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.

[0010] In older anaesthesia machines and ventilators, the
bellows was in plain view, and its operation could be
reasonably clearly heard alongside other ambient noise.
However, in newer anaesthesia machines and ventilators,
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 res-
piration that an older generation of ventilators provided is
starting to disappear, with possible adverse consequences.

[0011] 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 inhala-
tion to exhalation be heard and depth of respiration inferred,
but also a wide variety of lung sounds and qualities that
suggest inappropriate intubation (positioning of a breathing
tube), blockages and occlusions, respiratory abnormalities
and lung diseases. However there are disadvantages to the
precordial stethoscope as a means of continuously monitor-
ing patient respiratory functioning. For example, the pre-
cordial stethoscope provides no information about ETCO,,
which relies upon the presence of capnometry; the sensor
and ear piece need to be continuously in place for monitor-
ing to take place, which may not always be convenient.

[0012] Accordingly, neither the ventilator nor the precor-
dial stethoscope provides a satisfactory means of monitoring
respiration in a subject. Therefore, there is a real need for a
means of monitor human respiration, especially during
anaesthesia and intensive care.

[0013] The applicant has now developed a respiratory
sonification means and method that overcomes or at least
alleviates some of the problems highlighted above.

OBJECT OF THE INVENTION

[0014] It is therefore the object of the present invention to
overcome or alleviate some of the limitations and disadvan-
tages 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

[0015] In one aspect, the invention resides n a respiratory
sonification monitoring system for monitoring respiration
and/or gas exchange in a subject including in combination

[0016] capnometric means for measuring respiratory
carbon dioxide concentrations,

[0017] flowmeter means for measuring gas flow and
volume of said gas flow by the integration of the gas
flow with respect to time,



US 2004/0243016 Al

[0018] signal processing means adapted to process
into digital information, signal output from the cap-
nometric means and the flowmeter means,

sound synthesizer means adapted to conver

0019 d synth dapted t t
said digital information into synthesised audio out-
put, wherein in use,

[0020] changes in respiratory flow during inhalation
and exhalation, and

[0021] changes in end tidal carbon dioxide concen-
trations (ETCO,) and cumulative tidal volume
(cumVt) of the subject can be represented and moni-
tored as changes in synthesised sound heard through
a loudspeaker, headphone or ear piece.

[0022] Preferably, the capnometric means is an electronic
carbon dioxide monitor with signal output means whereby
end tidal carbon dioxide concentrations (ETCO,) can be
measured and recorded.

[0023] Preferably, the flow meter means is an electronic
respiratory flow meter wherein cumulative volume measure-
ments can be calculated by the electronic integration of the
gas flow signal over a given time interval.

[0024] Preferably, the signal processing means is an ana-
logue to digital signal converter wherein analogue signals
from the capnometric means and the flow meter means are
converted into digital information.

[0025] Preferably, the sound synthesizer means has audio
pre-amplifier means which conditions the digital informa-
tion and converts it to a synthesised audible tone which can
be heard through a loudspeaker, headphone or car piece.

[0026] 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.

[0027] 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 tones at a high pitch and low ETCO, would be repre-
sented by the pair of tones in at a low pitch.

[0028] 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.

[0029] Preferably, the measured end tidal carbon dioxide
levels can be graphically represented as a frequency modu-
lation of the minor third interval note pairs of inhalation and
exhalation tones.

[0030] Preferably, cumulative tidal volume (cumVt) is
calculated by integrating volume flow (Vf) over time and is
represented by sound intensity (loudness) and/or sound
quality (timbre or brightness) and wherein the cumulative
tidal volume (cumVt) 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.
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[0031] Preferably, there is user interface means typically a
volume control to control and adjust the overall volume of
the sonification.

[0032] Preferably, the user interface means is an electronic
or electromechanical volume control means.

[0033] Preferably, the respiratory monitoring apparatus is
not necessarily used in isolation but alongside prior art pulse
oximetry systems.

