CARDIFF UNIVERSITY

Cardiff University School of Engineering &
Cardiff University School of Medicine

ENGINEERING AN | MPROVEMENT IN CHEST
COMPRESSION QUALITY DURING SIMULATED |NFANT

CARDIOPULMONARY RESUSCITATION

A Thesis submitted to Cardiff University
for the Degree of Doctor of Philosophy

By
Philip S. Martin
September 2013



Form: PGR_Submission_2012 01

NOTICE OF SUBMISSION OF THESIS FORM: CAR[)lFF
POSTGRADUATE RESEARCH UNIVERSITY

PRIFYSGOL

(AERDYD

DECLARATION

This work has not been submitted in substancerfprother degree or award at this or any other
university or place of learning, nor is being sutbeai concurrently in candidature for any de-
gree or other award.

g

Signed ..............c P~ (candidate) Date ...26 Sepgien2013...

Statement 1

This thesis is being submitted in partial fulfilmeof the requirements for the degree of
......... PhD.................. (insert MCh, MD, MPhil, PhD etc., agmopriate).

Signed ............... /A (candidate)  Date ...26 Sepien2013...

Statement 2

This thesis is the result of my own independentk/wavestigation, except where otherwise
stated. Other sources are acknowledged by expébéitrences. The views expressed are my
own.

)

............... (candidate) Date ...26 Sepien?2013...

Statement 3

| hereby give consent for my thesis, if acceptedyd available for photocopying and for inter-
library loan, and for the title and summary to bede available to outside organisations.

............... (candidate) Date ...26 Sepien?2013...

Statement 4: Previously Approved Bar on Access

| hereby give consent for my thesis, if acceptedye available for photocopying and for inter-
library loansafter expiry of a bar on accesgpreviously approved by the Academic Stand-
ards & Quality Committee.

Signed ..............c R 0 (candidate) Date ...26 Sepien2013...

Pageli



THESIS SUMMARY

THESIS SUMMARY

Cardiac arrests in the infant population resulimaesirable rates of both mortality and
morbidity. Cardiopulmonary resuscitation (CPR) ipaentially life-saving emergency
procedure, performed during cardiac arrest, whialsao promote blood flow to vital
organs through the provision of external chest aesgions. To improve cardiac arrest
outcomes, current international resuscitation dinde emphasise the provision of high

quality chest compressions during infant CPR.

The principle goal of this research was to moniégisess and engineer an improvement
in the quality of chest compressions performedrdusimulated infant CPR. This was
investigated in three experimental stages thatuated: (i) the current quality of chest
compressions performed on a commercially availatdeikin, (ii) the effects of a more
‘physiological’ infant CPR training manikin desigm chest compression quality and
thoracic over-compression and (iii) the effectaakal-time performance feedback pro-
gram, developed to aid resuscitators in achievigh Quality chest compressions. Per-
formance was benchmarked against infant speciibeece based quality targets, with
highly trained resuscitators achieving these targek9% of chest compressions during
unassisted simulated infant CPR. The potentialforacic over-compression in clinical
practice was also highlighted when investigating ¢ffects of the more ‘physiological’
infant CPR manikin design. The provision of reatai performance feedback consider-
ably improved chest compression quality, with regators achieving quality targets in

>70% of all chest compressions.

This research indicates that unassisted chest essipns rarely comply with evidence
based quality targets during simulated infant CRBal-time performance feedback, in
combination with a more ‘physiological’ infant CRRanikin, can considerably improve
the quality of chest compressions performed bysasators. Importantly, these find-
ings provide an excellent foundation for translatiato clinical practice, particularly for
assisting resuscitators in providing high qualitest compressions during infant CPR,

which may contribute to improving the future out@sof infant cardiac arrest.
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DEFINITION OF CHEST COMPRESSIONQUALITY MEASURES

DEFINITION OF CHEST COMPRESSION QUALITY MEASURES

Chest Compression Cycle  Chest compression cyclésedebetween consecutive

chest release forces

Chest Compression Depth  The maximum chest deflectahieved during the chest

compression phase of each chest compression cycle

Chest Release Force The minimum chest compressime fachieved during

the chest release phase of each chest compregsien c

Chest Compression Rate The inverse of the timentéikeeach chest compression
cycle and quantified as the number of compresspers

minute

Compression Duty Cycle  The proportion of each cloestpression cycle with the
active compression of the chest, which is oftercdiesd
as the compression-to-release ratio. Calculatedeémh
chest compression cycle by dividing the area urbder
chest deflection curve by the product of the cloesh-

pression depth and chest compression cycle time

Figure 1-1 (overleaf) illustrates the above defim$ for the chest compression quality

measures.
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Figure 1-1: Example chest deflection curves defing(a) chest compression depths, (b) chest
release forces, (¢) chest compression rates and é@mpression duty cycles.

Each chest compression cycle is represented bgleddine, the circular markers represent the
points recorded for each quality measure, the shaelgion represents the area under the chest
deflection curve and the dashed-dotted box repteska product of the compression depth and
the chest compression cycle time.
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CHAPTER 1: INTRODUCTION

1 INTRODUCTION

1.1 Research Rationale

One of the most critical and dramatic of emergesitiyations is a cardiac arrest and the
subsequent administration of cardiopulmonary retaigmn (CPR). The provision of
CPR, a potentially life-saving procedure perforntleding cardiac arrest, focuses on a
series of interventions that aim to restore andasughe viability of vital organs. The
immediate goal of CPR is to re-establish and mairiibood flow to fulfil the metabolic
demands of the myocardium, brain and other vitghos. The overall goal of CPR is to
reverse the effects of the underlying cause artisicharge the patient without physio-

logical or neurological sequelae [1-3].

Infant cardiac arrests are considered to be ragatswvhat result in undesirable rates of
mortality and morbidity [4, 5]. In the United Kingth, approximately 6,000 children

experience a cardiac arrest each year [6]. Youpgeents, specifically infants aged less
than 1 year old, comprise the majority of theselieararrests (~62%) [6]. Despite more
than five decades of research, survival rates repaor, and outcomes vary considera-
bly with the location, underlying pathophysiologydeduration of each cardiac arrest [4,
5]. The years of potential life lost due to prematmortality are therefore substantial
[7], whilst the long-term healthcare implicatiorssaciated with morbidity in survivors

are often expensive [8, 9]. Consequently, cardiegsts in the infant population remain

a substantial public health problem [1-3].

Cardiac arrests in the infant population vary coesably from those experienced in the
adult and paediatric populations, principally doetlie fundamental differences in the

aetiology and physiology of infant cardiac arrestq, 10-12]. In contrast to adults, the
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causes of infant cardiac arrests are typically seéarny to tissue hypoxia and acidosis
caused by respiratory failure or circulatory shoCknsequently, current international
resuscitation guidelines recommend treatment andatinal strategies that specifical-

ly target the requirements of the infant populafib3].

Infant CPR is currently performed according to ititernational guidelines for paediat-

ric CPR [1-3]. To improve outcomes, these guidalieenphasise the provision of high
quality chest compressions during infant CPR [1FBjpdamental to this is the optimum
performance of four internationally recommendedliguaneasures; chest compression
depths, chest release forces, chest compressies aati compression duty cycles (i.e.
the compression-to-release ratio) [13]. Recentarebe however, reports the provision
of poor quality chest compressions during simulatéaht CPR [14-21]; caused princi-

pally by inadequate compression depths and a largation in compression rates.

Although little is known about infant CPR quality ¢linical practice, the disadvantages
of poor quality CPR are well documented in othgoyations. Pauses during adult CPR
are common [22-24], with interruptions in chest poessions affecting coronary perfu-
sion pressures [25, 26] and impairing both the tsaiod long term outcomes of cardiac
arrest [27-29]. Shallow chest compressions coeehdth a reduction in the haemody-
namic [30, 31] and short term outcomes of cardraesa[32, 33], whilst the incomplete
release of the chest limits the return of venou®dlto the heart to reduce myocardial
perfusion and ventricular preload [34, 35]. Proledgluty cycles and excessive chest
compression rates can further reduce cerebral bloed myocardial blood flow and

cardiac output [36, 37], decreasing the likelihoabghort-term survival [38, 39].

Real-time performance feedback systems may be blaldar monitoring and assisting

resuscitators providing chest compressions dunfant CPR. The benefits of feedback
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systems during adult CPR are well reported, witstltcompression depth, chest release
force and chest compression rate quality all impdothrough the provision of feedback
[32, 40-42]. The effects of performance feedbackhenquality of chest compressions
provided during infant CPR have, however, neventgeantified. Fundamental to this
is a previous paucity of scientific evidence withigh to establish chest compression
quality targets for the optimisation of infant CigRality. Recent advances in paediatric
resuscitation research may now present sufficieiehsfic evidence to pave the way for

the development of real-time performance feedbgstems for infant CPR.

1.2 Research Aims and Objectives

The primary focus of this research was to mondsgess and engineer an improvement
in the quality of chest compressions provided dysimulated infant CPR. To achieve

these aims, the following objectives were identifie

1. Establish a technique to benchmark resuscitatdoeance against evidence
based infant CPR chest compression quality targets.

2. Investigate the quality of chest compressions piediby trained healthcare re-
suscitators during simulated infant CPR on a cororally available manikin.

3. Design an instrumented infant CPR training mandbie to monitor both chest
compression quality and thoracic over-compressiging simulated infant CPR.

4. Assess chest compression quality and the preséditlseracic over-compression
using this novel infant CPR manikin.

5. Develop a performance feedback system to assissciéators in achieving high
quality chest compression during simulated infaRRC

6. Evaluate the effects of the performance feedbastesy on chest compression

quality and thoracic over-compression during sirradanfant CPR.
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1.3 Thesis Overview

Chapter 2: Literature review

Chapter 2 describes the current epidemiology, lgtoand pathophysiology of infant
cardiac arrest, whilst also summarising the curpgattices of infant CPR. This Chap-
ter further presents a systematic review of tlegdiure to develop evidence based chest
compression quality targets for infant CPR. Thasality targets were based on current
international recommendations to report chest cesgion depths, chest release forces,

chest compression rates and compression duty cgchlesved during CPR.

Chapter 3: Establishing chest compression qualityrishg simulated infant CPR

Chapter 3 presents a technique for benchmarkingcéator performance against these
evidence based chest compression quality targets atudy investigating the current
quality of chest compressions provided by trainedlthcare providers. A commercially
available infant CPR manikin was instrumented taitow chest deflections and chest
compression forces during simulated infant CPR. dlmest compression depths, chest
release forces, chest compression rates and cosipraduty cycles achieved using the
two-thumb and two-finger infant chest compressiechhiques were described. These
were assessed against the evidence based chestessiop quality targets to compare

the differences in quality between techniques.

Chapter 4. Chest compression quality using a mopéysiological’ manikin design

Chapter 4 describes the design of a more ‘physicd@ignfant CPR training manikin,
able to both monitor chest compression quality sintlilate thoracic over-compression,
to evaluate the chest compressions performed bhyhhitpined healthcare resuscitators

during simulated infant CPR. This more ‘physiol@jiananikin allowed for a switch
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between a physiologically representative maximuimea@ble chest compression depth
(CDmax) and a CDmax replicating that of the commadiscavailable infant CPR train-
ing manikin. Two-thumb and two-finger technique stheompressions were simulated
by trained healthcare providers using both infaRRGmanikin designs. Differences in
chest compression quality between manikin desigulschest compression techniques
were compared, whilst the proportion of chest casgions that over-compressed the

thorax using the more ‘physiological’ manikin desigere also analysed.

Chapter 5: Effects of performance feedback on chesimpression quality

Chapter 5 presents a real-time performance feedagtam designed to assist trained
healthcare providers in performing high quality stheompressions during simulated
infant CPR. This real-time performance feedbaclgmm provided resuscitators with
audio-visual feedback that aimed to assist theracimeving the evidence based chest
compression quality targets for infant CPR. Using more ‘physiological’ infant CPR
manikin, the differences were compared betweemtiadity of chest compressions pro-
vided by both infant chest compression techniquesd both unassisted and feedback

assisted simulated infant CPR.

Chapter 6: General Discussion

Chapter 6 discusses the principle findings of tieisearch, comparing these findings
against relevant literature, whilst also analydimg potential impact of this research on

both the clinical and educational aspects of in@RR.

Chapter 7: Conclusions

This final Chapter summarises the principle redeaonclusions, whilst also discussing

potential directions for future research.
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2 LITERATURE REVIEW

2.1 Research Background

2.1.1 Epidemiology of Infant Cardiac Arrest

In the United Kingdom, approximately 6,000 childexperience a cardiac arrest each
year [6]. Younger patients, specifically infanteddess than 1 year old, comprise of the
majority of paediatric cardiac arrests (~62%), withles also affected in a higher pro-
portion (~56%) [6]. A collective review of paediatrcardiac arrest cases, published
over a decade ago, reported a survival to hoggigaharge rate of 13%, with favourable
neurologic outcomes in 62% of these patients [#]s Barly study in paediatric cardiac
arrest epidemiology identified that patients whetain cardiac arrests in the in-hospital
setting have much better survival rates, partitplashen compared with patients that

suffer cardiac arrests in the out-of-hospital emwment (24 vs. 8.4%, respectively) [4].

Since this seminal epidemiological review, two figrt cohort studies have confirmed
this observed difference in survival, concludingtthaediatric patients experiencing in-
hospital cardiac arrest (IHCA) and out-of-hospitatdiac arrests (OHCA) should be
treated as two distinctive populations [43, 44)véai the current advances in paediatric
research and the recent collaborative efforts astomgdical centres, significant data
now exist to comprehensively define the epidemiglofypaediatric cardiac arrest [4].

Much less is understood, however, of the epidergiplof cardiac arrests in the infant

population.

The purpose of this section, therefore, is to mevike contemporary epidemiological
aspects of cardiac arrests in the infant populaffétve epidemiological aspects of both

out-of-hospital and in-hospital cardiac arrestghsas the incidence, aetiology and out-
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come, are all evaluated, in addition to the uniguent characteristics of infant CPR. A
full systematic epidemiological review for infanHGA and IHCA is provided in the

Electronic Appendices, whilst collated data talalespresented in Appendix A.1.

2.1.1.1 Out-of-Hospital Infant Cardiac Arrest

The annual incidence of infant OHCA lies betweerB3hd 72.7 (median: 65.9) cases
per 100,000 infant persons [45-49]. A North Amemigaospective multi-centre study
determined that the incidence of cardiac arresnfants is far greater than in children
and adolescents (72.7 vs. 3.7 vs. 6.3 annual @eseB)0,000 persons) [45]. This same
study found that survival to hospital discharge Veager in infants than in children and
adolescents (3.3% vs. 9.1% vs. 8.9%), but simdahat in adults (4.5%) [45]. Overall,
survival to hospital discharge was achieved in #%lloreported infant OHCA cases,
ranging between 3% and 12% throughout the liteeafds-53], with only a quarter of

all survivors achieving a favourable neurologicaiomme [46, 48, 49, 51].

Initial cardiac arrest rhythms were documentedmuinfant OHCA by a total of five
articles and acquired in 98% of all cases [45, ,/58]. The most common initial car-
diac rhythms documented during infant OHCA were-abackable pulseless rhythms
(86%) [45, 47-49], with 89% of these cases expeimgnasystole and 11% experiencing
pulseless electrical activity (PEA) [49]. Shockapldseless rhythms, such as ventricu-
lar fibrillation or ventricular tachycardia (VF/VIdccurred in just 3% of cases [45, 47-

49, 53], but were associated with an improved iiladd of survival (9% vs. 3%) [53].

The aetiology of infant OHCA was reported for 91&ients across three studies [45,
47, 49]. Cardiac failure (44%), primarily diagnogedough excluding non-cardiac and

non-natural arrests, and acute respiratory com@®r(23%) were the most prevalent
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aetiologies, alongside patients that presented thiéhsudden infant death syndrome
(SIDS). The prevalence of SIDS was reported aceagst studies [45, 50, 51, 54-57],
with 37% of infants categorised in these studieBaasng experienced a SIDS event. A
further 30% of infant OHCA cases remained unspedif45, 47, 49], indicating the

current difficulties in determining the causesrdgant OHCA [58].

With 93% of all infant cardiac arrests occurringpirivate locations, such as the home
[45, 47, 49], the majority (77.5%) of infant cardiarrests remained unwitnessed [45,
47-49, 53]. Bystander CPR was initiated in just 4df6ases [45-48, 53], whilst the use
of automated external defibrillators (AEDs) by laysders was rarely documented [45,
48, 53]. Average (weighted by number of cases) gemay medical service (EMS) re-
sponse time (defined between the first emergenttyand EMS arrival or EMS CPR
provision) was 6.7 mins [47-49, 53], whilst averageergency department (ED) arrival
time (defined between the first emergency call Bbdarrival) was 27.6 mins [47, 53].
EMS interventions implemented during CPR includenaaical ventilation (21%), the

provision of resuscitation drugs (3%) and AED u&i) [45, 47, 53].

Only one article included by this review was obsgérto determine outcome predictors
for cardiac arrests in the infant population [5Bhis study identified four factors that
were significantly associated with outcome folloggl@HCA in infants: a witness to the
OHCA, bystander rescue breathing, ED arrival timd EMS response time. Through
categorising the study population into five subgrobased upon these factors, survival
was found to range between 6% and 45% [53]. Amaingste subgroups, infant OHCA
cases that were witnessed and ventilated by armestand that arrived at an ED within
17 mins had the greatest likelihood of survivaly@5whilst infant OHCA cases that

were not witnessed had the lowest likelihood of/ma (6%) [53].
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2.1.1.2 In-Hospital Infant Cardiac Arrests

The incidence of infant IHCA remained unreportedaliyarticles included for review,
principally due to the difficulties in obtaining $ital admission data for this specific
population. Assuming a relative proportion of patseadmitted to those that experience
a cardiac arrest, paediatric IHCA incidences maydesl as a surrogate measure. These
range from 0.1% to 2.9% (median: 1.3%) of all htpadmissions [59-61] and from
1.9% to 26% (median: 5.5%) of all intensive caré (ICU) admissions [59-62]. Over-

all survival was achieved in 35% of all infant IHQxatients, ranging from 11% to 54%
throughout the literature [59, 60, 62-71], whilsteast two-thirds of survivors achieved

a favourable neurological outcome [60, 64, 67].

Initial cardiac arrest rhythms were reported by jus articles and documented in 93%
of infant IHCA patients [64, 72]. Non-shockable geless cardiac rhythms presented in
49% of patients, with 48% of these diagnosed astaly and 52% diagnosed with PEA

[64]. Shockable pulseless cardiac rhythms, howewerg observed to present in 19%
of infant IHCA patients [64, 72]. Pulsatile cardiacest rhythms were further reported
in 38% of infant patients, with the majority (88%f)these patients primarily diagnosed

with bradycardia [64].

