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Summary

Electrocardiogram (ECGalse alarms are common in electrically hostile joperative
environments. Newer integrated monitoring, with sophisticated hardware andrepifimg

the potential to minimise artefacts. However, monitoring issues continue tq wittuthe
potential for critical incidents and unnecessary and harmful interventionde¥¢abethe

root cause analysis of a series of apparent ECG flatline asystolic events that appeared in the
operating roomishortly after the introduction of new haperative monitoring systems.
Clinical eventsand biomedical laboratomgsting revealed complete loss of ECG signal with
increasing.resistancdhe newECG systeméad incorporadboth software and hardware
changedo improve the fidelity of signal acquisition and display, latl become much more
sensitive to impedance changlfier we alertedhe manufacturer, theadded sofware and

hardware updatabat resulted in resolution of aticidents ofECG lossof-signal.

Introduction
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False alarm rates as high as 86% have been reported in perioperative and critical care
environmentgl]. These can result in ‘alarm fatigue’, where clinicians turn off or ignore
potentially important changes in patient physiologgls alarms can alsesult in
inappropriate or harmful therap®]. Electrocardiogram (ECG) false alarms are often due to
poor qualityssignals or artefacts generated in an electrically hestiieonmentsuch as the
operating roonj3]. To some extent, these can be minimisedlltars andmultimodal signal
processingisingthe arterial pressure waveform or pulse oximetry $iffha]. However,
non-pulsatilephysiology can occur in the operating rq@uch asluring circulatory collapse
or the commencement or weaning from cardiopulmonary bypass,ti@npact of ECG
falsealarmscould be critical and cannot be readily reduced.

In Qctober 2015, our department acquired new intraoperative monitoring systems
from Philips HealthcargIntelliVue MX800 with X2 and MMS modules, Philips Healthcare,
Victoria, Australig. Both moduéswere supplied witieCG hardware Rev. E.01.0lhe
intensive care unit at our hospital, and other institutions, had an earlienvefrthe same
ECG monitoring software, with no documented episodéx§b signaloss.

By Nevember 2015, several incidents of ECG sigraeformloss and apparent
asystole inibath/cardiac and noardiacoperating rooms had been reportedcases where
an alternative reliable method of pulse detection with invasive arterrdtariag occurred,
these verequiekly dismissedhs artefact or signalling issues. However, during periods of low
peripheral perfusion pressuretmo cardiac and thoracic cases, potentially harmful
interventionswere initiated or almost administeraédcluding adrenaline bolusesardiac
pacing and caliac massagén onecase, a transoesophageal echocardiography probe was
inserted ta exclude myocardial ischaenhiea separate casbe patient appeared to be in
asystole on the ECG monitor when they waearly in ventricular tachycardraquiring
cardioversion aftecardiopulmonary bypass.

Multiple cases of apparent flahe asystole on the ECG signal occurneall of our
operating rooms; often after a prolonged period of noanedfptable EC@&orphology, but
sometimeseeurringbefore the indction ofanaesthesiavionitors displayed/sounded a
technical JINOP’ (inoperable) or ‘ECG No signal’ alarm with an apparent asystclen#at
trace, ratherthan an ‘ASYSTOLE’ alarm.

These episodagquired switching of ECG modules, cables and electrodbsr e
delaying the start of an operation or sometimes during surgery itself. However, thes
strategieglid notreliably resolve the lack oECG signal.

Both the manufacturendthe Therapeutic Goods Administration (TGAhe
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Australian Governmenegulator of therapeutic goods and medical deyiaese notified in
December 2015

Initially in January 2016, the manufacturer suggested the cause might be due to poor
ECG skinelectrode contact and advisepladng the Covidiefi-Kendall 450 Foam
Electrodeg22450, Medtronic Minimally Invasive Therapies, Minneapolis, MN, USA) our
hospital had recently started using with Philips-branded electrodes (M2Z0#éJailed to
resolve the problem.

Subsequety, the manufacturer suggested the ECG cablghinhiave become
contaminated during routine cleanibgtween patients withon-ionic, alcoholand chloride
freewipes(Tuffies, VernacareBolton,UK). Replacing these witltower-residue,
benzalkonium chloride wipdy Wipes, Whiteley, Australialo reducangress othe
cleaning solution into the ECG cable junction points, failed to resolve the probientECG
cables were sent to the manufacturers, but no obvious defects were idém#ibdgan
routinely applying defibrillation padsn all cadiothoracic patientssothat a reliabl&ECG
signd could be monitoredn the event oECG monitorsignal loss.