[0034] Inanother aspect, the invention resides in a method
of monitoring human respiration and gas exchange during
anaesthesia or intensive care including the steps of

[0035] 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,

[0036] 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,

[0037] processing signals from the flow meter and the
capnometer by signal processing means into digital
information,

[0038] 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
musical note,

[0039] the value of cumulative tidal volume (cumVt)
is represented as sound intensity (loudness) and/or
sound quality (timbre or brightness) of the tone, and

[0040] end tidal carbon dioxide levels (ETCO,) are
represented by relative changes in pitch across res-
piratory cycles, wherein the pitch of the exhalation
tone is set at a minor third interval below that of the
inhalation tone.

BRIEF DESCRIPTION OF THE FIGURES

[0041] FIG. 1 shows the mapping of respiratory param-
eters 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.

[0042] FIG. 2 shows a block diagram of possible imple-
mentation of the respiratory sonification.

[0043] FIG. 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 mono-
tonically with ETCO,, 3=pitch equivalent or near-equivalent
pitch values across the normal range (shown in grey),
4=pitch rising monotonically with ETCO,, and 5=highest
pitch used for highest ETCO, levels.

[0044] FIG. 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 Vt increases the fundamental frequency (FF)
determined by ETCO, stays constant, but the distribution of
sound energy over harmonics changes as shown.
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[0045] FIG. 5 shows the percentage correct responses to
probes about whether parameters were (Upper graph) nor-
mal, abnormally high, or abnormally low or (Lower graph)

holding steady, increasing, or decreasing for Examples 1 and
2

L.

[0046] FIG. 6 shows the anaesthesia simulation as used in
Example 3. Controls for anaesthesia gases and ventilator are
occluded.

[0047] FIGS. 7a and 7b show the primary task (arith-
metic) performance and secondary task (patient monitoring)
judgements of physiological abnormality (FIG. 74) or direc-
tion of physiological change (FIG. 7b).

[0048] FIGS. 8a and 8b show the anaesthetists” and IT
postgraduates’ judgements compared across monitoring
modalities (S, V and SV) and physiological parameters.
FIG. 8a shows abnormality judgements and FIG. 8b shows
directional judgements.

DETAILED DESCRIPTION OF THE
INVENTION

[0049] Our respiratory sonification collects digital infor-
mation 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 desig-
nated for that respiratory parameter.

[0050] 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 FIG. 1).

[0051] Any movement of air in or out of the lungs is
represented as a base sound stream. In our initial investiga-
tions 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).

[0052] The difference between movement into the lungs
(inhalation) and out of the lungs (exhalation) is represented
as a consistent difference in sound quality. In our initial
investigations we have distinguished inhalation and exhala-
tion 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 FIG. 1). However other ways
of acoustically separating inhalation and exhalation could be
used, such as other musical intervals.

[0053] 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 at time t-1 is mapped to the sonification
of the breath at time t. The relation between ETCO,, other
variables, and the sonification produced is shown in FIG. 1.

[0054] Our respiratory sonification maps ETCO, into the
relative pitch of the inhalation and exhalation sound (see
point 4 on FIG. 1). In the example we have tested, ETCO,
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is represented as a frequency modulation of the minor third
interval produced by the inhalation and exhalation. In other
words, inhalation and exhalation are always in the same
musical relationship or the same distance apart in pitch, but
the relative pitch of the inhalation exhalation pair varies with
ETCO,.

[0055] Finally, the respiration sonification needs to indi-
cate tidal volume. Tidal volume (Vt) is a similar parameter
to ETCO,-it is only known at the end of the breath.
Therefore, if Vt is to be mapped to the sonification, like
ETCO, it will be giving information about the breath imme-
diately prior. We propose using instead volume flow (Vf) or
the reading of the flowmeter which can be fitted to the
Y-piece of the anaesthesia circuit (see points 5 and 6 on FIG.
1). VI 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 Vi—see
Example 1) both mapped only into sound intensity (sce
Example 1). FIG. 1 shows that the inhalation and exhalation
are depicted as being broader near their respective mid-
points. 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).

[0056] The significance of our respiratory sonification
compared with prior examples lies in the following factors.