Only one study was found to report the pre-exispathological conditions diagnosed
prior to infant IHCA and the aetiology of the prgitating event preceding infant IHCA
[64]. Cardiac complications were the most prevapgratexisting condition, with cardiac
diseases (81%), circulatory shock (43%) and arrhigh (24%) frequently reported.
This was reflected in the aetiology of the preeifiitg event, as both circulatory shock
(62%) and arrhythmias (40%) were commonly obser@tier pre-existing conditions

included respiratory compromise (63%), infectionsepticaemia (19%) and metabolic
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or electrolytic imbalances (20%). Acute respiratooynpromise was perhaps the most
common aetiology for the precipitating event, wattute respiratory diseases (46%) and
airway obstructions (8%) frequently observed. Ottdlecumented aetiologies include

metabolic or electrolytic imbalances (11%) and ¢ological mechanisms (1%).

The majority of infant IHCA cases were observeateest primarily in the ICU (86%),
with the remainder arresting in other wards [6Xp-Brrest interventions were reported
for 167 infant IHCA patients in one study only [6Fhese reported the extensive use of
patient monitoring systems prior to infant IHCA,tlipatients monitored via electro-
cardiograms (97%), pulse oximeters (96%) and attexatheters (47%). Mechanical
ventilations were also common (74%), as was theigian of vasoactive drugs (53%).
The interventions implemented during infant CPRenetly reported in one study only
[64]. Common interventions included open chest GP3%6), extracorporeal membrane
oxygenation (ECMO) (13%) and resuscitation drugdpes. The most common drugs
administered during infant CPR included multiplenephrine doses (79%), atropine

(29%), sodium bicarbonate (72%) and calcium (4784).[

2.1.1.3 Epidemiological Literature Limitations

A lack of uniformity in case definitions, study dgss, patient selection criteria and data
abstraction methods across all studies impedespitemiological evaluation of infant
cardiac arrest. Case definitions of cardiac anesiin inconsistent across the literature,
with several studies combining respiratory arresith cardiac arrests, whilst further
including aetiologies associated with increasekisrisf mortality such as septic shock,
traumatic arrests and sudden infant death synd{@iiES) cases. Study sizes, designs,
geographical location and length all varied extesigi between studies, whilst incon-

sistencies in data abstraction and quality wereespdead. Perhaps most importantly,
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the majority of infant cardiac arrest studies feadk primarily on the epidemiological
characteristics of paediatric cardiac arrests, tkgslting in a paucity of detailed infant

specific data.

2.1.2 A Brief History of Cardiopulmonary Resuscitationi@elines

The first apparent attempts at resuscitation wecerded over two millennia ago, with
written accounts of efforts to revive people foumath in Ancient Egyptian texts and
the Bible [73]. The 1950s and early 1960s, howenerked the birth of modern CPR
as we know it today. The fundamental elements dR @ere developed after a series of
pioneering experimental studies during this perisih CPR recognised as having the
potential to save lives. Elam, Safar and Gordonliplibd a series of seminal studies
demonstrating the importance of positioning thevayr to eliminate its occlusion by the
tongue [74], the ability to maintain adequate oxyagen with expired air ventilations
[75] and the superiority of mouth-to-mouth venidats over previous strategies [76].
The concept of external chest compressions wasdnted by Kouwenhoven, Jude and
Knickerbocker, who established sufficient cardiatpot during chest compressions to

revive the heart or temporarily support the patieritl they could be defibrillated [77].

Despite records of external chest compressionsdifitial ventilations reported before

these pioneering publications, it was these s@tnthat convinced mainstream medical
communities to implement CPR in patients experiggciardiac arrests. The translation
of these findings from the bench to bedside has lessential in increasing the number
of lives saved through the implementation of CRR1966, the first conference on CPR
was organised by the National Research Counchh@MNational Academy of Sciences.
They met with the American Heart Association durd®y3 and published the standards

for cardiopulmonary resuscitation and emergencgliaarcare in 1974 [78]. In 1983, the
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American Heart Association and American AcademyPeftliatrics first developed the
guidelines for paediatric and neonatal patient$. [8Bce this seminal publication, these

guidelines have been regularly updated with inéngedetail and scientific evidence.

Advances in paediatric CPR have since escalatedyieg from a technique performed
exclusively by highly trained healthcare practiBonito a lifesaving skill simple enough
for everyone to learn. Since 1988, several orgéinismhave developed courses to train
healthcare providers and laypersons in how to tréant cardiac arrests. The American
Heart Association (AHA) first developed the Pedatkdvanced Life Support (PALS)
course, educating physicians in how to treat irsfahat experience cardiac arrest [80].
In the United Kingdom, the Resuscitation Council (IRCUK) was founded in 1981
[81], publishing the first national recommendatidosresuscitation of children in 1986
[82]. The Advanced Paediatric Life Support (APL&)irtiing course was developed by
the Advanced Life Support Group (ALSG) during tlaele 1990s. This training course
was unique in offering training in the managemdrdasdiac arrest, the seriously ill and
the injured child [83]. Finally, the European Reastaion Council (ERC) was founded
by 1990 [84], publishing the first European Paetidtife Support (EPLS) guidelines

in 1994 [85] and introducing the EPLS course in2(5].

Since 1992, resuscitation experts from around tleldhave formed an international
collaborative forum to rigorously review resusddat science and develop evidence-
based resuscitation guidelines. The Internationaisbn Committee on Resuscitation
(ILCOR) is a council currently comprising of repeesatives from the AHA, the ERC,
the Heart and Stroke Foundation of Canada (HSH@)Australian and New Zealand
Committee on Resuscitation (ANZCOR), the ResuseoniaCouncils of Southern Africa

(RCSA), the Inter American Heart Foundation (IAH#)d the Resuscitation Councils
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of Asia (RCA) [87, 88]. Its mission is to identind review the international scientific
evidence base relevant to cardiopulmonary restiscité¢CPR) and emergency cardio-
vascular care (ECC) and, if consensus is achienfégt, recommendations on treatment

[87, 88].

In 1995, ILCOR representatives published the paedidJtstein” guidelines, the first
international consensus statement for the unif@ponting of outcomes from paediatric
cardiac arrest [89], whilst in 1997 they published advisory statement summarising
the international recommendations for paediatrguseitation [90]. In 2000, the first
evidence-based guidelines on paediatric CPR and W&€ published simultaneously
in Circulation and Resuscitation [91-94]. Theset@rols were revised by the 2005 In-
ternational Consensus on CPR and ECC Science weiliirhient Recommendations [95,
96]; the summary report from an international revigf the resuscitation science and
treatment recommendations that achieved intermaticonsensus. Several resuscitation
councils, including the ERC and RCUK, supplemernktesi report further by publishing
localised paediatric resuscitation guidelines aahing materials [97-99]. Current ERC
and RCUK paediatric CPR guidelines [2, 3] are ditlabd based upon the 2010 Inter-
national Consensus on CPR and ECC Science withtriiesd Recommendations [1,
100], whilst the evidence evaluation process isaaly underway in preparation for the

publication of the 2015 report [101].

2.1.3 The Four Phases of Infant Cardiac Arrest

The physiology of infant cardiac arrest shares isg\@mmon features across both the
paediatric and adult populations. Four distinctggsaof cardiac arrest can be identified:
pre-arrest, no-flow (untreated cardiac arrestsy, flow (CPR) and post-resuscitation.

To maximise infant cardiac arrest outcomes, intetieas should target the optimisation
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of therapies according to the aetiology, timing ahdse of each individual cardiac ar-

rest (Table 2-1).

The pre-arrest phase consists of the events pregedant cardiac arrest and represents
an important opportunity to impact survival rat€eese preceding events include both
the pre-existing pathological conditions and depelental status of the patient and the
aetiology of the precipitating event. This phaspegiences a period of abnormal blood
flow, with infants primarily suffering progressivissue hypoxia and acidosis secondary
to respiratory arrest or circulatory shock. Pressirinterventions, therefore, focus on the
prevention, anticipation and recognition of cardaaest in the infant population. In the

in-hospital environment, this has driven interesthie implementation of rapid response
medical emergency teams (METS) that are trainedewtify and treat the precipitating

factors of infant cardiac arrest prior to its ondé?2, 103]. In the out-of-hospital setting,

a number of paediatric caregiver education scheieesthe ‘Back to Sleep’ campaign

Table 2-1: The four phases of infant cardiac arrestvith interventions [10]

Cardiac Arrest Phase Key Interventions

Pre-Arrest Phase » Optimise community education regarding child safety
» Optimise patient monitoring
» Prompt recognition and implementation of intervens to
avoid progression of respiratory compromise anatlksho

No-Flow Phase » Minimise interval to initiation of BLS/APLS prototo
» Rapid emergency response systems
» Minimise interval to defibrillation, when indicated

Low-Flow Phase » Effective CPR to optimise myocardial blood flow acat-
diac output
 Consider adjuncts to improve vital organ perfusion
* Consider extracorporeal CPR if standard CPR unsstule

Post-Resuscitation Phase » Optimise cardiac output and cerebral perfusion
* Treat arrhythmias, if indicated
* Avoid hyperglycaemia, hyperthermia and hypervetitita
 Consider mild post-resuscitation systemic hypotli@rm
* Debrief to improve future emergency responses
« Early intervention with occupational and physidarapy
» Bioengineering and technology interface
* Possible future role for stem cell transplantation

BLS: basic life support; APLS: advanced paediatficdupport; CPR: cardiopulmonary resuscitation
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[104, 105]) and accident prevention strategies Yeticle booster seat legislation [106])

have been successfully implemented to reduce theences of infant cardiac arrests.

The no-flow phase represents the untreated caadiast period, prior to its recognition
by bystanders in the out-of-hospital setting orltineare providers in the in-hospital set-
ting. No-flow time is particularly detrimental, witthe absence of cardiac activity re-
sulting in a rapid decrease in both coronary andlgal perfusion pressures until the
initiation of CPR. The primary focus of any no-flgphase intervention is, therefore, the
early recognition of pulseless cardiac arreststhedorompt initiation of paediatric life
support protocols. To ensure prompt diagnoses nvitine in-hospital setting, high-risk
infants are closely maintained in monitored uniithwmmediate healthcare provider
availability [4]. In the out-of-hospital settingpowever, the majority of infant OHCA
cases are unwitnessed, whilst bystander CPR can bé delayed or not provided at all
[4, 5]. This considerably increases the no-floniges experienced during infant OHCA

and substantially reduces the chances of survival.

The low-flow phase commences at the initiation 8RC The primary goal of effective
CPR is to optimise coronary and cerebral perfupi@ssures and cardiac output to the
critical organs to support the viability of vitalgans during the low-flow phase. During
this essential phase, the only source of coronadycarebral perfusion comes from the
blood pressures generated by high-quality chestpoessions provided during CPR.
The provision of high-quality chest compressioret thenerate adequate coronary and
cerebral perfusion pressures are critical to aessfal resuscitation, whilst interruptions
to perform procedures, check for pulses or chaergascitator are potentially harmful.
With infant cardiac arrest patients principally feuihg progressive tissue hypoxia and

acidosis secondary to respiratory arrest or citowyashock, the provision of adequate
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myocardial perfusion and oxygen delivery with viatibns is of vital importance. If
presenting in ventricular fibrillation (VF) or verdular tachycardia (VT), however, the

prompt recognition of a shockable rhythm and itssseguent defibrillation is most vital.

The post-resuscitation phase begins with the resfispontaneous circulation (ROSC).
This period is a particularly high-risk period ftitre progression of brain injuries and
myocardial dysfunction and the extension of repdin trauma. Cells injured during
the no-flow and low-flow phases of cardiac arrest bibernate, die or either partially
or fully recover physiological function. Reperfusitauma can occur immediately after
the reestablishment of circulation after a peribtschemia. The reintroduction of blood
flow can cause both systemic inflammation and axrdastress, increasing coagulation,

impairing vasoregulation, suppressing adrenal sel@amd lowering the immune system.

Myocardial dysfunction and severe hypotensive stewekcommon among survivors of
cardiac arrest and are reversible phenomenon im#jerity of infant cases. These are
marked by global myocardial hypokinesis and lowd@sr outputs and can manifest as
hypotension, dysrhythmias and cardiovascular cedlaffhe primary objective of post-

resuscitation rehabilitation, therefore, is to agk injured cells, recruit hibernating cells
and reduce neuronal losses. Critical interventiorthis final phase, including the care-
ful management of temperature, glucose, blood pressoagulation and ventilation,

carry the potential for innovative advances.

The specific phase of infant cardiac arrest shoeligrmine the focus of care, with the
timing, intensity and duration of interventions iopised to improve the outcomes of
each phase. Special care should be taken to effiatnaterventions, which improve the
outcomes of one phase, are withheld if deleteriownother. Current understanding of

the physiology of infant cardiac arrest, resusictatind recovery has enabled the crude
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titration of blood pressure, global oxygen delivand consumption, body temperature,
inflammation, coagulation and other pathophysialagparameters to optimise survival
outcomes. Future strategies will likely benefitfr@merging discoveries, technologies

and knowledge to focus on optimising the outconfesldour phases of cardiac arrest.

2.1.4 Background on Infant Cardiopulmonary Resuscitation

The prompt initiation of high-quality cardiopulmagaesuscitation (CPR), in the low-

flow phase of cardiac arrest, can considerably ahparvival in the infant population.

The goal of effective CPR is to optimise coronamng @erebral perfusion pressures and
cardiac output to support the viability of vitalgans. Recent research has provided im-
portant insights into basic life support duringanf CPR, advocating the importance of
a better understanding of these processes to @gtioutcomes. The emphasis of the
following sections is, therefore, to provide inf@ation pertinent to the current status of

infant CPR, with a focus on its physiology and agsed interventional therapies.

2.1.4.1 Airway and Breathing

The most common precipitating event for cardiaests in the infant population is res-
piratory compromise [4]. The provision of adequegatilation and oxygenation must,
therefore, remain a priority during cardiopulmonegguscitation. Airway patency must
be assessed to ensure it is free from obstruotibiist the airway must be manoeuvred
to lift the mandibular block of tissue from the peyeor pharyngeal wall (Figure 2-1). If

there is an absence of spontaneous breathing fftiné & breathing must be assumed
by the provider through either mouth-to-mouth Viatibns or advanced paediatric life

support technologies, if available.
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Figure 2-1: Upper airway obstruction management [10].

(a) Mandibular block obstructs upper airway duetset of hypertonia; (b) Partial relief of
airway obstruction by means of the head tilt tegbai(should not be performed if danger of
cervical spine trauma); (c) Avoid extreme hyperagien causing airway obstruction; (d) Fully
open airway through the jaw thrust or jaw lift taijue.

The provision of adequate oxygen delivery, to nmeetabolic demands and the removal
of carbon dioxide, is the primary goal of initialsisted breathing. During CPR, cardiac
output and pulmonary blood flow are reduced to eetw10% and 25% of the levels
experienced during a normal sinus rhythm [31, 1@®]. Subsequently, less ventilation
is required for the adequate exchange of oxygea,tda reduction in blood traversing

the pulmonary circulation [110]. Consequently, damional hyperventilation is com-

mon during paediatric CPR [111], resulting in adeehaemodynamics and aggravating
the outcomes of cardiac arrest. Furthermore, astdwmmpressions maintain adequate
aortic and coronary pressures during CPR, therupgon of these to provide rescue

breaths results in a rapid decrease in both aamticcoronary perfusion pressure [25].

Ideal compression-ventilation (CV) ratios and tisalumes for infant patients, there-
fore, remain unknown and are principally basedational conjecture, tradition and ed-
ucational retention theory. Optimal CV ratios dgpp@m many factors, including tidal
volumes, compression rates, the volume of blood fienerated by chest compressions
and the period of time that chest compressionsraeerupted to provide ventilations.

Current infant CPR guidelines recommend CV ratib&®chest compressions to two
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ventilations (15:2), for trained healthcare provegjeand 30:2 for lay rescuers and lone
responders [1-3]. A CV ratio of 15:2 is the modeefive CV ratio observed in infant
animal and manikin studies, whilst ratios of 30:lhimise the additional information
needed to learn for lay rescuers and reduces umptgons during lone responder CPR to
improve coronary blood flow. Consequently, optimG@W ratios for infant CPR remain

an area of great research interest.

2.1.4.2 Chest Compressions

In the absence of signs of life, the provider nmaaintain adequate circulatory support
during cardiac arrest through the provision of exdéchest compressions. The goal of
effective chest compressions during infant CPRoi®ptimise coronary and cerebral
perfusion pressures and cardiac output to suppaitorgans, as this is associated with
improved outcomes [1-3]. The haemodynamic mechanisfrblood flow that results

from chest compressions performed during CPR, heweemains the subject of con-

tinuous research.

External chest compressions circulate blood dudiR& through several haemodynamic
mechanisms (Figure 2-2) [10]. According to theeédircardiac compression’ model, the
left and right ventricles are compressed betweersternum and vertebral column dur-
ing CPR [77, 112]. This generates a pressure gradhetween the ventricles and the
aorta and pulmonary arteries, closing the mitral &ituspid valves and ejecting blood
from the ventricles to generate the forward blooavf During the release of the chest,
negative pressure gradients across the heart peoretvograde blood flow to refill the

heart and myocardium prior to the next compresgld3]. The ‘thoracic pump’ model

regards the heart as a passive conduit withoutpanyping mechanism [114]. This is

instead provided by the thoracic circulation, whglabal rises in intrathoracic pressures

Page|l9



CHAPTER 2: LITERATURE REVIEW

during chest compressions force blood to flow fritna thorax, through the heart and
into the systemic circulation. During the chestofemegative intrathoracic pressures
promote the return of venous blood to the thorax lagart in preparation for the next
compression. In practice, a hybrid of these medmasiprobably contributes to the
haemodynamics of chest compressions [10, 115]. tDube increased compliance of
the infant ribs and intrathoracic structures, hogvevhe ‘direct cardiac compression’

mechanism may play a greater role during infant CEB].

(a) Compressio (b) Compressio

N O

Relaxatiol

B E E E E

Figure 2-2: Haemodynamic mechanisms of blood flowuting infant CPR for (a) the di-
rect cardiac compression and (b) the thoracic pumphest compression models [10].

RV, right ventricle; LV, left ventricle; C, inspitary impedance threshold device; Pulm. circ.,
pulmonary circulation; CPR, cardiopulmonary restadizin.

