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The operating theatre is a noisy place with maninfenmative and redundant alarms. Using data fromeaent
observational study, we demonstrate that anaestisedictively respond to only 3.4% of all alarms. uline a
range of possible solutions to the alarm probleneolg&gical Interface Design (EID) helps to outlinbet
requirements for an information environment for asthetists and to indicate the possible benefitsootinuous
auditory signals. Our observational data are thereworked” to give an indication of possible bergfif a
continuous auditory display. Finally we indicatess$ we are taking to test these ideas empirically.
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1 INTRODUCTION

Much of the literature on human interaction withdical equipment—such as information systems andcdsvn
the operating room (OR)—has focused on critiquesx@dting devices (Cook & Woods, 1996; Bogner, 1994ss
often have suggestions been made about the redaefseguipment and prototypes developed. Howevehénlast
few years, under the stimulus of Ecological InteefdDesign, concrete design suggestions and pr@stipve
emerged (Effken, Shaw & Kim, 1997; Lin, Isla, Danldarkness, Vicente & Doyle, 1995; Sharp & Helmjcki
1998). In this paper we outline a long-standingbpem with unwanted and uninformative alarms in @i and
take the first step towards a new kind of solution.

When looking at how to design effective alarms ritical care environments, many researchers haysieap
findings from alarm studies in aviation and nuclpawer plant environments (Cook & Woods, 1996). ideer the
anesthesia and critical care environments posédigtroblems of their own. New technologies aratitwally
being introduced in a piecemeal fashion rather tyeh of an integrated system. Moreover, the muagbrtant part
of the sensed environment—the patient—is not adfi@agineered system, but instead has unique pbygsial
characteristics that should be taken into accourgnadetermining what is normal and abnormal. Rmnallarms
reflect the state of sensor technologies that hlsie own failure modes independent of patientustatn light of
these factors we undertook an initial observatictiadly to determine the problems and needs in @Rnadystems.



2 BACKGROUND

We studied anaesthetists’ use of alarms in a sefiebservations at Royal Adelaide Hospital. Obagons were
over a two-week period and involved 42 operaticarying in length, type and monitoring equipmentdusg the
anaesthetist. We recorded the number of timesaamadimit was breached and the number of timestandsignals
sounded. Alarms were classified under several hgadand the anaesthetist’'s response to each signal was
observed and coded.

As Figure 1 shows, 35.4% of the alarm sounds reftethe initiation or first sounding of a specifilarm and the
remaining 64.6% were “run-on” alarms, simply repsitling the initial alarm. Only 3.4% of all alarrownds caused
the anaesthetist to actively make adjustments am@dh patient state—only 5% of the initial alarmd &fo of the
run-on alarm sounds led to responses. Of the I@&Bndimits breached during induction, 20 cases (1&% to a
response; of the 232 alarm limits breached duriagntanance, 29 (12.5%) led to a response; andeof2d alarm
limits breached during emergence, only one ledresponse (0.8%).

Anaesthetists are well aware of the failure ofrakato indicate useful information. Typical commemiade by the
anaesthetists in our sample include the following:

e “I know the NIBP [blood pressure high] alarm is ggito go off again; [however] it takes a little \ehfor these
drugs to take effect and the pressure is alreaolypiing”

*  “Not much | can do about that alarm (ECG noisera)aEvery time the surgeon uses the diathermyguolioff.
If I silence it | might miss an alarm that is impzont”

*  “When the disconnect alarms are going, you normiadlye your hands full with the patient coming aihun
You know they [alarms] are unimportant, so you havignore them”.

As Woods (1995) has noted, alarms often go offaraltel or in cascades, compounding difficult situas rather
than helping them. The RAH data showed this bottritical incidents and in routine activity. Therfieer is best
illustrated in one operation where the patient@rheate, blood pressure, oxygen saturation angireg®on all
started to decline rapidly. This was accompaniedlayms from Sp@ NIBP and the gas monitoring system. The
anaesthetist was searching the monitor for infolomabefore the alarms sounded, having already edtihe
downward trend. The anaesthetist’s finger was readylence the alarms before they even went diierAhis the
focus was on the patient and several visual aldtastied for other monitoring devices that had redchlarm
limits, but since they were now silenced they weiiesed by anaesthetist as he dealt with the pafléwtre were
further frequent cases of disconnect warningsviar or more of Spg ECG, NIBP and ETCOthat all started in
the same minute and lasted for 10 to 20 repeatg Wig anaesthetic staff attended to the patient.