[0057] Our respiratory sonification is intended to work
alongside existing commercial pulse oximetry systems
rather than being part of a system for sonifying a broader
range of physiological variables including cardiovascular
variables.

[0058] In previous art it has not been noted that because
capnometry (end tidal carbon dioxide level) and tidal vol-
ume (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 method 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 respiratory functioning on
the current breath, Within ¢ach 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 pro-
vides 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 inten-
sity and brightness.

[0059] Because a sonification can never capture 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 breath-
ing.

[0060] The distinction between inhalation and exhalation
is presented as two pure notes played in sequence, with
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constant acoustic differentiation between them. Our respi-
ratory sonification operationalises this with the first note
(inhalation) as the upper note of a musical third and the
second note (exhalation) as the lower note of a musical third.
Variants are possible.

[0061] 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 U.S. Pat. No.
5,730,140. A major distinction with U.S. Pat. No. 5,730,140
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
more free from masking by other sounds found in the
operating theatre, such as suctioning. Second, the tonal
sound avoids the incorrect 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, specifying the mapping of
respiratory parameters to sound dimensions, rather than
allowing the anaesthetist to select the mapping of physi-
ological parameters 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 combina-
tion of the respiratory and pulse oximetry sonifications.
Furthermore, U.S. Pat. No. 5,730,140 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 tone and wherein high value 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 U.S. Pat. No.
5,730,140.

ENGINEERING BLOCK DIAGRAMS AND
SOUND MAPPING

[0062] Our respiration sonification uses two sensing sys-
tems: capnometry and the volume flowmeter. It takes digital
output from these systems, adjusts the output to 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 respi-
ration sonification. Our claim is for the design of the
sonification itself rather than the means of implementing it.

[0063] Capnometry exists on most anaesthesia machines
and most ventilators. A sensor in the breathing circuit
provides a continuous signal for analysis of the concentra-
tion of CO2 in expired gases and an end tidal CO2 value is
supplied by end expiration. Our respiratory sonification
system will use the capnography output from a serial port or
through internal software communication, as it is expressed
in mmHg (millimeters mercury) (see box A of FIG. 2).

[0064] 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 FIG. 2). The
analogue signals from the flowmeter are converted into
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continuous digital outputs for inhaled or inspired volume
flow (Vfinh) and for exhaled or expired volume flow
(Vfexh) and are expressed as a flowrate of ml/minute
(milliliters per minute) (see box C of FIG. 2). Volume flow
is integrated over time to yield cumulative Vt, which is the
value mapped to the sonification parameter as shall be
discussed.

[0065] The signal processing and mapping unit (see box D
of FIG. 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
the sound intensity (loudness) and/or sound quality (timbre
or brightness), the values being read from a mapping func-
tion. The ETCQ, 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 inhalation
tone.

[0066] The resulting information is sent to the sound
synthesizer (see box E of FIG. 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 FIG. 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 of rising and falling brightness of the sound
within the inhalation and within the exhalation, and/or a rise
and fall of loudness of the sound.

[0067] The user interface (see box G of FIG. 2) allows the
user to adjust the overall volume of the respiratory sonifi-
cation.

[0068] 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 mapped to Hz in a way that produces very little
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 until 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 FIG. 3.

[0069] The mapping of cumulative Vt to sound intensity
(loudness) and/or sound quality (timbre or brightness) is
performed according to the general schema shown in FIG.
4. As cumulative 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 Vt is 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
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value of Cum Vt changes within the inhalation or exhalation,
the above changes to sound loudness and/or quality occur.

EMPIRICAL EVALUATION OF THE
RESPIRATORY SONIFICATION

[0070] We have completed some studies that examine the
following issues:

[0071] H1 At least one sonification of respiratory
parameters as described above will support judge-
ments about respiratory status as effectively as pulse
oximetry supports judgements about cardiovascular
status.

[0072] H2 If respiratory sonification presents physi-
ological information in a, way that is consistent with
expert knowledge, then anaesthetists will perform
better.

[0073] H3 Percentage correct responses for different
physiological parameters will be sensitive to the
changes in event rate.

[0074] H4 Percentage correct responses for different
physiological parameters will be sensitive to the base
rate probabilities of changes for different parameters.