The scientific evidence currently informing the bjtyeof infant chest compressions was
recently reviewed by the International Liaison Coittee on Resuscitation (ILCOR)
[1]. This has since formed the basis of both theopean Resuscitation Council (ERC)

and Resuscitation Council UK (RCUK) guideline reeoemdations for infant CPR [2,

3]. These propose that chest compressions be petbusing either the two-thumb
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(TT) hand encircling or two-finger (TF) technigueiqure 2-3), to chest compression
depths of at least one-third the external antgyasterior (AP) thoracic diameter (~4cm
in infants), at compression rates of 100-120 trémd allowing the complete recoil of
the chest [1-3]. TT technique chest compressioadaoured by the guidelines if two
or more rescuers are present. The TF techniquealypiprovides chest compressions
with the infant in the supine position and using tingers placed over the lower third
of the sternum, whilst the TT technique providessttcompressions by squeezing the
thorax between the thumbs and fingers with botidhamcircling the lower third of the

thorax [1-3].

Figure 2-3: Hand positions for (a) the two-thumb () hand encircling and
(b) the two-finger (TF) chest compression technique[107].

Finally, it is imperative that the provider contally assesses the efficacy of CPR. This
can be simply evaluated through monitoring bradiealoral pulse strength or through
more innovative solutions, such as the use of ogyapdy to continuously monitor end-
tidal carbon dioxide concentrations and the usdigflacement transducers to monitor
and assist the chest compression rates and datvided by the rescuer. Over the past
decade, however, several studies have demonstitaedelivery of suboptimal CPR
[22, 23]. To ensure high-quality chest compressiungng infant CPR, current interna-
tional guidelines recommend providers “push hargshpfast, ensure full chest recoil

and minimise chest compression interruptions anuehsentilation” [1-3]. Automated
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feedback systems aim to provide objective real-tieselback on rescuer performance.
This has been observed to improve chest compresipths and chest compression
rates and reduce residual leaning and interruptiath®f which can lead to improved

survival outcomes [32].

2.1.4.3 Resuscitation Medications

Resuscitation medications commonly administereaifants during CPR include vaso-
pressors, antiarrhythmics, sodium bicarbonatejural@nd glucose [107]. The delivery
of vasopressors (i.e. epinephrine or vasopressetlufes prominently in the treatment
of infant cardiac arrest; whilst the use of antigthmics (i.e. amiodarone or lidocaine),
sodium bicarbonate, calcium and glucose are offtienespecific resuscitation circum-
stances (ventricular fibrillation, prolonged car&rests, hyperkalaemia and hypogly-
caemia, respectively). Intravenous fluids can &lsadministered, particularly when a
patient exhibits signs of circulatory failure iretabsence of volume overload. Although
epinephrine and vasopressin improve haemodynamidsR&OSC in animal surrogate
models of cardiac arrest [117, 118], no single segation medication has been shown
to consistently improve survival outcomes afteamnifor paediatric cardiac arrest. The
non-selective administration of these medicaticers however, been associated with an

increased likelihood of mortality and morbidity [636, 119].

2.1.4.4 Defibrillation

Prompt defibrillation is vital to the successfukuscitation of ventricular fibrillation
(VF) and ventricular tachycardia (VT) cardiac atsescross all ages. As infant cardiac
arrests are primarily caused by respiratory comperand circulatory shock, shockable

cardiac arrest rhythms are rarely experiencederotlt-of-hospital setting [5]. In the in-
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hospital environment, shockable cardiac arresthrngtcarry a much greater incidence,
primarily due to the majority of infant IHCA caslesing either cardiac surgery patients

or patients with congenital cardiac diseases [4].

Although the requirement to defibrillate shockafiigthms is uncommon in infants, it
should always be considered, particularly withie th-hospital environment. To use
automated external defibrillators (AEDS) on infar@shockable rhythm must be identi-
fiable, appropriately sized paddles must be avilahd the AED must be attenuated to
allow the delivery of a single 4Jkdiphasic shock [1-3]. A paucity of evidence exists

however, to support these recommendations in faatipopulation.

2.2 Infant Chest Compression Quality Recommendations

Cardiac arrests require the prompt provision otlicgrulmonary resuscitation (CPR),
with chest compressions remaining an essential oaemt of CPR. The goal of chest
compressions is to establish and maintain the gieriuof the vital bodily organs by
mechanically generating sufficient cardiac outputity the low-flow phase of cardiac
arrest. To optimise haemodynamics, current intenal resuscitation guidelines rec-

ommend the provision of high quality chest compmssduring infant CPR [1-3].

Infant chest compression guidelines have previobiegn developed and scaled using a
combination of animal, paediatric and adult literaf in addition to consensus based
expert opinions. The unique anatomy and physiolfgpfants and neonates, however,

differs appreciably from these more readily avddaturrogates. The heart occupies a
larger proportion of the intrathoracic cavity irfants, the size and shape of the thorax

varies with both age and species and the infantade exhibits a greater compliance
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than that of older children and adults [120]. Farthore, infants experience faster heart

rates, smaller stroke volumes and lower blood piresg[121].

The infrequent nature of infant cardiac arrestihgseded the rigorous investigation of
the most effective chest compression techniquendunfant CPR. In fact, very little
scientific evidence specifically exists to informarent infant CPR recommendations.
Systematic literature reviews are a means to iffemvaluate and interpret all available
research relevant to a specific research quesbprc or phenomenon of interest [122].
The practice of systematically performing litergtueviews has become an essential
aspect of evidence-based medicine, with such reviemmmonly used to summarise
existing evidence for developing treatment straggto provide recommendations for
the practice of future research and to identifyapmities in current research [122]. To
date, however, no single review has systematiaaddgtified and critically appraised the
scientific evidence currently informing the qualigrgets for chest compressions during

infant CPR.

This aspect of the literature review thereforendteto systematically identify, interpret
and appraise all research relevant to performiregntiost effective chest compressions
during infant CPR. It is hoped that the resultgho$ review will help inform current
infant chest compression guidelines, improvingdheent understanding of this critical
aspect of infant CPR, whilst also forming the badia system to benchmark the quality

of chest compressions provided during simulateanh€CPR across this research.

2.2.1 Chest Compression Quality Measures

Prior to performing this systematic review it ispantant to standardise the reporting of

chest compression quality with the internationalueeitation guidelines. The principal
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determinants of CPR quality have been previousimédised in a series of international
collaborative conferences staged by the leadingarebers in CPR quality [13]. These
recommended a uniform reporting system to moniar r@port the measured quality of
chest compressions provided during CPR [13]. Sjeegifality measures recommended
by these guidelines included chest compressionhdepbmpressions with incomplete
chest release, chest compression rates and conapréssy cycles, all performed using

the most effective technique at the most apprapaaatomical location [13].

Chest compression depths are defined as the maxipogherior deflection of the ster-
num prior to chest recoil. The incomplete reledsth® chest is described as a “leaning”
phenomenon where the compression force is not ageiplremoved from the chest
between chest compressions. This can be repotteer @s a binary measure (whether
the compression force is released beyond a targeitpor as a quantitative metric (the
chest release force). Chest compression ratesasrelated from the reciprocal of the
time between two successive chest compressionam@ndonventionally quantified as
compressions per minute. Finally, compression dyitfes (the compression-to-release
ratio) describe the fraction of time with the aetwompression of the chest, evaluating
this by calculating the area under the chest cossme curve divided by the product of

the chest compression depth and cycle time [13].

2.2.2 Search Strategy and Article Selection Criteria

This review of the literature was conducted followithe core principles and methods
for systematic reviews, as defined by the CentrdRieviews and Dissemination (CRD)
[123] and the ILCOR evidence evaluation procesg]13ubsequently, this literature
review sought to systematically address the six REYO (Population, Intervention,

Comparator and Outcome) questions overleaf:
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1. Ininfants receiving CPP], does any specific chest compression techrjijjue
as opposed to standard cdre], improve outcomg®©]?

2. Ininfants receiving CPIRP], do chest compressions performed at any specific
location[l], as opposed to standard cdfg], improve outcomd®©]?

3. Ininfants receiving CPIRP], does any specific chest compression depth oeforc
[1], as opposed to standard cdf&], improve outcomg®]?

4. Ininfants receiving CPIRP], does any specific chest release depth or fiifce
as opposed to standard cdre], improve outcomg®©]?

5. Ininfants receiving CPIRP], does any specific chest compression fteas
opposed to standard caf€], improve outcomg®]?

6. Ininfants receiving CPIRP], does any specific compression duty cji¢tleas

opposed to standard caf€], improve outcomeg®]?

Seven online databases (Medline, Embase, I1S| W&giehce, Scopus, Cochrane, BNI,
and CINAHL) were searched for relevant literaturetigh utilising the search strategy
described in Table 2-2 (search strategies for elthbase are provided in Appendix
A.2). This review attempted to identify all Englisinguage articles published prior to
the 3f' December 2012, which evaluated the most effedtdetnique for providing
chest compressions during infant CPR. All duplicati&cles, conference abstracts, edi-
torial letters, review articles and statements xgegt opinion were excluded. Article
titles and abstracts were screened for relevanitk,identified articles included for the
detailed review of the full manuscript. Finallypagiside specific searches of appropri-
ate journal archives and grey literature for furtfedevant articles, the bibliographies of

all studies selected for full text review were nestvely searched.
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Table 2-2: Medline database search strategy using &&H terms and keywords

exp Infant/(896169)

exp Infant, Newborn{475786)

(Infant* or Newborn* or Neonat* or Baby or Babid®). (506997)

exp Animals/(16529234)

exp Models, Animal(389512)

exp Animal Experimentatior{768)

(Animal* or Animal Model* or Animal Experiment*).tw(769709)

(Swine* or Porcine* or Pig* or Dog* or Pupp* or Gat).tw. (543765)

exp Manikins/(2773)

10 (Manikin* or Mannequin*).tw(2278)

11 exp Cardiopulmonary Resuscitatiqth0506)

12 exp Resuscitatior(69363)

13 exp Heart Massagé2469)

14 (Cardiopulmonary Resus* or CPR or Resus*)(@#v.212)

15 (Heart Massage or Cardi* Massage).(h206)

16 ((Chest or Thora* or Stern* or Abdom* or Cardi*)jadCompress*).tw(5328)
17 (Two-finger or Two Finger).tw174)

18 (Two-thumb or Two Thumb or Hand Encircl* or (Chesli5 Encircl*)).tw.(28)
19 (Compress* adj5 (Method* or Techni* or Maneuv* oaNbeuv*)).tw.(4375)
20 ((Compress* or Heart) adj5 (Position* or Locat*Site*)).tw. (5095)

21 (Compress* adj5 (Depth* or Force*)).t\{8679)

22 ((Release or Leaning) adj5 (Depth* or Force*)).(W67)

23 ((Recoil or Decompression) adj5 (Depth* or Force®) (200)

24 (Compress* adj5 (Rate* or Frequenc*)).{2095)

25 (Duty Cycle).tw.(1635)

26 (Compression adj5 (Ratio* or Fraction* or High Inkgeior Duration))).tw(1491)
27 or/1-10(16729199)

28 0r/11-16(97114)

29 0or/17-26(17998)

30 and/27-291277)

OCoOoO~NOUI WN B

Number of articles retrieved by each line of tharsk strategy code is shown(italics). MeSH, medical subject
heading; exp, exploded MeSH search term; tw, kegivemarch in title and abstract only; * keyword taiion;
adj5, retrieves articles where two keywords appearp specific order, within 5 words of each other
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All articles were selected that evaluated the éffeness of infant chest compression
techniques during infant CPR. These included alicdl studies involving post-mortem
or live infants (aged <1 year old), all radiolodistudies involving post-mortem or live
infants with the subject in the supine positionypmlll laboratory studies involving live
animals weighing 12kg or less (based on 4 @&centile 1 year old male), all laborato-
ry studies involving manikins designed to represefaints and all mathematical models
designed to represent infants and validated agagestor weight appropriate human or
animal experimental data. Articles were excludettiéf study involved: data from adults
or children (aged >1 year old); radiological datan subjects that were not lying in the
supine position; data from animal surrogates weigl#12kg; data from post-mortem
animal surrogates; data from manikins or matheralatiodels that represent adults or

children; and data from mathematical models thatwet appropriately validated.

Data extraction and critical appraisal proceduresewperformed using a standardised
critical appraisal and data extraction (CADE) foadapted from the CASP tools of the
Public Health Resource Unit (Appendix A.3) [125{udes were classified by level of
evidence (LOE) according to ILCOR definitions (Tal@-3) [124]. All infant manikin,
animal, radiological and mathematical/computatiomaidel studies were classified as
level of evidence 5 (LOE5) studies, irrespectivestfdy design. Studies were further
classified by methodological quality of evidence)E&) according to ILCOR definitions

[124]. Studies that failed to report potential acauniders (i.e. chest compression quality)

Table 2-3: ILCOR levels of evidence (LOE) hierarchyfor therapeutic interventions

LOE1l: Randomised controlled trials (or meta-analysesnflomised controlled trials)
LOE2: Studies using concurrent controls without true canigation (e.g. “pseudo” randomised)
LOE3: Studies using retrospective controls

LOE4: Studies without a control group (e.g. case seniggmorts)

Studies not directly related to the specific popata(e.g. different populations, radiological

HelEs studies, animal models, mechanical models, mattieahatodels etc.)
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Table 2-4: ILCOR methodological quality of evidenc§QOE) hierarchy for level of evi-
dence (LOE) 4 and 5 studies

LOE4 Studies:
Outcomes measured objectively, known confounderstified and controlled and patients

Stk adequately followed up
Fair: Any two of the above
Poor: Only one of the above

LOES5 Studies:

Good: Randomised controlled or crossed-over studies yatpnt of LOE1)
Fair: Studies without randomised controls (equivalerit@E2 or LOE3)
Poor: Studies without any controls and studies with inp@d¢e control of potential confounders

were classified with a poor QOE, whilst studied fladled to adequately control poten-
tial confounders were also reduced by one classifin. All radiological studies were
initially classified with a fair QOE, but this wasduced if appropriate selection criteria
were not reported. Finally, all studies with migsadata were also reduced by a classifi-
cation. lllustrated in Table 2-4 are the ILCOR defi QOE hierarchies for both LOE4
and LOES classified studies (accounting for 97%438Y of all studies included in this

literature review).

2.2.3 Included Articles

The flow of articles through the review selecticwgess is illustrated by the PRISMA
flow diagram in Figure 2-4 [126]. There were 3,8#2tions retrieved from the original

search, of which 3,789 were excluded based upoa theri criteria. Of the 53 articles

selected for full review, a total of 38 met theestibn criteria and were fully evaluated.
Of these 38 articles, fifteen reported on chestpr@ssion technique [14-20, 127-134],
eight reported on chest compression location [135-141], seven reported on chest
compression depth [116, 140, 142-146], three reparh chest release force [147-149],
seven reported on chest compression rate [150-dibthree reported on compression

duty cycle [150, 153, 154]. One article reportedbmth chest compression technique
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and location [128], one on both chest compressioation and depth [140] and three on

both chest compression rate and duty cycle [158, 154].

Of the 38 articles included in this review, 31 stgdtook place in the USA and Canada
[14-20, 116, 127-132, 135-137, 142-150, 152-156F fook place in Asia [133, 134,
139-141] and two took place in Europe [138, 151%. &ticles were clinical studies of
infant cardiac arrest [127, 129, 130, 137, 144 1&6%0 were anthropometrical studies
in live infants [134, 145], one was an experimestaldy using live infants [148], two

were infant cadaver studies [128, 135], 12 werétagical studies [128, 133, 135-141,

Number of articles identified Number of articles identified
through database searching through other sources
(n=3767) (n=75)

l ,,

Number of articles after duplicates removad
(n=1982)

\4

~
Number of articles screened
for relevance —>

Number of articles excluded]
(n=1798

(n=174¢%)

\4

N
Number of full text articles Excluded articlesn=15):
assessed for eligibility [—| Did not answer question40
(n=53) Failed to meet inclusion critericd
J

\4

Number of studies included fqr
epidemiological review
(n=38)

A A\ 4 A\ 4 A\ 4 A\ 4 A
[Technique} [ Location J [ Depth ] [ Release} [ Rate J [Duty CycIeJ
(n=15) (n=8) (n=7) (n=3) (n=7) (n=3)

Figure 2-4: PRISMA flow diagram illustrating the flow of articles through the study selec-
tion process.

One article reported on both chest compressiomigal and location, one reported on both ¢
compression location and depth and three reportdabth chest compression rate and duty cycle.
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143, 146], eleven were animal surrogate studie$,[1B1, 132, 142, 147, 149-154],
seven were infant manikin studies [14-20] and osedua mathematical model [156].
Two articles were found to report on both infandiodogical and cadaver case series
[128, 135], whilst one article reported on infaadliological, cardiac arrest, surgery and
autopsy cases [137]. Only one pseudo-randomisess-@eer study using infant cardiac
arrest subjects was identified by this systematicew [155]. Twelve articles were ob-
servational case series [127, 128, 133-141, 148, 146], eight articles were experi-
mental case reports or case series [116, 128-B8),1B7, 144, 148], whilst the remain-
ing articles were randomised controlled or crossrdaboratory studies that used mani-

kins, animal surrogates or mathematical models.

2.2.4 Descriptive Analysis of Included Studies

2.2.4.1 Scientific evidence base establishing the mostteféetechnique for chest

compressions during infant CPR

Fifteen articles were identified by this review tthavestigated the most effective infant
chest compression technique (Table 2-5). The sawdi¢icle reporting these effects was
performed on a single neonate during cardiac amespoor quality case series (LOE4)
reported by Moyaet al in 1962 [127]. This study compared systolic arastblic blood

pressures generated by the TT and TF chest conmqumdsshniques, concluding that TF
technique provided greater systolic blood press(f@ésimHg vs. 40mmHg) and similar

diastolic blood pressures (20mmHg), when comparelle TT technique [127].

These conclusions were, however, challenged byv@euof other early studies. Thaler
and Stobie investigated the systolic blood pressgemerated using early adaptations of

the TT and TF techniques in a poor quality casies€LOES) that used infant cadavers
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[128]. This study found that lower TT technique stheompression forces were required
to generate a systolic blood pressure of 100 mmathgn compared to the TF technique
(10 psi vs. 10-15 psi) [128]. This was confirmediipoor quality case report (LOE4) by
Todres and Rogers, which reported on the systédiedopressures generated during the
resuscitation of a neonate receiving alternate AdF Bl technique chest compressions
after cardiac surgery (TT: 85-110 mmHg vs. TF5@6mmHg) [129]. Finally, a further

study reported two cases with the TT and TF chestpression techniques performed
on preterm neonates during CPR [130]. Across bafies, the TT technique generated
greater mean arterial and pulse pressures acrdssriEasures, despite utilising slower

compression rates and reduced chest compressitimsdéO0].