The failure of the measures suggested abawve the inonsistent and intermittent
nature of the problem, suggested that the cause related to how the monitor responded to poor
signal quality. The quality of a signal enterimgpnitor depends on the signi@Hnoise ratio
which is the product ahe size of the biological signabmpared t@ny external interference
and the'impedana the cables and electrodes.

We_conducted a laboratorgstto determine whether X2 modulegth differing ECG
hardware revisions (A.00.04 and E1.01.01) behaved in the same mannerawgishgrinput
conditions, usin@n ECG simulator (Fluke MPS 450 Multiparameter Simulator, Fluke
Biomedical, Everett, WA, USAand a new Phillips 5 ‘EASlead ECG cablinget(identical
to thatused.in our operating room3he right arm, left arm, left leg, right leg and precordial
V leadwere attachedtthe simulator; the same lead was used on both moédsstance
was artificially'eontrolled via a series of potentiometarthe systemThe ECG was
displayed frem-lead Il and lead V.

Using'an older version of the X2 ECG module with J.10.30 software and A.00.04
hardware, as used reliably in our intensive care weiprogressivelyncreased resistanae
the precordial lead with no loss of signal in either lead Il or V5, although degradétio
signalquality was noted as resistance increhse

Repeating this test using the newer, faulty version of the X2 ECG module with

K.21.54software and8.00.04 hardwareye progressively increaseesistancen theright
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armleadand total loss of signal occurred, at which ptiet systensoftware followed its
design parameteend‘autoswitched’ to lead Ill, trying to find anore usablsignal, a
procesgshattook 13 seconds. Removing the artificial resistareeertecthe systento a lead
Il and V5 configuration withnormal waveform disply. When we repeated this experiment
increasing resistance in the precordial lead, there was loss of signal ina Vi attempt to
autoswitch to another lead; removing resistance restored a normal signal mpg&anntly,
we observed that signal losscocred was at a much lower thresholdhia newer ECG
hardware revision than occurred with the older version, in which lead signaldasstdi

occur.

This'report ighlights the challenges that aristaen monitoring equipment behaves
unexpectedly, and the issues associated with identifying and rectifying thercaudical
environment. The use of experienced biomedical support is very helpful minging the
problem,because a controlled environment can create a consistently reproducible scenario.
Furthermoreit highlights the importance of understanding equipmentrudéferent
environments=Although the best quality ECG waveform possible is important, even a poor
signal is better.than none in the electromagnetically ‘hostile’ operating easitonment.

Initially, discussion with the company focussedclinical events, ancesulted in a
prolonged pracess of ineffectively changing ECG electrodeslaadingprocedures, during
which patients could have been harmed. Only after our laboratory testing did the
manufacturer inform us that the ECG system had become much more sensitive to changes in
impedance after software and hardware redevelopment. Upgrades were introcraradly
with Interndional Standards for the International Electrotechnical CommisHi®) (
standards 60601-2-25 and 606027which requirea minimuminstrumeninputimpedance
of the instrument. Autoswitching is a process during which a multilead ECG monitor
switches. t@another reference electrode in the event of disconnection or change in impedance.
The thresheld-at which this occurs is set by the manufacturer and the amplitude and
frequencyresponse of the system can be altered if minimum input impedance is not achieved
This threshold had been altered in the new monitor/software system compared to earlier
versions with'the system displaying a ‘flat-line’ ECG signal. In older versions, EQ@e
signal remained despite the degraded signal.

Although our laboratory tests®lved increasing impedance produced the fault, the
manufacturer maintained the fault was caused by decreased shunt impedance in the cabling,

the root cause of whiakas fluid ingress in the ECG cable junction poivi&e accept that
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this may have beentagger,but maintain thathe underlying cause of the ‘flat-line’ display
was the wayhe monitor/software processtee: degraded signal.