[0075] 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.

[0076] The invention will now be further described by
way of reference only to the following non-limiting
examples. 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

[0077] In comparing a preferred method of respiratory
sonification with two older versions we made one hypoth-
esis:

[0078] At least one sonification of respiratory parameters
will support judgements about respiratory status as effec-
tively as pulse oximetry supports judgements about cardio-
vascular status.”

[0079] AIl 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:

[0080] (1). The Varying sonification worked as
described above, mapping ETCO, from the previous
breath to the pitch of inhalation on the current breath,
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and using current breath volume flow to ramp sound
intensity up to the peak which indicated the Vt for
the present breath for inhalation or exhalation.

[0081] (2). The Even sonification was developed to test
whether participants found it difficult to judge tidal volume
by listening to the integration of volume flow of gas over
time. The Even sonification used ETCO, and tidal volume
(V1) 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.

[0082] The Short sonification was developed to test
whether participants found it difficult 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
extracted over a shorter period than the entire breath itself.

[0083] Our immediate focus was whether the mapping of
physiological parameters to sound was intelligible. 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 simula-
tion 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 falling. For volume, they were not
asked about volume flow but about cumulative tidal volume,
which is the integration of volume flow over time.

[0084] Results for the percentage of correct responses are
shown in FIG. 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.
Seldom-experienced changes had a higher proportion of
“correct rejection” responses, artificially inflating the prob-
ably of correct responses overall. We performed signal
detection studies to separate discriminability from response
bias, but the test with probably the greatest ecological
validity is the following.

[0085] 1In a conservative test of the intelligibility of soni-
fied physiological parameters, we sought how many partici-
pants performed significantly better than chance given the
number of answer alternatives, p(chance), and significantly
better than would be expected if participants were respond-
ing randomly but with a response bias consistent with the
base rate of non-normal or non-steady events, p(correct/
baserate). In each case, the chance/baserate 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.

[0086] As the results in Table 1 show, the Varying soni-
fication supported best performance across kinds of judge-
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ment, across tests, and across physiological parameters,
although there were minor points where another of the three
sonifications was superior.

TABLE 1
[0087]

Better than  Sonification HR O, RR V; CO,
Abnormality p(chance)  Varying 15 15 17 13 18
Judgment Even 10 13 13 5 8
Short 12 11 14 6 7
plcorr / br)  Varying 15 15 17 13 18
Even 10 13 13 5 8
Short 12 11 14 6 7
Directional  p(chance) Varying 16 21 16 18 19
Judgment Even 20 20 17 13 17
Short 0 2 14 17 16
plcorr / br)  Varying 16 21 16 18 19
Even 20 20 17 13 17
Short 20 2 14 17 16

[0088] Number of participants for each sonification whose

judgements were significantly better than chance. Under-
lined 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 results were not significantly different
from chance.

[0089] The Varying sonification supported better judge-
ments of abnormality that the other two sonifications, with
RR and CO2 abnormalities apparently detected better than
pulse oximetry measures HR and O2. Moreover, 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 Vt. It is important to note that the Varying
sonification led to markedly better performance.

EXAMPLE 2

RELATIVE PERFORMANCE OF
ANAESTHETISTS

[0090] We used the Varying sonification to test the relative
performance of anaesthetists (medically trained) and post-
graduate students in information technology who had no
physiology training. The Example used anaesthesia sce-
narios 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:

[0091] H2 If the Varying sonification presents physi-
ological information in a way that is consistent with
expert knowledge, then anaesthetists will perform
better than non anaesthetists.

[0092] H3 Percentage correct responses for physi-
ological parameters will be sensitive to the different
overall event rates in Example 1 and Example 2.

[0093] H4 Percentage correct responses for different
physiological parameters will be sensitive to the base
rate probabilities of changes for different parameters.
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[0094] Results of a between-within subjects ANOVA indi-
cated that H2 was supported: Anaesthetists performed better
than IT 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.