FIGURE 1:
ALARMS BREACHED, AUDITORY EVENTS, AND ANAESTHETISTSRESPONSES
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3 DESIGN GOALS

Our goal is to contribute to the design of a moffective information environment about patient setaThe
guantitative and qualitative data reviewed indigagt some of the problems with current alarm systin the OR.
Clearly, a more effective alarm management enviemmaould have to achieve the following:

Decrease confusion about which alarm went off thities anaesthetist to check on monitor
Decrease the number of uninformative alarms tha@dpocreasing noise stress

Decrease the density of alarms during critical &ven
Increase the proportion of clinically useful alarover “nuisance” alarms

Increase anaesthetist’s situational awareness andoring of higher-order patient state variables.

Table 1 provides a range of possible solutions Heate been suggested at various points by researaimel
clinicians interested in alarms in OR environmeffitse solutions include suppressing “run on” alarsugpressing
some alarms at specific phases (such as ECG discbalarms at emergence), using earcons, usingtinaous
auditory display, developing intelligent alarm mgement, and using a heads-up display. As TableKesnalear,
all approaches have advantages and disadvantagesdll e seen, the solution we explore in thisgrap the idea
of using a continuous auditory display for key paeters. This approach has been in place for sors wince the
advent of pulse oximetry. The pulse oximeter i®g-jike device that clips to a patient’s fingenoe and measures
oxygen saturation in arterial blood as well as heate. The result is displayed continuously agres of beeps
where the rate indicates heart rate and the pitelach beep indicates oxygen saturation, or SpG2ak¥ exploring
the possibility of extending the concept of conting auditory displays to other continuously sers®@meters.
Ecological Interface Design is the conceptual framom we have chosen to guide this work.

4 EID APPROACH

EID is an approach to interface design that is dhase Rasmussen’s Cognitive Work Analysis (Rasmussen
Pejtersen, & Goodstein, 1994; Vicente & Rasmus602; Reising & Sanderson, 1998). The goal of ESQoi
engineer an information “ecology” around the hurogerator that is as easy to understand and asestmglontrol

as the natural ecology in which we have evolveak Steps to achieve this are as follows:

1.
2.
3

Analyse the work domain in its first principles.
Analyse the control tasks that must be performedhf® work domain to achieve its functional purpose
Map critical properties of the work domain ontouas or auditory displays in a way that best supptine
execution of control tasks (often termed “semam&pping”).

TABLE

1:

ALARM MANAGEMENT STRATEGIES: ADVANTAGES AND DISADVANTAGES

Suggestion

Advantages

Disadvantages

Suppress “run-
on” alarms

Reduction of noise in OR (64.6%
fewer alarms in RAH data)

Anaesthetist may forget to check if preoccupiedsipe
challenge to tell when “run-on” alarm finished amelv
incident starts.

Suppress key
alarms at certain
phases

Annoying alarms removed.

Danger of false negatives.

Use “earcons”

Type and origin of alarm discernib

eStill the same amount of noise. Information still
“separated”.

Use redundant
signals for single
measure

Artifact-based alarms reduced.

Not available fopatameters. Anaesthetist unsure
accuracy of measurement due to the variation betwe
different devices.

of

Use continuous
auditory displays

Reduces the number of alarms
needed. Keeps the anaesthetist “in-
the-loop”

Continuous noise. Acoustic design challenge. Regui
a reevaluation with alarm noise. Only limited use
possible.

Intelligent alarm
management

Hypothesises higher order state.

Reduces low-level nuisance alarms|.

Degree of human trust is an issue. Reduction ofamm
“in-the-loop” an issue.

Head-up displays

Reduces the no. of alarms neede
Keeps the anaesthetist “in-the-loop

Visual cues may be inadequate to attract anaestheti
" attention. Discomfort of head mounting for some..