Clinically, the autoswitching process took an unacceptably prolonged time (13
seconds) without a visual ECG trace in amynitor lead. Furthermore, if any applied
impedanece-fluctuates around the autoswitch threshold, the module may oscieterbet
autoswitching and reversion, with only occasional ECG morphology displayed on an
otherwise “flatlined” screen.

Although experiaced anaesthetists might be able to differentiate true from artefactual
asystole, perhaps by reference to clinical examination or an alternative morstarincg
such asnvasive.arterial blood pressuoe pulse oximetry Hereare many occasions when
differentiation‘'would not be possible. For example, cold, hypotensive patients might not
display a reliable pulse oximetry trace, aradients on cardiopulmonary bypass (CPB) would
not display pulsde reactions t@ortic cross @mpremoval orCPBweaning. ECG signal
loss in these circumstareeould result in inappropriate interventions, including bolus
administratiorof inochronotropic drugslterations in epicalial pacing return to CPBor
defibrillations

Advanced Cardiac Life Support algorithms advise checking equipment to discern true
asystole, software malfunction is not recognised as a potential cause of a ‘flatline’ ECG trace
[4].

Other, electroniclgorithms have been developed in critical care environments to
improvethe sensitivity and specificity of life threatening alarm detectigrintegrating input
signals from different sourcemcluding ECG, arterial blood pressure and plethysmography
traces [5] Nevertheless, artefataéise alarm rategmain as high as 90% in operating room
andcritical careenvironments, resulting imlarmfatigue and desensitisati@among personnel
and consequent failure to respond to life threatening ef@nts

In.developinghewsoftwareand hardware to improve tieelity of signal acquisition
and displayhowe\er, a system risks oversensitively reactmgmpedance changess
occurred insthis‘casénformation supplied bthe manufacturers states thatgnal loss can
occur whenr@ystem detects shunt impedances in the ECG signal. The new ECG hardware
has enhanced.segkst capabilities that can detect shunt impedances between conductors and
shield inside the cable. Former ECG hardware revisions were not able to detéect shun
impedartes inside the cable”. Shumipedance changean occumwhen

electrode/cabling/machine connectors become weam®ccur during cleaning, disinfection,
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application of liquid skin preparation during surgery or invasive procedures, patietingwe
or high humidity.

Since tleseepisodes reported above, the manufacturers have reasegroved
cable design which reduc#aid ingress and thereforghunting, anewsoftware update
displaying ‘Check ECG cable’ in place of an artefactual flatline ECG, and customer alerts
about the potential loss-of-sigriasues. The root cause of tiaailt (software processing of
impeded signal) has not changed, but we have experienced no ECG flatline iratidemts

hospital since the manufacturer’s changes were introduced
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Manufacturer's comment
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The accuracy of electrical measurements depends highly on the performance of the overall
measurement chain. In case of the ECG measurement in a patient monitor, this includes the
quality of ECG electrodes and their connection to the patient, the quality of the &CG le
set/cable, processing of the acquired ECG signals in the patient monitor and the way these are
displayed:

Before introducing a new medical device or making changes to existiimpsiev
Philips tries to best possibly anticipate foreseeable misuse by performing clinical validation
and gathering feedback from post market surveillance based on preceding devices. The
resulting insights are then incorporated into both design and labelling.

In 2015, Philips introduced new ECG/RESP hardware providing enhancéesself-
capabilities, capable of detecting leakage currents inside the ECG cable. This was done to
alert the user to lowered shunt resistance originating from leakage currenthiesieG
cable, which can lead to inaccurate ECG measurements.

Before the release of a new design, Philips performs thorough design and clinical
validation as well as post market surveillance and literature studies. The sensitivity threshold
of the new IEG/RESP hardware for detecting leakage current was set to a level based on a
widely normal ,performance range of the overall measurement chain, as defined by applicable
IEC ECG safety and performance standards.

In the.ease described by Cowie et al., leakage current of some of the ECG cables
exceeded the specified range, consequently causing the monitor to blank the ECG signal.

It is evident that it is impossible to anticipate all situations arising during clinical use. For this
reason, Philips closely mitars feedback from individual customers as well as general

market surveillance and regularly evaluates the feedback to support continuous product
improvement. In the case described, Philips issued a software update withirihd m

adapting the sensitivityf the algorithm for reacting to increased leakage current, and the

way the patient.monitor reacts to these situations.
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