Two animal surrogate studies (LOES) were identitieat evaluated chest compression
technique efficacy. Menegazet al performed a poor quality randomised cross-over
laboratory trial between the TF and TT techniqumred tompared the systolic, diastolic,
mean arterial and coronary perfusion pressuresrgitkin seven infant swine (weight:
8-10kg) [131]. Following an induced cardiac arrds@50 compressions were analysed
to demonstrate that the TT technique was statitisaperior across all haemodynamic
outcomes [131]. Both techniques were further ingastd by a fair quality randomised
cross-over study using 10kg infant swine. The Té&stltompression technique was ob-
served to produce greater systolic blood presswigls,the TF technique unable to at-
tain similar sternal compression forces [132]. Neitstudy, however, demonstrated the
adequate control of chest compression quality; witack of sternal compression force
and chest compression rate standardisation a plarticoncern. Consequently the con-

clusions of these studies should be interpretel gate.
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The effectiveness of the TT and TF infant chest m@ssion techniques has also been
extensively explored through the use of infant rkianstudies (LOES5). A fair quality
randomised cross-over study used an instrumentadti€PR manikin to estimate the
systolic, diastolic and mean arterial pressureseggad during simulated infant CPR
[14]. A metronome regulated compression rates, stleihest compression depths were
regulated through verbal instructions. Whilst thiisdy found all 3 pressures increased
significantly with the TT technique [14], a goodadjty study by Whitelavet al report-

ed that the TT technique reduced the proporticshaflow compressions [15].

In a series of good quality LOES5 publications bg thniversity of Florida College of
Medicine, an instrumented infant CPR manikin meaduhe peak chest compression
pressures, depths and rates that were generated) dumulated infant CPR [16-18].
Despite observing 2.3 fewer compressions deliveredt each minute of CPR [18], all
3 studies in this series found that the TT techaiguas statistically superior across all
measures, whilst also reducing rescuer fatiguelf]l6-The authors concluded that the
efficacy of the TT chest compression technique f@ayoutweigh the benefits of the
extra compressions delivered by the TF techniq8¢ Buperior TT technique efficacy
was further confirmed by two recent LOES infant mkanstudies comparing the chest
compression rates and depths provided during stedilafant CPR [19, 20]. These
found TT technique chest compressions to be supddspite the surface that it was
performed on or whether it was performed with a &inpression-ventilation ratio, a
30:2 compression-ventilation ratio or continuougsthcompressions [19, 20]. Whilst
one of these studies was classified with a goodityud evidence [19], the second was

reduced by one classification, to fair, due toriggparticipants to follow up [20].
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One good quality LOES5 study also investigated theect placement of the TT and TF
chest compression techniques in neonatal subj&8d.[Defining incorrect placement
as any point of compression located below the sighnal junction, the TT technique
was observed to achieve a greater proportion akecbplacements (77.0% vs. 6.7%)
[134]. The authors hypothesised that, during nedrf@PR, the TF technique may result

in a higher incidence of abdominal compression,thnd intra-abdominal trauma [134].

Novel chest compression techniques have also bg#ared in an attempt to establish
techniques with a greater efficacy. A superimpasegtithumb technique, similar to the
technique originally reported by Thaler and Stdi@8], was compared to the standard
TT technique in a fair quality case series (LOEG34infant CT scans by investigating
the anatomical structures located below the thuofbeach technique [133]. It was
found that the reduced area of the superimposedhbluechnique significantly lowered
the likelihood of liver and lungs being locateddyelthe point of compression, therefore

directly transferring compressive forces to therhaad reducing injury risks [133].

2.2.4.2 Scientific evidence base establishing the mostteféeanatomical location for

chest compressions during infant CPR

Eight articles were identified by this review thavestigated the most effective chest
compression location during infant CPR (Table 2hé)wo poor quality infant cadaver

studies (LOES5), Thaler and Stobie reported thagdioieve systolic blood pressures of
100 mmHg, chest compressions performed at the Istegnum required significantly

greater applied pressures than midsternal chespremsions (15-20 psi vs. 10-15 psi)
[128, 135]. The study further collected frontal datéral chest x-rays of the cadavers,
locating the ventricles beneath the midsternumnfarits and showing a downward pro-

gression of heart position with age [128, 135].sTdwwnward progression with age was
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further documented in a fair quality radiologicalse series (LOES5) of 210 paediatric
subjects [139]. The centre of the heart was lochtgtkath the midsternum in 85.4% of
infants aged6 months old and below the lower third of the stenrin 52.8% of infants

aged 7-12 months old [139].

Orlowski published a case series recording heasitipa using five separate modalities;
post-mortem examinations, observations during eardurgery, routine chest x-rays, a
thoracic CT scan and by monitoring the performasfoghest compressions during CPR
[137]. This poor quality LOE4/LOES article conclutithat the infant heart was located
below the lower third of the sternum and that thés optimum location for performing

infant CPR [137].This conclusion was supported Wy tdditional LOE5 case series,
published in the same year, which evaluated a coedbiotal of 85 chest x-rays and 25

angiograms [136, 138].

Finally, two recent fair quality case series (LOEbjlysed a total of 111 infant CT
scans [140, 141]. In the study performed by Yabwal, the left ventricle was located
24% along the sternum from the xyphoid procesgjihgato the hypothesis that the
most effective location may be below the lowerdhof the sternum [141]. The study by
Kao et al, however, remained inconclusive, finding that beart was located below

both the lower sternum and inter-nipple line in %90f cases [140].

2.2.4.3 Scientific evidence base establishing the mostteféechest compression

depth or force for chest compressions during inf2BRR

Seven articles were identified by this review timestigated the most effective infant
chest compression depth (Table 2-7). In a poorityuaDE4 case series of 6 neonatal

patients suffering a pulseless cardiac arrest, Mahal. compared the blood pressures
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generated at approximate chest compression depthstio one-third and one-half the
external anterior-posterior (AP) thoracic diamefd#4]. Chest compression depths of
approximately one-half the AP diameter producecdesop systolic blood (83.4 mmHg
vs. 51.6 mmHg), mean arterial (48.0 mmHg vs. 37mBHy) and pulse pressures (52.9
mmHg vs. 21.0 mmHg), when compared to chest cormmesiepths of approximately

one-third the AP diameter [144].

These conclusions were further supported by tworktbry studies that investigated the
effects of chest compression depths in infant ahsmaogates [116, 142]. The first was
a good quality randomised cross-over study (LOB&} tised 8 canines (weight: 6-12
kg) to demonstrate that cardiac output and meamiarpressure were both linearly re-
lated to compression depth, once a threshold depdipproximately 15-30mm was ex-
ceeded [142]. The second was a fair quality nowlgamnsed cross-over study (LOES)
that used 6 piglets (weight: 4.5-6.0 kg) to dem@tstmaximum intrathoracic vascular
pressures that were proportional to compressiomhdepfter a threshold depth of ap-

proximately 20% the AP thoracic diameter was exeddd16].

Three fair quality radiological case series (LOBBH one fair quality anthropometric

case series (LOE5) measured the thoracic paranwtbrgh infants and neonates [140,
143, 145, 146]. Two of these studies predicted #e% of infant and neonatal cases
would experience the over-compression of the thor@esidual internal thorax depths
of <10mm) during chest compressions to one-halAtRediameter [143, 146]. Only one

such case was, however, predicted for chest cosipresto one-third the AP diameter
[143]. Estimated ejection fractions were furthelcatated to determine thoracic under-
compression; predicting the under-compression eftiorax in 54% of neonatal cases

for chest compression depths of one-quarter theresit AP diameter and no cases for
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compression depths of one-third the external AfPndiar [146]. Suttoret al assessed
the suitability of an absolute compression deptB&Mmm for infant CPR. This absolute
depth was predicted as too shallow (<1/3 the Aathdiameter) in 16.3% of all infant
cases and too deepl(2 the AP thorax diameter) in just 2% [145]. le fimal study, it
was demonstrated that current infant CPR guidecemmendations result in absolute

chest compression depths that exceed current laasstd recommendations [140].

2.2.4.4 Scientific evidence base establishing the mostteféechest release depth or

force for chest compressions during infant CPR

Three articles were identified by this review tiatestigated the most effective chest
release depth during infant CPR (Table 2-8). Tha&t finalysed the effects of residual
leaning forces on chest compression haemodynamitsni piglet surrogates (weight:
10.7£1.2 kg). Compared to no leaning force, thiedgquality LOE5S study found that
residual leaning forces of 3.6 kg and 1.8 kg desgddoth the cardiac index (1.9 vs. 1.6
and 1.4 L.M>.min) and the myocardial blood flow (39 vs. 30 and 26min™.100g%)
generated during CPR [147]. As these residual ihgpfarces represent 10% and 20% of
the chest compression force required to maintaggaate systolic blood pressures, this
study concluded that chest release forces of >10Uldrsubstantially decrease both the

cardiac index and myocardial blood flow [147].

The effect of residual leaning forces on intraticargressure was also investigated in a
good quality LOES5 study performed on 13 paediaubjects aged from 6.5-87 months
and weighing between 7.4-24.8 kg (six subjects vifients agedl year old) [148].
Incremental sternal forces, between 10-25% of thgest's body weight, were serially

applied to the chest of the subject. In this studlgreased endotracheal pressures (ETP)
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were significant at residual leaning forces as &n.0%, whilst leaning forces of 2.5kg

were associated with a clinically significant inese in ETPX2.0cmH0) [148].

Finally, in a good quality LOES5 piglet surrogatedy (weight: 10.8+1.9kg), the effects
of a residual leaning force of 260g (the equivaleetght of a commercially available
sternal accelerometer/force feedback sensor dewies) investigated [149]. No signifi-
cant adverse effects were observed for either @ardutput or myocardial blood flow
during CPR. As this residual leaning force represgmpproximately 2.5% the piglet
body weight, this study concluded that such snealhing forces do not prevent the full

recoil of the chest and thus optimise the subs#gqeaturn of venous blood flow [149].

2.2.4.5 Scientific evidence base establishing the mostteféechest compression rate

for chest compressions during infant CPR

Seven articles were identified by this review timestigated the most effective infant
chest compression rate (Table 2-9). In one of #ikest studies, 24 piglets (weight: 4-5
kg) were used to evaluate the effects of variowsthompression and ventilation rates
on systolic blood pressures and mean arterial pres§151]. Although compression
rates ranged between 60-160 thiat ventilation rates of 30-40 miinthis poor quality
LOES study remained inconclusive as to the bermdfdny specific chest compression
rate [151]. The consequences of performing chespeession rates of 40 and 120 thin
were further investigated, using 12 infant caninesanother poor quality LOES study
(weight: 3-11kg). When assessing systolic bloogsuees, cerebral blood flow, By
PVo2 and PAy; PAo, was observed to be the only measure to improvyasatr chest
compression rates [152]. Hence, it was concludatlititreased chest compression rates

produced little haemodynamic advantage [152].
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Twenty infant canines (weight: 6-12kg) were usedhie@stigate optimum infant chest
compression rates in the earliest article idemtifig this review [150]. Cardiac output,
in this good quality LOES study, was found to béimgsed at chest compression rates
of 126 min' [150]. Optimal compression rates were further #tigated, using infant
swine surrogates (weight: 3.5-6.8 kg), by two fauality LOES articles. Across both
studies, optimum chest compression rates of 100a1i80 maximised both the cerebral
and myocardial blood flows and pressures [153, .1bdtthermore, in a good quality
LOES5 computational model study, a seven compartmmertel of the cardiopulmonary
system was developed and validated against expetaieéata from animal surrogates
[156]. This was used to simulate the optimum corsgion rates for a given body mass,
concluding that the optimum rates were inverselgteel to the body mass of the infant

(3kg = 184 mift; 5kg = 157 mift; 10kg = 124 mift) [156].

Finally, one poor quality pseudo-randomised cross-study (LOEZ2) investigated the
effect of audiotape guided chest compression iatdgee infant cardiac arrest subjects
[155]. This study found that audiotape guided casspion rates of both 100 rifirand
140 min® improved end-tidal carbon dioxide pressurest{,) generated during CPR,
compared to baseline performance (5 torr vs. I6aiod 14 torr) (the torr is a traditional
unit of pressure, where 1 torr is approximatelyaddqa 1 mmHg) [155]. No significant

differences were, however, found between thesectvest compression rates [155].

2.2.4.6 Scientific evidence base establishing the mostteféecompression duty cycle

for chest compressions during infant CPR

Three LOE5 animal surrogate studies were identifiscevaluating the most effective
compression duty cycle during infant CPR (Tabled2-Twenty infant canines (weight:

6-12kg), in a good quality study, were used to stigate optimum compression duty
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cycles during infant CPR. Cardiac output, generdigtihg CPR in these infant animal
surrogates, was optimised at compression duty syfld0% [150]. Optimum compres-
sion duty cycles were further investigated by twadges using infant swine surrogates
(weight: 3.5-6.8 kg). Across both studies, optimoompression duty cycles were ob-

served between 30% and 50% [153, 154].

2.2.5 Limitations of the Literature

This systematic review evaluated articles with siemsive range of study designs. This
considerable heterogeneity is perhaps the mostriaamolimitation when investigating
infant CPR. Included articles were observed to v@mgsiderably in study size, study
type and, perhaps most importantly, the populatibmterest. All articles included by
this review were classified with a level of evidenaf 4 or 5, apart from one level of
evidence 2 classified study [155]. Methodologiocadlify was classified as “good” in 11
articles [15-19, 134, 142, 147, 149, 150, 156]hwiib articles classified as “fair” [14,
20, 116, 131-133, 136, 139-141, 143, 145, 146, 148] and 12 articles as “poor”

[127-130, 135, 137, 138, 144, 151-153, 155] qualitdies.

Eight studies evaluated the effects of varyingaharacteristics of chest compressions
provided in either post-mortem or infant cardia@sr subjects [127-130, 135, 137, 144,
155]. Although these provided highly relevant resébr establishing the most effective
chest compression technique for infant CPR, theywabject to several critical limita-
tions. Infant cardiac arrest subjects often presemiith a variety of pre-existing patho-
logical conditions, cardiac arrest rhythms andrditering received a wide range of car-
diovascular drugs, all of which can potentially ostudy outcomes. The majority of
these studies also failed to appropriately recordgontrol, the quality of chest com-

pressions performed during CPR. The possibilitytype-1 errors affecting results is
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therefore conceivable, where any confounding végiabmbination could be the actual
cause of improved CPR efficacy. Research usingiirdabjects presents a unique chal-
lenge, however, with the unpredictable nature &drnihcardiac arrest, its relatively low
incidence and the ethical issues associated widirobg informed consent all specific
problems. Researchers are, therefore, frequemtiyeld to observational studies, which

can often be subjected to a number of confoundar@bles.

Medical imaging can be a more practical way to muasively examine infant subjects;
with 11 such articles identified by this review 812133, 135-141, 143, 146]. Although
medical imaging is a recognised technique for aaggianatomical landmark location
data, it also has its own set of unique limitatiohee most important of these arises
from the ethical issues of imaging physiologicaligalthy’ infant subjects, usually re-
sulting in the opportunistic use of medical imag@sen in the course of treating chroni-
cally ill patient cohorts, increasing the potenfa the inclusion of more diverse ana-
tomical configurations. Furthermore, the acquisitad images during spontaneous res-
piration may also affect precise thoracic measurgsmelue to the natural expansion-
contraction cycles of the chest during respiratiimese issues, although uncontrollable
in living subjects, have a minimal effect and se eonsidered acceptable limitations for

infant thorax imaging studies [140].

Perhaps the greatest current challenge in invéstgganfant chest compression efficacy
is the paucity of infant subjects. Current ethmahsiderations significantly restrict CPR
research in a clinical environment due to the riskkfe. One approach to overcoming
this problem is through the use of biomechanicad|yresentative surrogate models that
represent the infant patient. Instrumented infaPRGnanikins were used extensively to

establish the current characteristics of infantstlfmpressions [14-20]. The use of
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these infant manikins is, however, questionableef¢ outcomes were based on pres-
sures generated in non-validated saline bag reesmns of the “arterial system” [14],
whilst infant manikin biofidelity has been validdtenly by subjective expert opinion
[157]. Animal surrogates were used 11 studiesnafésulting in better control of chest
compression and cardiac arrest characteristics whempared to infant subject studies
[116, 131, 132, 142, 147, 149-154]. Even so, agemrey animal surrogates to infants
is also a challenge, as these can only be validzdedd on the developmental stages of
the brain [158], the geometric characteristicshefthorax [159] or surrogate weight and
age. Although animal and infant manikin studies@pular alternatives to performing
research with infant human subjects, no substastimence exists that categorically

validates the biofidelity of these surrogates.

2.2.6 Overview of Infant Chest Compression Quality Recandations

Although cardiac arrests in the infant populatioe a rare event, the consequences of
systemic hypoperfusion on the brain and vital orggstems are often severe. As even
effective chest compressions only partially achibaseline blood flow levels [31, 108,
109], the provision of high quality chest compreasithat maximise cardiac output are
essential to the success of infant CPR. The opinois of the infant chest compression

technique, however, remains a neglected area o$ceation research and training.

The scientific evidence currently informing the bjtyeof infant chest compressions was
recently reviewed by the International Liaison Coittee on Resuscitation (ILCOR)
[1]. This has since formed the basis of both theopean Resuscitation Council (ERC)
and Resuscitation Council UK (RCUK) guidelines ifiant CPR [2, 3]. These propose
that chest compressions be performed using eitteetvio-thumb (TT) hand encircling

or two-finger (TF) technique at the lower thirdtbé sternum, to depths of one-third the
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external anterior-posterior (AP) thoracic diametedcm in infants), at compression
rates of 100-120 mihand with the complete recoil of the chest [1-3}e T T technique

is favoured by the guidelines if two or more ressusre present [1-3]. Optimum duty
cycle targets were not recommended by the curreidetines, in an apparent bid to

simplify instructions.

The scientific evidence base analysed by this saie review supports current ERC
and RCUK guideline recommendations for chest cosgwas during infant CPR. The
TT chest compression technique was found to be mfbeetive than the TF technique
thorough a combination of 13 animal surrogate, kiammodel and infant cardiac arrest
studies [14-20, 128-132, 134]. Animal surrogatésngside mathematical models, were
used to establish that optimum chest compressims raere 100-120 min[150, 153,

154, 156]; whilst the infant heart was radiolodigdbcated below the lower third of the
sternum across the majority of studies [136-138].1@onsiderable haemodynamic ad-
vantages may be gained by compressing the chesédé®n one-third the external AP
thoracic diameter [116, 140, 142-146] and by alkonng the full recoil of the thorax

during the chest release phase [149].