A key component of the anaesthesiark domainis the human body in normal, compromised, andrigd states.
Figure 2 shows a work domain analysis of some amiatd structures and physiological functions of theman
body that are most relevant for anaesthesia. Fpnade in the hierarchy, nodes above it say “wing’ $tructure or
function is there, and nodes below it say “how” thaction is achieved. Compromised or even derargiates
emerge from abnormalities in the elements, prosessed functions noted in the analysis. Superinghase the
analysis are circles indicating the kind of infotiaa that is picked up by key sensors in the OR.

The control tasksare all the activities that must be carried outsfafe, effective anaesthesia. The anaesthetigés r
is to support cell perfusion (oxygenation via maining airway, breathing, and circulation) whil@irting effective
anaesthesia (an appropriate balance of pain retie$cle relaxation, and sleep). This must be aekievith a safe
induction (often including intubating the patiemdarunning invasive lines) and a safe emergender(ahcluding
extubation and return to unassisted ventilationdrrdal physiological functions are maintained, coompised
functioning compensated for, and deranged statesgeal with the tools and drugs at the anaesttrsetistposal.

Semantic mappingvolves revealing the properties, constraintgl boundaries of the work domain in a way that
makes a direct connection with the control taskse@erformed. The “affordances”™—or possibilities &ction—in
the work domain should be shown. The human opeshitmuld not have to laboriously infer what is happg from
low-level data, but should instead be able to na@in& constant level of situational awareness atf@mipatient’s
physiological state. Hitherto, most discussion alsmmantic mapping has dealt with visual displ&sttigieg &
Sanderson, 1991; Bennett, Nagy, & Flach, 1997; elan$995) and relatively little with auditory diagk (Gaver,
1993; Gaver, Smith, & O’Shea, 1991). It is notabiat the most comprehensive treatment of the eaxbg
approach to human-machine systems (Flach, Han€aikd & Vicente, 1995) does not include a chaptertie
auditory environment. For human-machine systemsgdess, auditory displays are almost exclusivelditmuy
alarm systems. Although there is a substantial traditibwork into the discriminability and managemehatarms
(Stanton, 1994) there is very little on the continsi display of system state through the auditorglatity.

However, Woods (1995) presents an alternative atethie possibilities for the auditory environmemtciontinuous
process environments. He argues that an alarmmysteuld be seen as an “agent” that attempts &xrtdthe
attention of the human operator. An auditory digmaould help maintain a continual level of awassnin the
operator, at what Woods calls a “preattentive” leVée display should be capable of reorientingraton towards
a changed or changing parameter before an alarmdsmo that when the alarm does sound, the opak&ady
knows what is happening with that parameter.

FIGURE 2:
WDA OF CARDIOVASCULAR AND RESPIRATORY PARAMETERS
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In the domain of anaesthesia, the auditory puldenetxy display is a paradigmatic case: If the pitdianges
(indicating dropping oxygen saturation) or the &ogi event rate changes (indicating a change irrthede),

anaesthetists often turn to check the digital raada the monitor before an alarm limit is reachedlse oximetry
has been shown to be highly successful at pregimicidents. Runciman, Webb, Barker, & Currie (1pBave

reported that of the 1256 incidents in the Australincident Monitoring Study (AIMS), pulse oximetigtected the
largest proportion of evolving incidents. Figur@@sitions the two parameters picked up by pulsenetdy on the
work domain analysis of the human body. Oxygenatibthe blood is a general function inferred froatusation at
one anatomical point. Heart rate is a physical ggegicked up by the device. Together they proirggortant

information about physiological balances being nained.

In our work we are exploring the feasibility of ertling continuous auditory display to other systesaspecially
the respiratory system. The importance of contislyoumonitoring cardiac and respiratory rhythm haserb
advocated for over 80 years (Cushing, 1909; in Roac et al, 1993). The value of such monitoringti®ngly
corroborated in the AIMS study. As noted, of th&82nonitor-related incidents, 27% incidents werst foicked up
by pulse oximetry (device most often first to détan incident) and 24% by capnography, or CO2 mooinid
(device next most often to detect an incident).urég2 positions three key respiratory parametard: telal (or
expired) CO2 as picked up by capnography, respiratite, and end tidal volume on the work domaatyais. The
three parameters are sensed as processes ratheastifanctions. However, the WDA makes it clear hHbey
combine to indicate general physiological functiansl balances.