[0095] H3 was also supported. To compare relatively
similar participant groups, the results of the general popu-
lation 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 judge-
ments, F(1,31=23.8, p<0.0001, and for directional judge-
ments, F(1,31)=61.59, p<0.0001.

[0096] The lower accuracy of responding should not sug-
gest that the sonifications are inherently unreliable. The
event rate was sustained at a rate that would be seen only in
the busiest parts of the most intense clinical situations.
Clearly, pulse oximetry is effective in clinical settings, so the
respiratory sonification should be compared with it in the
current context.

[0097] H4 was also supported. In Example 2 events were
more evenly distributed across pulse oximetry (HR and O2)
and respiration (RR, Vt and CO,) to reduce the previous bias
towards respiration. FIG. 5 shows that the bias towards
correct responding for HR and O2 is reduced. The respira-
tory sonification requires participants to distinguish three
parameters whereas pulse oximetry requires them to distin-
guish only two parameters. Therefore the respiratory soni-
fication is performing especially well if it produces perfor-
mance in a comparable range to pulse oximetry.

[0098] Table 2 repeats the highly conservative analysis of
intelligibility performed in Example 1, but for the 11 anaes-
thetists and 10 IT postgraduates tested in Example 2. Results
suggest that anaesthetists perform better than IT postgradu-
ates and that the respiratory sonification is doing as well if
not better than pulse oximetry. Discrimation of directional
changes was less effective for HR and Vt.

TABLE 2
Better than HR O, RR V. O,
Abnormality p(chance) An 1 10 1 1 u
Judgment IT p/g 10 4 9 7 8
p(corr /br)  An 7 8 1 11 10
IT p/g 5 03 7 7 7
Directional  p(chance) An 5 1 1 7 1
Judgment IT p/g 4 6 9 3 7
p(corr /br)  An 1 9 6 7 9
IT p/g i 3 5 3 s
[0099] Number of participants from each group whose

judgements were significantly better than chance. Under-
lined 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 indicated that results were not significantly different
from chance. Total number of anaesthetists is 11 and of IT
postgraduates is 10.

[0100] Overall, the results of Example 2 obtained with no
prior experience by anaesthetists or IT postgraduates to
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respiratory sonification and only 15 minutes of initial famil-
iarisation, are highly encouraging of the viability of respi-
ratory sonification for clinical settings.

EXAMPLE 3

MONITORING PATIENT STATUS

[0101] In this example we examined participant’s ability
to use the respiratory sonification when performing other
tasks. Monitoring was supported by sonification only, soni-
fication plus a visual display, and a visual display only. The
hypothesis was as follows:

[0102] 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.

[0103] To test this hypothesis we constructed a very
conservative test. Participants performed a primary task in
which they were required to make true/false judgements
about simple arithmetic expressions (see FIG. 6) with a new
expression occurring every 10 seconds. This had some
similar characteristics to drug dosage calculations that a
clinician might need to perform while monitoring patient
status. At the same time, they performed the secondary
physiological monitoring task, as in previous Examples. The
physiological monitoring task was presented in one of three
formats, varied within-subjects:

[0104] Sonification alone (S condition). No patient
information appeared or could be called up on the
computer screen.

[0105] Visualization alone (V condition). Physiologi-
cal readouts were not continually present. Partici-
pants had to touch (“query”) the relevant part of the
screen to see the current value for five seconds
(“withholding” procedure).

[0106] Sonification plus Visualization (SV condition).
Again, the Visualization condition used the withholding
procedure.

[0107] The 10-second arrival rate of arithmetic problems
gave participants in the V and SV conditions enough time to
query all parameters before the next arithmetic expression
appeared. Although sonification is intended to provide infor-
mation where visual information is unavailable or inconve-
nient, in this first test we set up the best possible conditions
for the visual display to succeed. If S nonetheless leads to
superior performance, then such superiority would have
been observed under conditions in which it is possible to do
the task visually to the same level of performance. If S leads
to the same level of performance as for V, however, then we
know that sonification does not support worse performance
than a visual display does. The results will therefore provide
a conservative baseline comparison between the three con-
ditions. It is assumed thereafter that as the time between
arithmetic problems decreases, the S and probably also the
SV conditions would show increasingly effective monitoring
performance.