Further evidence, not identified by the ERC and RGjuidelines, was highlighted by
this systematic review for three additional cheshpression quality targets. Maximum
chest compression depth targets were limited bipl@gical research that hypothesised
that a residual internal thorax depth of <10mm dcse increased likelihood of causing
intrathoracic trauma through the over-compressiothe thorax [143, 146]. Compres-
sion duty cycles of 30-50%, when performed at rafe)0-120mifi, were observed to

optimise the haemodynamics of CPR in animal sutesge 50, 153, 154]. Finally, the
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haemodynamics of CPR were further optimised bynatig the chest to recoil beyond a

chest release force target of 10% the body weifjtiteopatient [147, 148].

A lack of uniformity in study sizes, study typesdgsopulations all impede the adequate
evaluation of the most effective chest compressemhnique during infant CPR. The
scientific evidence informing current internatiomadant chest compression guidelines
is further limited by the inadequate control ofgrtally confounding variables and the
use of biomechanically unrepresentative modelsr Baality studies with inadequate
control of chest compression characteristics &edylito bias haemodynamic outcomes
and yet no study has, to date, attempted to coslpledntrol all chest compression var-
ilables. The accepted use of surrogate models, dquadely validated as physiological
alternatives, is driven by current difficultiesabtaining infant cardiac arrest subjects. It
must be borne in mind, therefore, that currentnhfaPR guidelines still rely on a very

low standard of scientific evidence.

2.2.7 Conclusions

The scientific evidence identified by this reviewdicate that chest compressions during
infant CPR should be performed using either theoTFT technique, at the lower third
of the infant sternum, to depths between one-tthiedexternal AP thorax diameter and
residual internal thorax depths of 10mm, at rafek06-120mif and duty cycles of 30-
50% and allowing the complete recoil of the ch&bese findings support current ERC
and RCUK chest compression guidelines, whilst ssijog three further quality targets
not identified by these guidelines; including a maxm chest compression depth target
(a residual internal depth of 10mm), a compressioty cycle target range (30-50%)
and a release force target (<10% patient weightg Jcientific evidence that currently

informs these guidelines is, however, consideréiblited by the inadequate control of
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confounding variables and, perhaps most importatithpugh the investigation of un-
representative surrogates. It must be borne in nihretefore, that current infant CPR
guidelines still rely on a very low standard scdignevidence base and remain, at best,

consensus driven.
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3 ESTABLISHING CHEST COMPRESSION QUALITY DURING SIMULATED INFANT CPR

3.1 Introduction

The primary goal of cardiopulmonary resuscitati®®R) is to perfuse the vital organs
of the body during cardiac arrest by mechanicadigegating sufficient levels of cardiac
output. To maximise cardiac output, current intéomal paediatric CPR guidelines
emphasise the provision of high quality chest casgions during infant CPR [1-3].
Central to achieving this is the optimal provisiminthe four chest compression quality
measures, namely; chest compression depths, atlesse forces, chest compression

rates and compression duty cycles [13].

Several studies have attempted to establish icfaedt compression quality by simulat-
ing two-thumb (TT) and two-finger (TF) techniqueesh compressions on instrumented
infant CPR training manikins [14-21]. Although thejority of studies concluded that
the TT technique was superior, as it achieved dempe& more consistent compression
depths [15-20], only compression depths and radge been reported. The chest release
forces and compression duty cycles performed dwimylated infant CPR have never
been documented. Furthermore, the proportion otat@mpressions that achieved evi-

dence based quality targets for all four qualityaswees were rarely evaluated.

Performance decay can also be detrimental to cwspression quality; particularly
during lengthy CPR episodes [17, 20, 21, 160-1%d]avoid this, current resuscitation
guidelines recommend the provision of continuousstitompressions for a maximum
of two minutes by each resuscitator [1-3]. Previoesearch, however, reports chest
compression depth decay after just one minutenofilsited infant CPR [17, 20, 21]. No

data exists to document performance decay foreéh®ining quality measures, whilst
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the exact onset of performance decay for all fdwest compression quality measures

remains unknown.

Quiality indices have been proposed as a tool feesasng chest compression quality
during CPR [165-168], reporting the proportion ohpressions that attained evidence
based targets for each quality measure. To date'ginality index approach’ has never
been fully applied during infant CPR, primarily dieethe paucity in scientific evidence
with which to establish chest compression quabtgéts. As discussed in Chapter 2,
recent research advances may now provide suffieieidience for targets to be defined

for a quality index approach to benchmarking respeeformance.

The primary aim of this study was to assess andoeoenthe quality of TT and TF tech-
nique chest compressions performed during simuletizecht CPR on an instrumented
infant CPR training manikin. The secondary aim weamvestigate the consequences of
performance decay on all four chest compressiotitgumaeasures during simulated in-
fant CPR. The final aim was to develop a qualitgelx approach for assessing chest
compression quality against evidence based qualitjets. This approach may be used
to benchmark the effects of future developmentsiatgaventions on chest compression

quality during infant CPR.

3.2 Chest Compression Quality

Whilst the issue of chest compression quality reenlresearched since the early 1960s,
the first concerns about the quality of CPR perfamoe trace back to adult research in
the mid-1990s [169, 170]. These studies conclutdatldanly half of all out-of-hospital
cardiac arrest cases received high quality CPR frgstanders, with high quality CPR

associated with improved survival to hospital de&age [169, 170]. CPR quality was,
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however, only subjectively determined by these istjdthrough either palpating the
carotid or femoral pulse or from simple observadiomade by the attending EMS crew.
It was not until after 2004 that researchers objelt quantified the quality of chest
compressions provided during both in-hospital amdad-hospital CPR [22, 23, 32, 33].
This revealed the extent to which poor quality tlvesnpressions were provided during
adult CPR [22, 23, 32, 33], whilst also concludthgt suboptimal chest compressions

were associated with inferior survival outcomes [33).

Since this seminal research, the optimisation @stltompressions performed during
infant CPR has become a principal focus of botleassh and practical training. The

importance of chest compression quality was finspleasised in the 2005 version of the
paediatric CPR guidelines [96-99]. These guidelrwaed the phrase “push hard, push
fast, minimise interruptions, allow full chest rdcand don’t hyperventilate” to encour-

age high quality chest compressions [96-99]. Tlyeséelines were further endorsed in
a 2010 revision, proposing that infant chest cosgoms be provided through the use
of either the two-thumb (TT) hand encircling or tiwoger (TF) technique at the lower

third of the sternum, to compression depths okast one-third the external anterior-
posterior (AP) thoracic diameter (~40mm in infantg)chest compression rates of 100-

120 min* and allowing the complete recoil of the chestJ1-3

3.2.1 Importance of Measuring and Reporting Chest ConspyaQuality

The importance of certain chest compression messarel how to best report them,
depends on several specific reporting goals. Tisé i the requirement for individuals
to evaluate CPR events for the purpose of chespoesaion quality improvement. For
individual quality improvement, in both the praeli¢raining and clinical environments,

it is important to identify opportunities for deweping and refining chest compression
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technique. Reported measures must focus on vasiallleh have a documented effect
on outcome, which are quantifiable and, perhapst ingsortantly, can be realistically
improved by the individual. Medical recording anéasurement devices, implemented
to report these measures both in real-time ancdhgutebriefing, can therefore be used
to correct chest compression quality. These devitag also support quality reporting,
monitoring the effects of any change in algorithonstandard operating procedures and

to compare services between providers.

Secondly, several clinical resuscitation trials dnascently failed to translate promising
results from paediatric experimental researchitoaal practice [171, 172]. Since chest
compression quality data is not routinely collectectlinical resuscitation trials, it is
unknown whether CPR quality is equivalent betwegreamental groups or whether it
Is sufficient to generate appropriate circulati®he quality of CPR must, therefore, be
accounted for at the research protocol stage, aiffarences between groups assessed
via logistic regression analyses. The measuredreghtor reporting these differences
include variables which have a documented effecowicome, are measurable during

CPR in clinical practice and are easily entered antogistic regression analysis.

Finally, for the research community studying thep@aot of chest compression quality
on outcome, detailed and precise definitions ageired to be able to compare results
across studies. Specific guidelines for this haaenbdefined through a series of articles
that aimed to standardise the reporting mechanisnisoth cardiac arrest outcomes and
CPR quality [32, 89]. These guidelines present ensgs based definitions and recom-
mendations for reporting core cardiac arrest siagisdeveloping a common language

for CPR quality research and a comprehensive neygamechanism.

Page|53



CHAPTER 3: ESTABLISHING CHEST COMPRESSIONQUALITY DURING INFANT CPR

3.2.2 Current Chest Compression Quality

Recent resuscitation research, assisted by CPRyguedording devices, large cardiac
arrest registries and high-fidelity manikin studibas focussed on providing objective
data regarding the quality of chest compressionghguactual and simulated cardiac
arrests. Unfortunately, a common theme from alk¢hstudies was that performance
frequently did not meet evidence based guidelicememendations. These deficiencies
in care have been observed throughout the infagdiptric and adult literature during

in-hospital, out-of-hospital and simulated CPR.

As previously mentioned, to standardise the repgrtif chest compression quality, the
principal determinants of chest compression qualye formalised through a series of
international collaborative conferences stagedieyi¢ading researchers in CPR quality
[13]. These recommended a uniform system to bothitmoand report the quality of

chest compressions provided during CPR [13]. Sjeegifality measures recommended
by these guidelines included chest compressionhdepbmpressions with incomplete

release, compression rates and compression dugsdyia].

3.2.2.1 Chest Compression Depths

Chest compression depths are defined as the maxipagterior deflection of the ster-
num prior to chest recoil [13]. Deeper chest corsgims have been shown to correlate
with increased cardiac output in animal surrogf®ds 116, 142, 173], increased blood
pressures in infant subjects [144] and increasditbrdation success and survival to
hospital discharge in adult subjects [32, 33]. €ntlinternational guidelines, therefore,
recommend that chest compressions target depthaslefst one-third the external AP

thoracic diameter, approximating this to absol@ptds of ~40mm in infants [1-3].
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Investigations into chest compression depth qualitying infant CPR have, however,
been restricted to manikin based studies; obsemviageven highly trained healthcare
personnel provided shallow chest compressions gwsimulated infant CPR [15-20].
Across all six studies, no study documented a noeampression depth that exceeded
30mm [15-20], whilst Whitelavet al further reported that shallow chest compressions
were provided by 71% of all emergency medical pemsb[15]. Furthermore, in five of
these studies, the TT chest compression technigsecansistently reported to achieve
greater chest compression depths than the TF tpohrjil6-20]. Inadequate compres-
sion depths are not unique to infant CPR, with adoane-third of chest compressions
observed to be shallow during adult OHCA and IH@2,[23, 32, 33] and around 30%
of chest compressions observed to be shallow ddeedback guided CPR in the older

paediatric population [41, 174].

3.2.2.2 Chest Release Forces

Current international infant resuscitation guidemecommend that chest compressions
should allow the complete release of the chesf[T{3 incomplete release of the chest
is described as a “leaning” phenomenon, where $oace not completely released from
the chest between chest compressions [13]. Anigrabgate and paediatric human sub-
ject studies both support the importance of conepteteleasing the chest to optimise
cardiac filling and haemodynamics during CPR [34/-149]. Although data is sparse
regarding outcomes related to the incomplete cltedstise, these studies showed that
leaning can increase right atrial and intrathoracessures, thus decreasing cerebral and

coronary perfusion pressures, cardiac output armmcardial blood flow [34, 147-149].

The incomplete release of the chest is prevalenuthout adult resuscitation, with the

majority of rescuers failing to achieve chest reeforces of <2.5kg during both OHCA
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and IHCA [35, 175]. During paediatric CPR, >97%cbiest compressions were found
to have release forces 80.5kg, whilst 50% had chest release forcegabkg [42].

Chest release force quality during infant CPR hagjever, never been established.

3.2.2.3 Chest Compression Rates

Chest compression rates are calculated from thproeal of the time between two sub-
sequent chest compressions and are typically digghths compressions per minute
[13]. Current international resuscitation guideimecommend that chest compressions
target rates between 100-120 thifi-3]. As chest compression rates fall a significa
reduction in the likelihood of ROSC occurs [38, ,3®@hilst greater chest compression
rates reduce both coronary blood flow [150, 153}]End the proportion of chest com-

pressions that achieve target depths [176].

Investigations into chest compression rate qudlilgng infant CPR were also restricted
to manikin based studies [16, 17, 19, 21]; with magority of these studies observing
the provision of excessive chest compression @duesng simulated infant CPR. Chest
compressions were observed to exceed rates of irB2anross a series of studies per-
formed by the University of Florida College of Mentie [16, 17]. Two further studies

observed compression rates between 112-118" fisinboth infant chest compression
techniques [19, 21]. This is reflected during boltter paediatric and adult CPR in the
in-hospital and out-of-hospital settings, wherehhguality compression rates are pro-

vided in only one-third to one-half of all chestmaressions [22, 23, 41].

3.2.2.4 Compression Duty Cycles

Compression duty cycles describe the proportiotinoé with active compression of the

chest, evaluating this for each chest compressiole dy calculating the area under the
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chest deflection curve divided by the product & thest compression depth and cycle
time [13]. Whilst current international infant CRRidelines do not recommend a target
range for compression duty cycles, the neonatalejjuies recognise the advantages of
allowing a relaxation phase that is slightly longlean the compression phase [177].
Theoretical models describe the optimal duty cyadea compromise between systemic
and coronary perfusion [178]. Animal surrogate Esiduggest that it is an important
determinant of haemodynamic performance, recommegnalin optimal range between
30-50% [150, 153, 154]. In studies monitoring thelgy of adult CPR in the clinical
setting, compression duty cycles were observedtd28% in studies of out-of-hospital
CPR [23, 32] and 43% during in-hospital CPR [178].the simulated CPR setting,
compression duty cycles have been documented ¢ from 45-50% across a total of
three adult CPR manikin based studies [167, 176]. ITBompression duty cycle quality

has, however, never been reported for either irdapiediatric CPR.

3.2.2.5 Chest Compression Performance Decay

Effective chest compressions remain a fundamesfaa of high-quality CPR during

cardiac arrest [1-3]. Chest compressions are, heweidely recognised as a physically
demanding task that can lead to the deterioratfajuality over time. Several studies,
during both actual and simulated adult CPR, hatabéshed that a significant decay in
chest compression depth quality occurs after onby minute [161-164]. These studies
further noted that providers were often unawaréhsf decay in performance and only

subjectively reported experiencing fatigue afte¥ @vnutes [161-164].

Chest compression depth decay is also experiengadgdsimulated infant CPR [17,
20, 21]. Performance decay was found to particplaflect the TF chest compression

technique, with both Udasst al [17] and Huynhet al [20] reporting a 1.5-5mm dete-
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rioration in chest compression depths by the secomdite of CPR when using a 30:2
C:V ratio. This was in direct contrast to TT tedue compression depth decay, where
the deterioration in depth by the second minuteimulated infant CPR was <1mm [17,
20, 21]. No research exists, however, that docusnemst release force, chest compres-
sion rate or compression duty cycle performancaylewhilst the exact onset of decay
for all four quality measures also remains unknoWwmavoid performance decay, there-
fore, current guidelines recommend that continuclusst compressions be performed

by each resuscitator for a maximum of two minutely §l-3].

3.3 Methodology

3.3.1 Infant Manikin Design

A popular, commercially available, infant
CPR training manikin (Laerdal® ALS
Baby, Laerdal Medical, Stavanger, Nor-
way), representing a three month old 5kg ©
male infant, was selected for use in this
study. The external anterior-posterior (AP)

thoracic diameter of the manikin, between

the most anterior and posterior aspects of
the manikin thorax at the lower third ofFigure 3-1: MTS 858 machine experimental

set up to establish the compression stiffness
the sternum, was measured to be 110mand the maximum achievable compression

depth of the manikin chest
The chest compression stiffness and max-
imum achievable compression depth of the manikirevestablished using a MTS 858

Mini Bionix Il (MTS, MN, USA) compression testingachine (Figure 3-1). The mani-

kin chest was compressed at a rate of 0.5mesween the most anterior aspect of the
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Figure 3-2: Anterior-posterior force-deflection properties of the Laerdal ® ALS
Baby manikin chest

manikin thorax and a compression force of 26.4kguife 3-2); a force equivalent to
double the mean maximum achievable palmar pincteféor the dominant hand of a
male adult [181]. This was repeated a total ofa@himes. Chest deflections and chest
compression forces were collected, at a sampleofa?@dHz, to characterise the mean
force-deflection properties of the thorax. A mean)(chest compression stiffness of
2.2+0.006Nmrit (defined between chest deflections of 15-30mm) anchean ()

maximum achievable compression depth of 40.0+0.001ivere found.

The manikin was instrumented with a slide

linear potentiometer (Min Slide Lin 100k

Maplin, Rotherham, UK), and powered bj

a 5V power supply, to record manikin chest==%

deflections (Figure 3-3). Sensor selectiofigure 3-3: Laerdal ® ALS Baby manikin
instrumented with linear potentiometer

was primarily based upon criteria including

the cost effectiveness of the sensor, a maximursosdreight of 60mm (to fit inside the

manikin chest during operation) and minimum sensargge of 40mm (to monitor the

maximum chest deflections achieved during operatidhe sensor selected for this
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study provided an inexpensive solution, particylavhen compared to other solutions
such as string pots or accelerometers. With a sdasgth of 60mm and a maximum
stroke length of 45mm, the sensor selected forgtidy was also capable of measuring
the maximum chest deflections achieved during djerawithout contacting the inside
of the chest plate. Finally, sensor suitability Vi@asher based upon the accepted use of

linear potentiometers in previous, peer reviewefirnt CPR manikin studies [16-18].

Sensor output was recorded using a data acquisioth and a customised LabVIEW
software program (National Instruments, TX, USA),alaptop computer, to record the
output voltage signals. The manikin instrumentatieas calibrated to record the chest
compression depths and chest compression forcéis@pp the lower third of the man-
ikin sternum during simulated infant CPR. The manighest was compressed by the
MTS 858 machine, at a quasi-static rate of 0.5thrbetween the most anterior aspect
of the manikin thorax and a chest compression fofc65.4kg. Chest deflections, chest
compression forces and the sensor output voltage meeorded at a 24Hz sample rate.
This was repeated a further three times, with degfla-voltage and force-voltage rela-
tionships were calculated from the first set olutess These relationships were applied
to the remaining three sets of results to compesdigted and actual chest compression
depths and forces (Figure 3-4). Mean regressiodigngs, with 95% confidence inter-
vals [95% CI] and Pearson’s correlation coefficie), for chest compression depths
and chest compression forces were 0.996 [0.95@211®m &=1) and 0.998 [0.952,

1.044] kg R=0.998) respectively (calculated with SPSS 16.GSmc., IL., USA).