5 REWORK OF RAH DATA

Continuous auditory display of key parameters ghoinl principle, remove the anaesthetist’'s depeoel@m limit-
based alarms for information about those paraméftene anaesthetist happens not to be watchimgdsren the
monitor. We conducted a “what if" analysis with tRAH data to see how many alarm sounds would haen b
eliminated if limit alarms were removed and a comtius auditory display used. We first looked atrégiuction in
alarms if limit alarms in pulse oximetry were supgsed and then if both pulse oximetry and respiraatarms
were suppressed. We hasten to point out that waadorecommend that limit alarms should be supptesse
Continuous auditory displays may, however, allawitialarms to indicate more extreme deviations ftbenorm
than is currently the case. Moreover, the analifsas follows does not necessarily reflect what wol&ppen if
continuous auditory displays were introduced anttlalarms suppressed, since such an arrangemerd Wwave a
reactive effective and would possibly lead to aeydifferent monitoring strategy by the anaesthetis

The right hand figure in Figure 3 shows the expgctluction in auditory alarms across the 42 operatwhen
pulse oximetry and respiratory systems have thait hlarms removed. The total number of alarm slsudrops to
53% of the original value and the number of alancident drops to 37% of the original value. It isprtant to
note that seven alarms coded as “useful” that tlaesthetist responded to and three further “usefafims that the
anaesthetist did not respond to would not havedediminder this policy—but of course there woull ktive been
a continuous auditory signal carrying the informatilt is possible that a continuous auditory digphith no limit
alarm may be safer than the 10 episodes (out @péPations) in which the main monitor alarms wesepletely
silenced for long tracts of the operation. The geheeduction in alarms—and thereby confusing acry $volf”
alarms—can be expected to lead to greater attetttiite alarms that remain (Bliss et al., 1995).

FIGURE 3:
AUDITORY EVENTS WITH SUPPRESSED O2 AND RESPIRATORY.ARMS
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Figure 4 shows theate per minuteof alarm limits breached and all alarm sounds &lt@rently observed in the
RAH data, (2) if there were no pulse oximetry linatarms and (3) if there were neither pulse oxiynetor
respiration limit alarms. Pulse oximetry and reatin alarms contribute equally to the rate at Widtarm limits re
breached and the rate per minute of all alarm sauflde persistence of larger alarm rates duringgenee is due
to the very high number of ECG and NIBP disconséals that occurred during emergence in mostabiosis.

FIGURE 4:
REDUCTION IN AUDITORY EVENTS OVER OPERATIVE PHASES
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Overall, the above “what if’ analysis establishkattthere may be some value in downplaying limétrmaks in
favour of continuous auditory monitoring. Respirgtparameters are clearly pivotal, as the WDA igufe 2 shows
as well as the AIMS study data. The challenge foeeological approach will be designing the cordimuiauditory
display for end tidal CO2, respiration rate andgilag also end tidal volume so that it is easytfe anaesthetist to
extract the higher order-properties of patientestas shown in Figure 2. For this task we seeknfiguoral auditory
display (Buttigieg & Sanderson, 1991; Bennett et H997). Moreover, the sound signal chosen foortisuous
auditory display for respiratory model must coexsstccessfully—in terms of psychoacoustics and andit
aesthetics—with pulse oximetry sounds. Combinirgittsights of Woods (1995) with an important EIDabof
making boundaries of safe operation very evidemtinuous auditory display of physiological paraenstshould
become more potentially attention-attracting asndauies of safe regions are approached and bypassed

6 CURRENT AND FUTURE WORK

We are developing continuous auditory alarms imallsscale but versatile anaesthesia simulatiorirenment—
the BODYO Anesthesia Simulator from Advanced Simulation @oation. BODY provides us with a testbed for
research and development into alarm managemenemsgstBODY contains a dynamic physiological and
pharmacological model, on top of which we are cwmsing a fully end-user configurable research emnent
(BODY+) that allows us to develop and to empirigadvaluate alternative alarm management systemg.afarm
management system that performs well in laboratesis must be evaluated in a full-scale anaestisésialators
for there to be a basic level of confidence irpigential effectiveness for the OR.
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