[0108] Participants experienced plausible operating room
scenarios. Approximately every minute, participants were
asked to make judgements about any recent abnormality and

Dec. 2, 2004

any direction of change within the last minute on one of the
five parameters. Questions were evenly distributed across
parameters, so there was no in-built bias in questioning
towards any parameter.

[0109] Primary (arithmetic) task performance was analy-
sed using a between-within subjects ANOVA. Results are
shown in FIGS. 7a and b on the x axis of each graph. There
was a significant effect of Group, F(1,19)=9.54, p<0.01, with
Anaesthetists performing better than IT postgraduates.
Modality was significant, F(2,38)=10.05, p<0.001, with
responses most accurate in the S condition, followed by V
and SV. A Newman-Keuls analysis showed that responding
in the S condition was significantly more accurate than in
either the V or the SV conditions.

[0110] Results for secondary task abnormality judgements
are shown on the y axis of FIG. 7a. Group was highly
significant, F(1,19)=44.69, p<0.0001, with Anaesthetists
much better than IT postgraduates at reporting abnormali-
ties. Modality was significant, F(2, 38)=5.69, p<0.01, with
performance worst with the S condition, but only because of
IT postgraduates’ poor performance. In fact, Modality inter-
acted strongly with Group, F(2,38)=6.49, p<0.01. As FIGS.
7a and 7b show, Anaesthetists judged abnormalities equally
well across all three modalities whereas IT postgraduates did
particularly poorly with S alone. Parameter was also sig-
nificant, F(4,76)=13.83, p<0.0001, with Vt showing worst
performance and HR showing best performance (see FIG.
84). However the poorer performance with Vt was much
reduced for Anesthetists compared with the IT postgradu-
ates, contributing to a Group by Parameter interaction,
F(4,76)=4.08, p<0.01.

[0111] Results for secondary task judgements of direction
of change are shown on the y axis of FIG. 7b. Group was
significant, F(1,19)=41.06, p<0.0001, with Anaesthetists
much better than IT postgraduates. There were no main
effects or interactions with Modality, but Parameter was
significant, F(3,76)=6.06, p<0.001, with Vt showing worst
performance (sce FIG. 8b).

[0112] There was also a significant drop in the frequency
of querying in condition SV compared with V, but only for
Anaesthetists, and then only for HR and O2, the most
familiar pulse oximetry sonifications. With further experi-
ence, and with performance feedback, participants would
probably develop greater self-confidence in their ability to
extract information from sonification and reduce visual
monitoring for respiratory parameters as well. Whether this
is the case is currently under investigation.

[0113] Overall, Example 3 showed that sonification
allowed anaesthetists to maintain monitoring accuracy while
performing significantly better on an arithmetic task than
when visual support was available. IT postgraduates showed
a tradeoff between the monitoring task and the arithmetic
task. Sonification led to worse monitoring performance,
probably because of IT postgraduates’ lack of physiological
training, but to better performance on the arithmetic task,
probably because no further attention to the monitoring task
would improve performance.

[0114] Vt appears to be slightly less effective than other
sonified dimensions in Examples 1 and 2, where sonification
with no redundant visual information is examined. However
that fact that in Example 3 judgements about Vt have
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equivalent levels of accuracy across V, SV, and S conditions
suggests that the less accurate performance with Vt is
endemic to Vt itself rather than to any modality. Given the
scenarios used, Vt shows many small fluctuations making it
more challenging to monitor rather than a few large fluc-
tuations, which would affect all modality conditions. In fact,
anaesthetists abnormality judgements for Vt appear to be
somewhat better supported with sonification alone (S con-
dition) than others.

CONCLUSIONS

[0115] Taken together, the results of Examples 1 to 3 show
that with a minimal level of familiarization, participants can
monitor respiratory status with the Varying respiratory soni-
fication as well as they can monitor cardiovascular status
with the pulse oximetry sonification. Example 3 shows that
when anaesthetists carry out a distracting task at the same
time as monitoring, as is often the case in the operating
room, sonification helps them time-share. However, instead
of boosting monitoring performance while a distracting task
is done, sonification allowed anaesthetists’ monitoring per-
formance to be sustained at high levels while performance at
the distracting task become better. In ongoing research we
are graduating the level of difficulty of the primary task and
expect to see greater differences emerge across conditions
for patient monitoring, increasingly favouring sonification.
We are also adding brightness to the sonification for Vt to
determine its effects.