The compression rate sensitivity of the manikinbeation relationships were assessed
by compressing the manikin chest with sinusoidatef@arms performed at compression

frequencies of 1Hz, 2Hz and 3Hz. The manikin clnest compressed by the MTS 858
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machine between the most anterior aspect of thekimathorax and a 26.4kg chest
compression force at each frequency. Chest deaflestichest compression forces and
the sensor output voltage were recorded at sampds of 48Hz (1Hz test), 96Hz (2Hz
test) and 144Hz (3Hz test). Each test was perforioedix cycles, with the fifth cycle
compared, as above, to the deflection-voltage armkfvoltage relationships developed
during the quasi-static testing (Figure 3-5). Meagression gradients, with 95% confi-
dence intervals [95% CI] and Pearson’s correlatioefficients &), for chest compres-
sion depths and forces were 0.995 [0.763, 1.227](Rinl) and 0.978 [0.756, 1.200]

kg (R°=1) respectively (calculated with SPSS 16.0).

3.3.2 Study Coordination and Participants

This research study was approved by two local Matidlealth Service (NHS) Health
Boards in the South Wales region (IRAS 45342) antdih the CEO of the Advanced
Life Support Group (ALSG) and the Working Group €l the ALSG run Advanced
Paediatric Life Support (APLS) training course. &ash ethical approval was obtained
from the Cardiff University School of Engineeringhies Committee, whilst Research
Ethics Committee approval was not required, sinetsShtaff only were used in this
study [182].The approved Research Protocol, documentation atigrs of Approval

for the study are presented in the Electronic Aplp=ss.

Training course instructors were recruited to #tigly from two APLS training courses.
Prior to testing, the Training Course and MedicakBtors for each course confirmed
their willingness to facilitate this study. Pangant Information Sheets were circulated
to all potential participants by the Training CauiBirector, at least one week prior to
testing. Before testing, participants were briebedthe experimental procedures using

the standardised Experimental Instruction Sheey. dueries the participants had were
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answered and, once satisfied, the participants asked to complete and sign the Par-
ticipant Consent and Participant Details Formsividdal results were reported back to

the participant, via the Training Course Directdter study completion.

Twenty-two consenting instructors were recruitemhfrtwo APLS training courses. The
participant exclusion criteria for this study wenevalid APLS instructor certification,
incomplete data acquisition, withdrawal of consamdl participant health issues. Study
demographics (gender, field of expertise and dinexperience) were collected via the
Participant Details Forms. Study participants cstesi of eight male and 14 female cer-
tified APLS instructors; 12 participants were dasicseven were resuscitation officers
and three were registered nurses. Meas) @tinical experience was 17.4+7.7 years,
whilst 11 participants were randomised to perfonea TT technique first. A study sam-
ple size of 22 participants is able to adequatetgct mean paired differences 0.6 times
the standard deviation of the differences; assurdatg normality, a two-sided signifi-

cance level of <0.05 and >80% statistical powelc(dated with G*Power 3.1.5 [183]).
3.3.3 Experimental Procedure

Prior to testing, the instrumented manikin wa
set up in a separate assessment room, on a

table, with the laptop and peripheral equipmel "K_.j\

located below (Figure 3-6). Participants weru\%

assigned, via a table of randomised numbers,
a chest compression technique order (TT-TF
TF-TT) and instructed to perform continuou

compressions (i.e. no ventilations required) fd

Figure 3-6: Experimental set up for
testing
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two minutes with each chest compression technigué.recovery, during technique
cross-over, was permitted for all participants. €le@mpression depths and forces were
recorded at a 50Hz sample rate throughout, with lie¢ participant and investigator
blinded to feedback. Participants were neitherestfed nor coached on either tech-

nique, nor briefed about the nature of the obsematrecorded.

3.3.4 Chest Compression Quality Measures

Chest compression quality measures for this studsevadapted from internationally
agreed guidelines for the uniform reporting of theasured quality of CPR (Figure 3-7)
[13]. Chest compression depths were defined asn@mamum chest deflection meas-
ured in the chest compression phase. Chest rdleass were defined as the minimum
chest compression force measured in the chestseelg@aase. Chest compression rates
were calculated from the inverse of the time betweensecutive chest release forces.
Compression duty cycles were calculated by dividivegarea under the chest deflection
curve by the product of the chest compression dapthtime for each chest compres-
sion cycle. All four quality measures were calcethfor each chest compression cycle,

which were defined between consecutive chest reldses.

A quality index approach was developed to assesgjtiality of compression depths,
release forces, compression rates and duty cyal@sg with a quality index to charac-
terise overall chest compression quality. For eqdlity index, the proportion of chest
compressions that complied with quality targetsdach measure was recorded. Chest
compression depth and compression rate qualitgtsngere based on current guideline
recommendations; targeting depths of at least bineé-the external AP chest diameter
(>36.7mm for this manikin) and a rate between 1007180 [1-3]. A chest release

force quality target of <2.5kg was defined to reere the chest compression force
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Figure 3-7: Example chest deflection curves definm(a) chest compression depths, (b) chest
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deflection curve and the dashed-dotted box repteska product of the compression depth and
the chest compression cycle time.
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associated with a clinically significant increasantrathoracic pressure in infants [148].
Finally, a compression duty cycle quality targeB80f50% was defined to represent the

most effective range observed in infant animalasgates [150, 153, 154].

Where multiple recommendations exist, secondaryitguargets were also assessed.
Using ERC & UKRC guideline recommendations, thepprtion of chest compressions
that achieved the approximated absolute chest assjon depth target e 0mm were
recorded [1-3]. A complete release force targex% the manikin weight (<0.5kg)
was defined to represent the minimum chest comipre$ésrce associated with a signif-
icant increase in intrathoracic pressure in infamd animal surrogates [147-149]. Also
recorded for the secondary analysis were the ptiomoof chest compressions with ex-

cessive compression rates (>120Miand prolonged duty cycles (>50%).

Finally, to assess overall chest compression qudliting simulated infant CPR, the
proportion of chest compressions that simultangoashieved all four primary chest
compression quality targets was calculated for edogst compression technique. This
was repeated to record the proportion of chest cesspns that also achieved three or

more quality targets, two or more quality targetd at least one quality target.

3.3.5 Statistical Analysis

Median values for all four chest compression quatieasures were recorded for each
participant along with both the primary and seconddest compression quality indi-
ces. Study results were reported either as meahsswndard deviations, or as medians
with inter-quartile ranges, as appropriate. Meamepadifferences between techniques
were reported with 95% confidence intervals for fallr chest compression quality

measures. Performance decay was evaluated by mpllge changes in all four quality

Page|66



PHILIP S.MARTIN CARDIFF UNIVERSITY

measures over the two minutes of chest compressidean paired differences, com-
paring the first 15 seconds of chest compressiatisthe seven 15 second periods that
followed, were reported with 95% confidence intésvafter testing for data normality
(Shapiro-Wilk tests), all results were compareckelifier paired Student T-tests or Wil-

coxon’s signed rank tests as appropriate.

The effects of potential confounders, including dgm chest compression technique
order, field of expertise and clinical experienos, all four quality measures were as-
sessed. Data were tested for normality and homdgesfevariance (Shapiro-Wilk and
Levene’s tests). The effects of participant geraahel chest compression technique order
were analysed using either independent Studenst$-te Mann-Whitney U tests as ap-
propriate. The effects of participant field of exise were analysed using either one-
way ANOVA or Kruskal-Wallis tests, as appropriatehilst the effects of participant
clinical experience were analysed by linear regoesanalyses. All statistical analyses
were performed using the SPSS 16.0 statisticalvaodt package, with statistical signif-
icance considered p&0.05 and alp-values considered to be two-sided, whilst post-hoc

power analyses were performed with G*Power 3.183]1

3.4 Results

Simulated chest compression quality measures hrgtrdted against their evidence
based quality targets in Figure 3-8 and summangiéd their primary and secondary
quality indices in Table 3-1. On average, partinoisacompressed the chest significantly
deeper with the TT chest compression technique wimthe TF technique. This re-
sulted in a greater proportion of chest compressibat achieved quality targets of one-
third the external AP thoracic diameter, but faitedresult in any chest compressions

achieving depths af40mm. A total of 16 (73%) participants achieved phienary chest
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Figure 3-8: lllustration of the median chest comprasion depths, chest release forces, chest
compression rates and compression duty cycles achesl by the two-thumb (TT) and two-
finger (TF) chest compression techniques.

Current evidence based quality targets are illtesirdy dashed lines. Chest compression depth
targets were>36.7mm and>40mm, chest release force targets were <2.5kg @rfeke;, chest
compression rate targets were 100-120na@nd compression duty cycle targets were 30-50%.
The centre line of the box plot represents the aredalue of the data, the upper and lower lines
of the box plot represent the upper and lower geardf the data, the cross represents the mean
value of the data and the whiskers represent th&nmaan and minimum values of the data.
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Table 3-1: Simulated infant CPR chest compressionuality measures and quality indices for
the two-thumb (TT) and two-finger (TF) chest compresion techniques

Mean Paired

TT Technique  TF Technique Difference P-value

Chest Compression Depths (CD)

Mean Compression Depth /mm 33+3 265 7[5, 10] <0.00F

Median Compression Depth /mm 34 [32, 35] 24 [22, 29] <0.001

CD Quality Index £36.7mm) /% 6 [0, 7] 010, 0] <0.001

40mm CD Index¥40mm) /% 00, 0] 00, 0] 1.00
Chest Release Forces (RF)

Mean Release Force /kg 0.8+0.4 0.2+£0.2 0.6 [0.4,0.7] <0.00F

Median Release Force /kg 0.8[0.4, 1.0] 0.2 [0.1, 0.3] <0.001

RF Quality Index €2.5kg) /% 100 [100, 100] 100 [100, 100] 0.37

Complete RF Index<Q.5kg) /% 10 [0, 71] 100 [94, 100] <0.001"
Chest Compression Rates (CR)

Mean Compression Rate /rifin 128 + 21 131+21 -3[-7, 0] 0.052*

Median Compression Rate /riin 120 [113, 144] 131 [113, 144] 0.079

CR Quality Index (100-120mif) /% 47 [3, 78] 39[2, 72] 0.24

CR Too Fast Index (>120mih /% 336, 97] 61 [17, 98] 0.053
Compression Duty Cycles (DC)

Mean Compression Duty Cycle /% 61+8 53+8 96, 11] <0.00F

Median Compression Duty Cycle /% 64 [56, 67] 53 [49, 56] <0.001

DC Quiality Index (30-50%) /% 0[0, 7] 23 [4, 62] <0.001

Prolonged DC Index (>50%) /% 100 [93, 100] 77 [38, 96] <0.001

Mean quality measures are presented as mean vaktasdard deviation, whilst both the median quatieasures ar
quality indices are presented as median valuesrfouiartile range]. Diffrences between quality measures (TT less
are presented as mean paired differences [95%deorde interval] P-values were calculated from tvaided paire:
samples Student’s T-tests (*) or Wilcoxon's SigRek testsj.
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compression depth quality target with the TT tegbei whilst only two (9%) achieved
this with the TF technique. No participant was obed to achieve the primary chest

compression depth quality targeB6.7mm) with >50% of chest compressions.

The TF chest compression technique was observedthorelease the chest significant-
ly further and significantly reduce the compressituty cycle, when compared to the
TT technique. This improved the proportion of coegsions that achieved compression
duty cycle quality targets, with >99% of all chestmpressions achieving chest release
force quality targets. Consequently, this improveel proportion of compressions that
completely released the chest, whilst also reduttiegoroportion of compressions with

a prolonged duty cycle.

No significant differences were detected betweentdithniques for chest compression
rates. Overall, less than 50% of chest compressiohigved current chest compression
rate quality targets during simulated infant CPRhwexcessive chest compression rates

frequently provided by the majority of participants

The overall chest compression qualitv

100 1 OTT Technique
90 A OTF Technique
80 -
70 -

ot | T
o Il

10 A

O T T T 1
, _ . 1+ 2+ 3+ 4
with all four quality targets and with Number of Quality Targets

indices achieved by the TT and TF che
compression techniques are illustrated

Figure 3-9. Overall chest compressic

ty Index Score /%

quality was observed to be very poor fc :

both techniques, with <1% of all che

ean Qual

compressions complying simultaneous =

~50% of Chest CompreSS|0nS falllng t6|gure 3-9 Mean overall qua.“ty indices for
the two-thumb (TT) and two-finger (TF) chest

compression techniques.
Error bars represent 95% confidence intervals.
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achieve two or more quality targets. When compar@atpniques, the TF technique was
observed to achieve a greater proportion of ch@sipeessions that complied with three
or more chest compression quality targets only (mpared difference: -12 [-20, -3]%;

p=0.008).

The change in all four chest compression qualitasaess, over two minutes of chest
compression only CPR, is illustrated for the TT ddchest compression techniques in
Figure 3-10. Performance decay was observed faeghinique compression depths and
compression duty cycles, with a 1-1.5mm reductioeampression depth observed af-
ter 15 seconds and a 2-3% increase in compressiyncgicle between 30-90 seconds.
Performance decay was observed for TF techniqu@@ssion depths, with a 1-1.5mm
reduction in compression depth between 75-105 siscdvio significant decay in chest
compression rate or chest release force performaasebserved for either infant chest

compression technique.

Of the potential confounders investigated, paréinipgender, field of expertise and clin-
ical experience were all observed to have no st effect on any of the quality
measures achieved. Participants that performed theechnique first were, however,
found to provide faster TT technique compressidasrahan those that performed the
TF technique first (mean difference: 18 [1, 36]thip=0.044; power=33%). Aside from

this, no other quality measure was affected bytot@mspression technique order.
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3.5 Discussion

3.5.1 Summary of Principle Findings

This study is the first to evaluate the qualityabfest compressions provided during
simulated infant CPR against current evidence bakedt compression quality targets.
The results demonstrate that TT technique chestpesrions achieve greater chest
compression depths, whilst the TF technique retetise chest further and reduces the
compression duty cycle. Consequently, this resuited greater proportion of chest
compressions achieving chest compression depthtyjtatgets for the TT technique
and compression duty cycle quality targets for Tietechnique. Despite this, overall
chest compression quality was very poor for botthteques, with <1% of all chest
compressions simultaneously achieving all four iqp&rgets and ~50% failing to even
achieve two quality targets. Performance decayfurdiser reported for both TT and TF

technique chest compression depths and TT techoimueression duty cycles.

3.5.2 Comparison of Findings with Relevant Literature

Current European and UK Resuscitation Council dunds emphasise the provision of
high quality chest compressions during CPR [1-3gsjte this, poor quality chest

compressions remain prevalent during in-hospital amt-of-hospital cardiac arrests in

the adult and paediatric populations [22, 23, 33, ®oor quality chest compressions
were also provided throughout this study by bofanhchest compression techniques;
with <1% of all chest compressions achieving alirfohest compression quality targets
and ~50% of all compressions failing to achievenetveo. Fundamental to this was a
combination of shallow compression depths, excessivnpression rates and prolonged

duty cycles, whilst the TT technique also failedtopletely release the chest.
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Increased chest compression depths have been etidervesult in favourable haemo-
dynamic outcomes, such as increased arterial pesssu infant and adult human sub-
jects [30, 144] and increased coronary flow andliearoutput in animal surrogates [31,
142]. This has been strongly linked with increadefibrillation success and survival to
hospital discharge after cardiac arrest in aduthd subjects [32, 33]. Recent research,
however, reports shallow chest compression degthrg)g both adult and older paediat-
ric CPR and during simulated infant CPR on instroteeé manikins [14-19, 22, 23, 32,
33, 41]. Despite the greater TT technique compoesdepths recorded in this study, a
tendency to under-compress the chest was alsowvalssedn average, 94% of all TT
technique and 99% of all TF technique chest conspras failed to either achieve or
surpass target chest compression depths of ortettierexternal AP thoracic diameter
(>36.7mm), whilst all chest compressions failed thiewe absolute chest compression

depth targets of40mm.

Incomplete chest release during CPR generatesas@teintrathoracic pressures in the
chest release phase, consequently limiting retbmemmous blood to the heart and reduc-
ing both coronary and cerebral perfusion press[8és35, 147, 148]. Whilst the in-

complete release of the chest has been found B025-0f chest compressions during
CPR in older paediatric subjects [41, 42], over 3f%hest compressions achieved tar-
get release forces during CPR in adult subject$. [BRe chest release force quality
demonstrated by this study established that batimiques achieved >99% compliance
with current release force quality targets, witHyoone participant failing to achieve

100% compliance whilst providing the TT techniqlibe TF technique was, however,

observed to release the chest significantly furthan the TT technique, resulting in a
greater proportion of chest compressions that gedi¢he complete chest release force

target of <0.5kg (<10% the manikin weight). As dhedease forces of >10% a sub-
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ject’s body weight cause a measurable increasetiathoracic pressure [147-149], the
TF technique may, therefore, provide chest compresghat provide a superior return

of venous blood to the heart during infant CPR.

Prolonged compression duty cycles, combined witheiased chest compression rates,
results in inadequate chest wall relaxation duf@iRR, adversely affecting myocardial
blood flow, cardiac output, cerebral perfusion ptee and cerebral blood flow [150,
153, 154]. Whilst chest compressions, in both adalid paediatric subjects, achieve
target rates [23, 32, 41], the compression ratpsrted in other simulated infant CPR
studies are much faster than current targets anydexdensively between providers [16,
17, 19]. Similar results were observed in this gtwdth 33% of all TT and 61% of all
TF chest compressions compressing the chest tocafasa large variation between
providers. Although compression duty cycles durauylt CPR are reported between
33-47% [23, 32, 35], duty cycles during paediaGieR have never been guantified. In
this analysis of compression duty cycle qualityidigiisimulated infant CPR, 0% of all
TT technique chest compressions and 23% of alleERrtique compressions complied

with the quality targets, with both techniques pdowg prolonged duty cycles.