[0116] Results of our studies also suggest that researchers
must be cautious about making claims about the superiority
or otherwise of specific display conditions until the influence
of a priori event probability and the size of changes has been
taken into account. The relative accuracy of judgements for
the five physiological parameters various across Examples
1, 2 and 3 because of these factors.

[0117] In summary, sonification of patient physiology
beyond traditional pulse oximetry appears a viable and
useful adjunct when monitoring patient state. Sonification
may help anaesthetists maintain high levels of awareness of
patient state and at the same time do other tasks more
effectively than when relying upon visual monitoring of
patient state. The Varying respiration sonification appears to
be effective in this role and it presents some advantages over
related respiratory sonifications.
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1. A respiratory sonification monitoring system for moni-
toring 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,

signal 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 inha-
lation 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 synthesized sound heard
through a loudspeaker, headphone or ear piece.

2. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein the capnometric means is an
electronic carbon dioxide monitor with signal output means
whereby end tidal carbon dioxide concentrations (ETCO,)
can be measured and recorded.

3. Arespiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein the flow meter means is an
electronic respiratory flow meter wherein cumulative vol-
ume measurements can be calculated by the electronic
integration of the flow signal over a given time interval.



US 2004/0243016 Al

4. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein 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.

5. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein the sound synthesizer means has
audio pre-amplifier means which conditions the digital
information and converts it to a synthesised audible tone
which can be heard through a loudspeaker, headphone or ear
piece.

6. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein 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.

7. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 6, wherein end tidal carbon dioxide con-
centration (E100,) 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 E100, would be
represented by a pair of tones at a high pitch and low ETCO,
would be represented by the pair of tones at a low pitch.

8. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein there are five regions of pitch
changes wherein the lowest, pitch level reflects end tidal-
carbon dioxide concentrations below an arbitrarily low
Er00, concentration value and the highest pitch reflects end
tidal carbon dioxide concentrations values above an arbi-
trarily high ETCO, concentration value.

9. A respiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein the measured end tidal carbon
dioxide levels can be graphically represented as a frequency
modulation of the minor third interval note pairs of inhala-
tion and exhalation tones.

10. A respiratory sonification monitoring system for
monitoring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein cumulative tidal volume
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(cumV?) is calculated by integrating volume flow (Vf) over
time and can be represented by sound intensity (loudness)
and/or sound quality (timbre or brightness) and wherein the
cumulative tidal volume (cumV1) 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.

11. Arespiratory sonification monitoring system for moni-
toring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein there is user interface means
typically a volume control to control and adjust the overall
volume of the sonification.

12. A respiratory sonification monitoring system for
monitoring respiration and/or gas exchange in a subject as
claimed in claim 11 wherein the user interface means is an
electronic or electromechanical volume control means.

13. A respiratory sonification monitoring system for
monitoring respiration and/or gas exchange in a subject as
claimed in claim 1, wherein the respiratory monitoring
apparatus is not necessarily used in isolation but alongside
prior art pulse oximetry systems.

14. A method of monitoring human respiration and gas
exchange in a subject during anaesthesia or intensive care
including the steps of connecting a flow meter to an anaes-
thesia circuit to measure the rate at which gas is flowing into
(inhalation) and out of (exhalation) a patient’s lungs, con-
necting a capnometer to the anaesthesia circuit to measure
carbon dioxide concentrations, inclusive of end tidal carbon
dioxide concentrations (ETCO,) at the end of each exhala-
tion, processing signals from the flow meter and the cap-
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 musical 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 (Sf00,) are represented by
relative changes in pitch across respiratory cycles, wherein
the pitch of the exhalation tone is set at a minor third interval
below that of the inhalation tone.
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