Participant performance decay is detrimental tssthempression quality during CPR
[17, 20, 21, 161-164]. Previous research documenst compression depth quality
decay after just one minute of simulated infant GBR 20, 21], primarily attributing

this to participant fatigue. Performance decayci#fie both TT and TF technique chest
compression depths and TT technique compressignayates in this study. The onset
of TF technique compression depth decay (75-106r&k) was observed to correspond
with current research that indicates the onsetatgde during the second minute of

simulated infant CPR [17, 20, 21]. The onset oft&éd@hnique compression depth decay,
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however, occurred after just 15 seconds. As ppditi fatigue is unlikely to occur after
15 seconds, this may indicate that participantgify achieved the maximum achieva-
ble compression depth of the manikin. Finally, EEhnique compression duty cycle
performance decay was also unlikely to be relatguhtticipant fatigue, as its onset was
observed from 30-90 seconds only and not for thal 80 seconds. Although it remains
unknown why this decay in performance occurredhay be that it was associated with
an increase in chest release forces and decreabeshcompression depths which, due

to the way duty cycles are calculated, can resulicgreased compression duty cycles.

3.5.3 Study Methodology

This study attempts throughout its design to misenéxperimental bias and optimise
data accuracy. The study obtained informed conent certified APLS instructors,

giving individuals a free choice, and adequate titneonsider participation. The use of
a randomised, crossed-over, study design redueethfllience of confounding covari-

ates by using each participant as their own contvblist increasing the power of the
statistical analyses. Experimental bias was redtizexigh blinding the participants to
the study objectives and the separate assessnmmant hostruction standardisation was
provided by the Experimental Instruction Sheet,Istrthe recovery period during each

cross-over was employed to minimise the carry efercts of fatigue.

Advanced Paediatric Life Support (APLS) trainingis®e instructors were selected for
the study, as the APLS course is a leading paed&trergency life support course both
taught and practiced throughout the World. Institgtare selected from outstanding
candidates at courses and have successfully pastedr assessment at a Generic In-

structor Course [184]. The quality of CPR providgdthe APLS instructors should, in
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theory, therefore represent the current ‘gold saadidfor chest compressions provided

during infant CPR.

Chest compression only CPR was selected aheadnetobonal CPR (i.e. provided
with ventilations) in this study for a number ofsens. Although conventional CPR is
recommended during unwitnessed out-of-hospitalicpudmonary arrest in infants [1-
3], no difference in chest compression qualityegarted during simulated infant CPR
[19]. Due to the time constraints of performing thteidy during an APLS training
course, however, only one technique could be uSadst compression only CPR was
selected, therefore, as this would provide thetgetanumber of chest compressions for

analysis from the two minutes of simulated infaRtRC

An important limitation of this study was the udetlwe infant CPR training manikin.
Although infant CPR training manikins have beendusgtensively to investigate chest
compression quality, their design is recognisetleasg flawed [14-21]. Previous stud-
ies highlighted chest compression stiffness asydikatation to biofidelity [14-21], but
fail to consider the effects of the maximum achi@gacompression depth (CDmax) of
the manikin. For the commercially available inf&@®R training manikin used by this
study, the CDmax (defined as the chest deflectatmeaed at a chest compression force
of 26.4kg) was observed to be 40mm. Unsurprisingllyparticipants failed to achieve
chest compression depths of 40mm. Since the inté&fdahest depth of a three month
old male infant is 56.2mm [143], chest compressidasng this study may also have
been restricted to unrepresentative depths by eehamical constraints of the manikin.
This may have prevented participants from being dbl provide high quality chest
compressions, whilst also potentially concealirgyhesence of chest compressions that

over-compressed the thorax.
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The development of a quality index approach in #tigly provided an important and
flexible approach to benchmarking rescuer perfocaaagainst evidence based chest
compression quality targets. The quality targeisad in this study were based on a
combination of infant subject, adult subject, ragaphic and animal surrogate studies.
Only the chest compression depth and rate qualigets are currently recommended by
international consensus opinion, whilst consenqusi@n still remains to be reached
regarding the provision of optimal chest releaseds and compression duty cycles.
This, however, reflects the current position of sieeentific evidence base guiding cur-
rent infant CPR recommendations. With future redgeathese infant specific targets,
used for benchmarking chest compression qualitindunfant CPR, could be updated;

affecting the quality index results of this studyyo

This study aimed throughout its design to mitigaie effects of potential confounders.
A randomised, crossed-over, study design was wseztitice the effects of confounding
covariates, in addition to increasing the powethef statistical analysis, by using each
participant as their own control. The effects oésthcompression technique order, par-
ticipant gender, field of expertise and clinicapexence on all four chest compression
guality measures were investigated; finding onlgt thT technique chest compression
rates were affected by chest compression techmriex. Although this may imply that

participants that used the TT technique first inseal their effort, the power of the sta-
tistical test was 33% implying that this differencey simply have been caused by
type-Il errors. More participants would have beequired to adequately power the tests
to determine if this was a confounder or due tcetiperrors. Finally, despite being

blinded to the objectives of the study, particiganere aware of being observed, so

their performance may have been influenced.
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3.5.4 Impact of Research Findings

The results from this study may have several ingmrtlinical and educational implica-
tions. From this study it was observed that <1%lbEhest compressions, regardless of
technique, achieved current evidence based chegiression quality targets. Although
performed during simulated infant CPR, these reszduld have serious implications if
directly transferable to provider performance imickl practice. Poor performance, for
both recommended techniques, was due to a comtanatishallow chest compression
depths, excessive compression rates and prolorgagdression duty cycles, whilst the

TT technique also failed to completely releasectinest.

Whilst no direct association has been observeddmtva strict compliance with current
international recommendations and an improved gahdutcome [149], evidence from
animal surrogate studies and human observatiosssinggested a positive correlation
between evidence based guidelines and the optiomsat blood pressure and flow [30,
31, 34, 35, 142, 144, 147-150, 153, 154]. The miowi of shallow chest compression
depths in clinical practice would result in subomi forward blood flow during infant
CPR [30, 31, 142, 144], thus reducing the perfusibwital bodily organs, such as the
brain. Furthermore, the incomplete release of thestand provision of prolonged
compression duty cycles would impede the returmenfous blood to the heart and re-
duce coronary perfusion [34, 35, 147-150, 153, 1BH4is may be a particular problem
for the TT technique, which provided greater cliektase forces and compression duty
cycles during this study. Finally, excessive clashpression rates in clinical practice
would result in the inadequate relaxation of thesttwall, impeding the venous return

of blood to the heart and limiting forward bloodwl [150, 153, 154].
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If resuscitation providers were to deliver chesnpoessions that failed to achieve these
quality targets, it is unlikely to result in thedslen termination of blood flow during
CPR. Small deviations in chest compression quéidgn these optimised targets are,
therefore, acceptable during CPR, as small deviatare unlikely to be considerably
detrimental to survival. With ~50% of chest compgiess failing to achieve even two of
these quality targets, however, this study raisesmgportant question over whether the
current quality of chest compressions providedmuinfant CPR fail to optimise out-
comes. As there is considerable scope for quatigrovement, and current evidence
suggests outcomes can be optimised through prayhdgh-quality chest compressions,
it would therefore seem reasonable to strive towachieving current evidence based

chest compression quality targets.

To improve current chest compression quality durirignt CPR, resuscitators must be
encouraged to achieve target compression depthbdibr recommended techniques.
This may be easier to achieve and maintain whergukie TT technique, as it performs
deeper chest compressions and delays the onsesaifier fatigue. Further improve-
ments may also be achieved through educating restuachieve the full release of the
chest, particularly for the TT technique. This wbuhprove the complete release of the
chest and may also potentially improve compressioty cycle quality. Finally, im-

proving the quality of compression rates may alsadalised through regulation with a

metronome.

As mentioned in the study limitations, it is alsepiortant to consider that this research
focuses primarily on chest compression qualityrmysimulated infant CPR. The use of
an infant CPR manikin means that the chest comipresperformed during this study

may not represent those which are performed inn&cal environment. In fact, this is
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particularly relevant in this study, as the effeata 40mm maximum achievable chest
compression depth on chest compression qualityir@kaown. Further research on this

particular issue is clearly required.

3.6 Conclusions

This study is the first to fully evaluate the compte of simulated infant CPR chest
compressions against current evidence based obegtression quality targets. The TT
chest compression technique was observed to ireikaest compression depths, whilst
the TF technique reduced both chest release f@wedscompression duty cycles. TT
technigue chest compressions improved compresgpth djuality, whilst the TF tech-

nique provided a superior compression duty cyclaligu Overall, both techniques

were found to rarely comply with all four chest quession quality targets, with exces-
sive compression rates and prolonged duty cyclegatent. Scope, therefore, remains
for a considerable improvement in chest compresqigality during simulated infant

CPR. Future work should focus on ensuring thats@sators are made aware of their
performance against these evidence based qualggtsa Prior to this, an infant CPR
manikin must be developed with a more physiologmakimum achievable chest com-

pression depth.
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4  CHEST COMPRESSION QUALITY USING A MORE ‘PHYSIOLOGICAL ° MANIKIN

DESIGN

4.1 Introduction

Recent research reports the provision of poor tyjuehiest compressions during simu-
lated infant CPR, caused primarily by inadequatesticompression depths and a large
variation in chest compression rate [14-19]. Chaptlirther compliments this research
by confirming the delivery of very poor quality dtecompressions during simulated
infant CPR, even by trained resuscitation instmgctundamental to this was a combi-
nation of shallow chest compression depths, exeessiest compression rates and pro-
longed compression duty cycles; whilst chest reldasce quality targets were achieved

in the majority of chest compressions.

In response to the outcomes of previous researghert guidelines recommend that
resuscitators “push hard, push fast” during infaRR to encourage an improvement in
chest compression quality [1-3]. Paediatric CPing manikins have, however, been
observed to have a maximum achievable chest cosipreslepth (CDmax) of only

one-third the external AP thoracic diameter of tienikin [17, 185]. These mechanical
constraints may, therefore, have prevented restistst from achieving representative
chest compression depths during simulated infaR;Gietentially affecting both chest
compression quality and concealing the presencehafcic over-compression. This
was further observed in Chapter 3, where chest oessn depths failed to exceed
40mm; the maximum achievable chest compressiorhdeipthe infant CPR training

manikin used in the study (ALS Baby®, Laerdal MedliGtavanger, Norway).
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This emphasis on pushing hard and fast during in@#R also raises concerns over a
potential increase in the risks of CPR relatednrawlue to thoracic over-compression.
Recent research has estimated that, if chest casiprs are performed to one-half the
external AP thoracic diameter, over 90% of youngdcbn would experience residual
internal chest depths of <10mm; hypothesising tinage depths could potentially cause
intrathoracic trauma [143, 146]. As CPR relateddb@ trauma may significantly im-
pact survival and hamper patient recovery [186-188} important to establish whether
infant chest compressions currently achieve pabytinjurious depths during CPR. If
so, based on the principle of non-maleficence idiomee (to “first, do no harm”) [189],

it is important that the design of future intervens attempt to balance the haemody-
namic advantages of performing deeper chest cosipredepths, against the negatives

of providing potentially injurious chest compresso

The primary aim of this study was to investigate #dffects of a more ‘physiological’
infant CPR manikin design on chest compressionityuahd thoracic over-compression
during simulated infant CPR. It was hypothesiseat the use of a more representative
manikin CDmax may improve overall chest compressijoality, whilst also potentially

highlighting the presence of thoracic over-compoess

4.2 latrogenic Trauma during Infant CPR

Cardiopulmonary resuscitation is a life-saving egeercy procedure that can also cause
iatrogenic trauma [186-188]. Injuries attributabdechest compressions during CPR are
well documented in adults and can range from sigi@ribruises to multiple skeletal
fractures [186, 187]. To provide chest compresstbas optimise cardiac output during
adult CPR, such injuries are considered to be assacy consequence; particularly if

they are considered not to be life threateningoggnic trauma resulting from adult
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CPR, however, represents neither the incidenceth@bputcomes, that presents in the
paediatric population [186-188]. Consequently, lttezature must be fully appraised to

evaluate the prevalence of CPR related trauma satihespaediatric populations.

4.2.1 Epidemiology of latrogenic Trauma during CPR

Ten consecutive case series (Table 4-1) excludegréssence of trauma, abuse and pre-
existing congenital abnormalities in investigati@®R related thoracic trauma [190-
199]. Evidence of CPR related rib fractures weporied in four studies; reporting 29
cases in a population of 2,485 across all ten studincidence: 1.17%). Betz and
Liebhardt reported two rib fracture cases in aesedf 94 resuscitated children, aged
from 5 days to 7 years old [191], whilst Bushal recorded a single case in 211 pa-
tients aged younger than 12 years [193]. Webeail observed seven acute rib fractures
cases in 546 patients that suffered a sudden uoeéeath in infancy; concluding
that these were most likely the result of CPR [1&#jally, Reyest al reported 19 rib
fracture cases in 571 infants aged <6 months atdjrfg a significant increase in the
incidence of CPR related rib fractures to 7.9%radt#opting the 2005 AHA guidelines
[199]. All rib fractures reported in all four stedi were located either ventrally, at the

sternochondral joints, or anterolaterally [191, 1836, 199]. Ribs I-IX were all report-

Table 4-1: Case series of cardiopulmonary resusciian (CPR) related trauma

First Author Year el R S_tudy ; CPR Related Tra.uma -
lyears Size h Rib Fracture Intrathoracic  Serious

Feldman [190 1984 <8 50 - -

Betz [191] 1994 <7 94 2 11

Spevak [192] 1994 <1 120 - - -

Bush [193] 1996 <12 211 1 6 3

Price [194] 2000 <10 324 - 3 1

Ryan [195] 2003 <14 153 - 7

Weber [196] 2009 <1 546 7 -

Matshes [197] 2010 <18 382 - 5

Ozer [198] 2010 <9 34 - -

Reyes [199] 2011 <0.5 571 19
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ed to be fractured during CPR, all but two casesqgmted with multiple rib fractures
and fractures were bilateral in 55% (16/29) of edd®1, 193, 196, 199]. Importantly,
no posterior rib fractures were recorded by ang\stalthough several studies used rib
fracture location to categorise the fracture meidmar(i.e. posterior rib fractures were

used to exclude cases from study when investig&Pg trauma [196, 199]).

Four case studies report a further 18 CPR relabeftacture cases that the authors felt
were not suggestive of abuse or trauma [200-208bnTas reported a single case from
24 rib fracture patients with four unilateral pogiearc fractures [200]. The presence of
several pre-existing disorders, however, may haedipposed this case to rib fractures
[200]. The remaining reports cited the TT chest paasion technique as the probable
cause of fracture [201-203], although only Matshed Lew explicitly documented its
use [203]. The majority of these fractures wereated ventrally [201-203]; although
Clouse and Lantz recorded posterior rib fractune®ur cases [202]. Both Dolinak and
Matshes and Lew could not adequately exclude tlssipiiity of injuries caused by co-
sleeping in 77% (10/13) of cases [201, 203], whilktuse and Lantz failed to explicitly

confirm the absence of congenital abnormalitie2][20

Intrathoracic injuries resulting from CPR traumareveecorded in five consecutive case
series (Table 4-1) [191, 193-195, 197]. These des@2 cases of intrathoracic trauma
in a total population of 1164 across all five sagd{incidence: 2.75%). Injuries tended
to be pulmonary in origin (62.5%; 20/32), primarpgyesenting as pulmonary haemor-
rhages or contusions [191, 193-195, 197]. Only fastances (12.5%) of intrathoracic
injury were considered, by their authors, to be-threatening [193, 194]. These includ-
ed atelectasis and haemorrhage of the lung (daecemtral line puncture) [194], pneu-

mothorax, a pulmonary interstitial haemorrhage am@picardial haematoma [193].
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4.2.2 Limitations of Epidemiological Literature

The studies included in this review have sevemitéitions that may reduce their relia-
bility. The presence of extensive heterogeneityvben different studies is perhaps the
most important factor when using pooled data tdyseathe incidence of rib fractures.
Rib fractures were documented at postmortem omsiyigua variety of both radiological
and autopsy protocols, with technique sensitiviayying greatly between studies. Radi-
ological protocols varied between plain frontal ardique images of the thorax, whilst

autopsy protocols may have contrasted due to rabiw@miations in technique.

Poorly designed study methodologies may have emihtie effects of heterogeneity
between studies. Study sizes, geographical locatmal lengths all varied extensively
between studies. The retrospective nature of nmtaslies introduced the potential risk
of confounders and selection bias. The use of pmsém subjects may have resulted in
the exclusion of cases that survived the cardisesaevent [57]. Furthermore, the lack
of consensus based injury classification and tbkigion of cases based on the charac-
teristic location and presentation of CPR relatadtfires may have included cases that
were injured during fatal trauma episodes, sudhagisaccidental trauma [204]. Perhaps
most importantly, whilst autopsy was the primaty friacture detection method used in
the majority of these studies, it has been foundetiect only 65% of acute rib fractures
[205]. It is likely, therefore, that a substantmimber of CPR related rib fracture cases

may have been overlooked by the current literature.

4.3 Infant Thoracic Over-Compression Criterion

Minimising the potential for iatrogenic thoraciatrma through the over-compression of

the thorax during infant CPR is critical to providi CPR safely. To monitor thoracic
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over-compression, it is important to develop an-ggecific evidence based criterion to
provide a threshold for evaluating the risks ofagenic thoracic trauma. This thoracic
over-compression criterion is presented from tlseigeitation literature below and was

scaled for a three month old male infant.

A recent study by Bragat al. used computed tomography (CT) to estimate optimum
chest compression depths for young children arahisf[143]. Compression depths that
could compress the chest to a residual internahdefo<10mm were prospectively de-
fined as thoracic over-compression. The study cmlerl that chest compression depths
of one-third the external anterior-posterior (AR)racic diameter were radiographically
appropriate for children aged from 3 months to & geConversely, those targeting one-
half the external AP diameter would compress thesthoo far, resulting in a residual

internal depth of <10mm in 96% of cases [143].

In a similar study using neonates aged <28 dayyeMat al coupled the radiograph-

ical estimation of optimal chest compression deptlie a mathematical model calcu-

lating the approximate ejection fraction at compi@s depths of one-quarter, one-third
and one-half the external AP diameter [146]. Thicrander-compression was defined
at a predicted ejection fraction of 50%, whilsteaidual internal depth of <10mm was
again defined as the over-compression of the thdrhis study concluded that current
international infant chest compression depth recendations of at least one-third the
external AP diameter should be more effective t@mpression depths of one-quarter
the external AP diameter and safer than compresipths of one-half the external AP

diameter [146].

Using the equation reported by Bragfaal (Equation 4-1), the internal AP chest depth

(ID) of a three month old male infant can be calcdla® 56mm [143]. To facilitate the
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over-compression of the thorax, participants usimegmore ‘physiological’ infant CPR

manikin design must be able to achieve maximumtatwapression depths of 56mm.

Equation 4-1: ID =51.7 + 0.38aggmonth$ + 3.4*maldyes= 1,no=0) [143]

As residual internal depths of <10mm are hypotkekie be a potential cause of iatro-
genic intrathoracic trauma [143, 146], a thoracierecompression criterion of 46mm

was prospectively implemented for this modifiecamf CPR manikin study.

4.4 Methodology

4.4.1 Infant Manikin Design

The infant CPR training manikin (Laerdal® ALS Ballygerdal Medical, Stavanger,
Norway), used in Chapter 3, was modified to allthe CDmax of the manikin to be
varied between (i) the original manikin specificati(i.e. 40mm; CDmay), and (ii) the
physiological internal AP chest depth of a threenthoold male infant (i.e. 56mm;
CDmase) [143]. Detailed descriptions and design drawifggsthese modifications are
presented in Appendix A.4, along with the selecpoocedure used to select the spring

for the ‘physiological’ infant manikin design (LCBAJ12S, Lee Springs, Berks, UK).

The chest compression characteristics of the nmemtlifianikin designs were established
using the MTS 858 Mini Bionix Il compression tegtimachine (MTS, MN, USA) and
compared against the chest compression charamteradtthe original manikin design
(Figure 4-1). All three manikin chests were compeekat a rate of 0.5mrhdetween
the most anterior aspect of the manikin thorax antbmpression force of 26.4kg; a
force equivalent to double the mean maximum acllevpalmar pinch force for the

dominant hand of a male adult [181]. This was regzbghree times. Chest deflections
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MTS & 858 Mini Bionix.Il '

Lo

Figure 4-1: MTS 858 machine experimental
set up to establish the compression stiffness
and the maximum achievable compression
depth of the modified manikin chest

Force /kg
o

0 10 20 30 40 50 60
Chest deflection /mm

Figure 4-2: Anterior-posterior force-deflection properties of the original manikin
and the more ‘physiological’ manikin at the 40mm ad 56mm maximum achieva-
ble compression depth settings (CDmaxand CDmaxg).

The original manikin is illustrated by the blackdi the CDmay manikin setting is il-
lustrated by the red line and the CDmaxnanikin setting is illustrated by the blue line.

Table 4-2: Summary of properties for the original aad more ‘physiological’ manikins at
the 40mm and 56mm maximum compression depth settisd CDmax, and CDmaxy).

Manikin Design

Manikin Property — — — =
Original Manikin  CDmaxg Manikin  CDmaxg Manikin

Chest compression stiffness /Nmn 2.2 +0.006 2.1 +0.009 2.1 +0.009
Maximum compression depth /mm 40.0 £ 0.001 40.1 £ 0.009 56.0 £ 0.009

Chest compression stiffness and maximum compresigipthn values are reported as mean (+ standardtibeyia
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and chest compression forces were collected anplsaate of 24Hz to characterise the
force-deflection properties of all three manikinests (Figure 4-2). Mean ¢} chest
compression stiffness (defined between chest daftex of 15-30mm) and meand}t
maximum compression depths were calculated fahedle manikin designs (Table 4-2).
Finally, the external anterior-posterior (AP) thocadiameters (defined between the
most anterior and posterior aspects of the mariionax) were measured to be 110mm

for all three manikins.

4.4.2 Manikin Instrumentation and Calibration

The modified manikin design was instrumented withirra-red distance measuring
sensor to record manikin chest deflections (GP2YXB¥OF, Sharp Corporation, Osa-
ka, Japan) and powered by a 5V power supply. Sesgdection was primarily based on
criteria that included the cost effectiveness @f sensor, a maximum sensor height of
66mm (to fit inside the manikin chest during operat and a minimum sensing range
of 56mm (to monitor the maximum chest deflectionsirty operation). The infra-red
distance monitoring sensor selected for this sfudyided an inexpensive solution for
measuring distance, particularly when comparedhercsolutions such as string pots or
accelerometers. With an operational range of 4-3@Gomd a sensor height of 13.5mm,
the selected sensor was capable of measuring tRienona chest deflections achieved
during operation - providing the sensor was locatede than 40mm away from the
reflective surface. This requirement was taken cdnosideration at the manikin design

stage, with distances from 47-103mm measured doypegation.

Sensor output was recorded using a data acquisiaoth and a customised LabVIEW
software program (National Instruments, TX, USA)afaptop computer to record the

output voltage signals. Manikin instrumentation wasibrated at the CDmaxsetting
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to record the chest compression depths and chegiression forces applied to the low-
er third of the manikin sternum during simulatethit CPR. The manikin chest was
compressed by the MTS 858 machine, at a quastsete of 0.5mmb, between the
most anterior aspect of the manikin thorax and estlcompression force of 26.4kg.
Chest deflections, chest compression forces amsbsemitput voltage were recorded at
a 24Hz sample rate. This was repeated a furthee tfimes, with deflection-voltage and
force-voltage relationships calculated from thetfiset of results. These relationships
were applied to the remaining three sets of resolt®mpare predicted and actual chest
compression depths and forces (Figure 3-4). Megression gradients, with 95% con-
fidence intervals [95% CI] and Pearson’s correlatimefficients &), for chest com-
pression depths and forces were 0.998 [0.954, 1.6v2 (R°=1) and 0.955 [0.903,

1.007] kg R=0.997) respectively (calculated with SPSS 16.GSmc., IL, USA).

The compression rate sensitivity of the manikinbzation relationships were assessed
at the CDmayg setting by compressing the manikin chest witmasboidal waveform at
frequencies of 1Hz, 2Hz and 3Hz. The manikin clnest compressed by the MTS 858
machine between the most anterior aspect of thekmathorax and a chest compres-
sion force of 26.4kg at each frequency. Chest dedfles, chest compression forces and
the sensor output voltage were recorded at samfds of 48Hz (1Hz test), 96Hz (2Hz
test) and 144Hz (3Hz test). Each test was perforioedix cycles, with the fifth cycle
compared, as above, to the deflection-voltage arnkfvoltage relationships developed
during the quasi-static testing (Figure 3-5). Meagression gradients, with 95% confi-
dence intervals [95% CI] and Pearson’s correlatioefficients &), for chest compres-
sion depths and forces were 0.998 [0.771, 1.225](Rinl) and 0.945 [0.677, 1.213]

kg (R°=0.997) respectively (calculated with SPSS 16.0).
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4.4.3 Study Coordination and Participants

This manikin study was approved by five Nationahte Service (NHS) Health Boards
and Trusts across Wales and England (IRAS 4534@)osrthe Working Group Chair
of the Resuscitation Council UK (RCUK) run Europdtaediatric Life Support (EPLS)
training course. Research ethical approval wasimddafrom the Cardiff University
School of Engineering Ethics Committee, whilst Resk Ethics Committee approval
was not required, since NHS staff only were usettig study [182]The approved Re-
search Protocol, documentation and Letters of Aygdréor the study are presented in

the Electronic Appendices.

Training course instructors were recruited to gtigly from five EPLS training courses.
As in Chapter 3, the Training Course and MedicakCtors for each course confirmed
their willingness to facilitate this study. Parngant Information Sheets were circulated
around all potential participants by the Trainingu@e Director at least one week prior
to testing. Before testing, the participants weniefbed on the experimental procedures
using a standardised Experimental Instruction Sheey queries the participants had
were answered and, once satisfied, the participaets asked to complete and sign the
Participant Consent and Participant Details Foindividual results were reported back

to the participant, via the Training Course Directdter study completion.

Forty consenting instructors were recruited to gtigly as participants from five EPLS
training courses. Participant exclusion criteriatfos study were: invalid instructor cer-
tification, incomplete data acquisition, withdravedlconsent and any participant health
issues. Study demographics (gender, field of eig@ednd clinical experience) were
collected via the Participant Details Forms. Stpdyticipants consisted of 18 male and

22 female certified EPLS instructors. Sixteen pgéints were resuscitation officers, 12
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were doctors, eight were registered nurses, twe wperating department practitioners
and two were paramedics. Twenty-one participantse wandomised to the CDmgx
setting first, whilst sixteen participants perfonthie TT chest compression technique
first. The mean (&) clinical experience was 19.0+7.7 years. A stuaiygle size of 40
participants is able to adequately detect mearegalifferences 0.45 times the standard
deviation of the differences; assuming data nomyah two-sided significance level of

<0.05 and >80% statistical power (calculated witiP@ver 3.1.5 [183]).

4.4.4 Experimental Procedure

Prior to testing, the modified manikin was set npaiseparate assessment room, on a
flat table, with the laptop and peripheral equiptmiecated below. Participants were
assigned, via a table of randomised numbers, toiaal manikin setting (CDmagg or
CDmaxg) and an initial chest compression technique (TTey. All participants were
instructed to provide continuous chest compress{pasno ventilations required) for
four 90 second periods. This was performed usirig terhniques, and at both CDmax
settings, in a randomised crossed-over sequenderdeéovery after each period was
allowed for all participants. Chest compressiontde@nd forces were recorded at a
sample rate of 50Hz throughout, with both the pgréint and investigator blinded to
performance feedback. Participants were neitheesbéd nor coached on either chest
compression technique and were blinded to the @atlithe manikin modification, the
observations recorded and the study objectivesvithdal results were fed back to the

participants after study completion.
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4.4.5 Data Analysis

Data were recorded describing the chest compresk&pths, chest release forces, chest
compression rates and compression duty cycles\athi®r all four chest compression
periods. Quality indices, as in Chapter 3, weralusecalculate the proportion of chest
compressions that complied with evidence basedtyuargets (Table 4-3). Finally, to
determine overall chest compression quality, treogrtion of chest compressions that
achieved all four primary quality targets simultangly was calculated. This was re-
peated for the proportion of compressions thateadd three or more quality targets,

two or more quality targets and at least one qu#ditget.

Table 4-3: Definitions of infant chest compressioquality measures and quality targets.

Parameter Definition Target Range Target Range Description

European and UK Resuscitat
Council guidéines recommend
compression depth of no less tl
one-third the external anterior-

Chest The maximum chest deflecti osterior (AP) chest diameter [1-3]
Compression achieved during each chest cc 36.7-46mm ph hreshold | |
Depth pression cycle* e Upmer s IS Propo:
based upon the hypothesis that a re-
sidual internal AP chest depth
<10mm may potentially cause intra-
thoracic trauma [143, 146].
A 2.5kg chest release force wo
cause a clinically significantly in-
crease in intra-thoracic pressuanc
Chest The minimum chest compress significantly limit the return of ve-
Release force achieved during the rele: <2.5kg nous blood to the heart [148\s &
Force phase of each chest compres: <0.5kg 0.5kg chest release force (10% of
cycle manikin's weight) would also caus
measurable increase in int#eracic
pressure [148]this was used as
secondary quality target.
Chest The inverse of the time taken European and UK Resuscitat
. each chestompression cycle ai .1 Council guidelines recommend
Compression o 100-120min* .
Rate quant_lfled as the_z number of co compression rate b_etween 1090
pressions per minute compressions per minute [1-3].

Calculated for each chest cc
pression cycle by dividing tt
Compression area under the chest deflect
Duty Cycle  curve by the product of the ch
compression depth and ch
compression cycle time.

The most effect compression d
30-50%  cycle range observed in infant anir
surrogates [150, 153, 154].

* Chest compression cycles defined between conseccitiest release forces
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Following the resuscitation based literature, thmraver-compression was prospective-
ly defined at a chest compression depth of 46mnesCbompressions that exceed this
criterion would result in a residual internal AReshdepth of <10mm for a 3 month old
male infant [143]. The proportion of chest compi@ss that exceeded the thoracic
over-compression criterion was calculated to g@atitioracic over-compression during
simulated infant CPR. To further quantify thoraciger-compression, the maximum

chest compression depths achieved by each paritoigere also recorded.

4.4.6 Statistical Analysis

Median values for all four chest compression quatieasures were recorded for each
participant, alongside the chest compression qualdices, the proportion of chest
compressions that exceeded the proposed thoraeiccompression criterion and the
maximum chest compression depths achieved by tidy gtarticipants. Study results
were reported either as means with standard demgtdr medians with inter-quartile
ranges. The mean paired differences between CDetirgs (CDmays less CDmaxg)
and infant chest compression techniques (TT legswEFe reported as means with 95%
confidence intervals for all four chest compressiprality measures. After testing for
data normality (Shapiro-Wilk tests), results weoenpared by either paired Student T-

tests or Wilcoxon'’s signed rank tests as appraogriat

The effects of potential confounders, including dgm manikin CDmax setting order,
chest compression technique order, field of experind clinical experience, on all four
quality measures were assessed. Data were testedrfoality and homogeneity of var-
iance (Shapiro-Wilk and Levene’s tests). The effent participant gender, manikin
CDmax setting order and chest compression techrogier were analysed using either

independent Student T-tests or Mann-Whitney U t@stappropriate. The effects of par-
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ticipant field of expertise were analysed usindghaitone-way ANOVA or Kruskal-

Walllis tests, as appropriate, whilst the effectpatticipant clinical experience were an-
alysed using linear regression analyses. All siegisanalyses were performed using
SPSS 16.0, with statistical significance considexguk0.05 for all statistical tests and
all p-values considered to be two-sided, whilst post{imweer analyses were performed

with G*Power 3.1.5 [183].

45 Results

Simulated chest compression quality measures hrgtrdted against their evidence
based quality targets in Figure 4-5. For both Td@ &R chest compression techniques,
the more ‘physiological’ manikin design increaséé thest compression depths and
reduced the compression duty cycles achieved dsimglated infant CPR (Table 4-4).
Subsequently, this resulted in a greater propomiochest compressions that complied
with both the chest compression depth and the cesspn duty cycle quality targets.
No significant differences between CDmax manikittisgs were found for either chest
release forces or chest compression rdE@sessive compression rates were common
for both manikin settings, however, whilst chedease force targets were achieved
by>99% of all chest compressions. Finally, the m'pteysiological’ manikin design
also increased the proportion of chest compresgslmatsachieved the complete release
of the chest and reduced the proportion of compmesgthat both under-compressed the

chest and prolonged the compression duty cycle.

For both CDmax manikin settings, the TT techniques wbserved to achieve greater
chest compression depths than the TF techniqudstwhe TF technique both released
the chest further and reduced the compressiondutye (Table 4-5). Consequently, at

the CDmayo manikin setting, this improved the proportion ot TT technique chest
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Figure 4-5: lllustration of median chest compressio depths, chest release forces, chest com-
pression rates and compression duty cycles achievég the two-thumb (TT) and two{finger

(TF) techniques usinghe 40mm and 56mm manikin designs (CDmax & CDmaxse).

Current evidence based quality targets are illtestrly dashed lines. Chest compression depth tar-
gets were 36.7-46mm, chest release force targets ®¥&5kg ad <0.5kg, chest compression t
targets were 100-120mirand compression duty cycle targets were 30-50%e centre line of tt

box plot represents the median value of the dataupper and lower lines of the box plot repre

the upper and lower qttdes of the data, the cross represents the mahre\of the data and t
whiskers represent the maximum and minimum val@idlseodata.
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compressions that complied with the chest comprasdepth quality targets and TF
technique chest compressions that complied withctirapression duty cycle quality
targets. At the CDmax manikin setting, however, this was found to imganly the
proportion of TF technique chest compressionsdbatplied with the compression duty
cycle quality targets. No significant differencesre observed for chest compression
rates. Finally, the TT technique was observed dice the proportion of compressions
that under-compressed the chest, whilst the TFniqak increased the proportion of
compressions that achieved the complete releate @hest and reduced the proportion

of compressions that prolonged the compression cydig.

The overall chest compression quality indices adueby the TT and TF techniques at
both CDmax settings are illustrated in Figure %erall quality was observed to be
very poor for both chest compression techniquetl) w8% of all chest compressions at
the CDmaxs manikin setting and <1% of all chest compressatnitie CDmax mani-

kin setting complying simultaneously with all foahest compression quality targets.

The more ‘physiological’ manikin design was fourditnprove the proportion of TF

100 1
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Figure 4-6: Mean overall quality indices achievedby the two-thumb (TT) and two-finger
(TF) techniques usinghe 40mm and 56mm manikin designs (CDmayand CDmaxy).
Error bars represent 95% confidence intervals.
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technique chest compressions that achieved alldoality targets (mean paired differ-
ence [95%CI]: 7 [2, 15]%p=0.005), whilst also improving the proportion of &nd TF
chest compressions that complied with both threenore quality targets (TT: 4 [O,
9]%, p=0.044; TF: 13 [5, 21]%p=0.003) and two or more quality targets (TT: 26,[12
40]%, p=0.001; TF: 35 [23, 46]%1»<0.001). When comparing techniques, the TF tech-
nique was observed to provide a greater propodfarhest compressions that achieved

two or more quality targets at the CDrgagetting only (14 [28, 0]%=0.045).

The maximum chest compression deptl

(e}
o
)

achieved by each participant for each che

Hr

Depth /mm
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o
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compression technique are illustrated fc

~1

both CDmax manikin settings in Figure 4-

On average, 33% of all TT technique an

mpression
S
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LI
| I—

o
7% of all TF technique chest compressior O 20 1
£

=]
were found to exceed the proposed thorac € 10 -
X

©
over-compression criterion at the CDmgax =

0 T T T 1

- . . . CDmay, CDmaxs; CDmax, CDma
manikin setting (mean paired differenc (TT)&O (TT))gG (TF)&O (T,:))gG

[95%CI]: 26 [15, 37]%p<0.001), whilst no Figure 4-7: Maximum chest compression
depths, illustrated against the thoracic over-

. compression criterion (46mm), for both two-
chest compressions were observed to excggd (TT) and two-finger (TF) chest com-

: . , pressions and using the 40mm and 56mm man-
this at the CDmay manikin setting. In to- j,in settings (CDmaxo and CDMaxe).

The centre line of the box plot represents the me-
tal, 25 (62.5%) participants exceeded th#an value of the data, the upper and lower lines
of the box plot represent the upper and lower
proposed criterion at least once with the Tquartiles of the data, the cross represents the

mean value of the data and the whiskers represent
chest compression technique, whilst only 1#¢ maximum and minimum values of the data.
(35%) participants exceeded this with the TF teghei Two (5%) participants were

further observed to exceed the thoracic over-coggwa criterion in 100% of all TT

technique chest compressions.
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Of the potential confounders investigated, CDmad#rggorder, clinical experience and
field of experience were all found to have no digant effect on any of the four quality
measures achieved. Male participants were obsdo/edlease the chest significantly
further than female participants for both the TTesthcompression technique at the
CDmaxy setting (mean difference [95%CI]: 0.4 [0, 0.7] kg0.046, power=53%) and
the TF technique at the CDmgsetting 0.1 [0, 0.2] mmp=0.023, power=79%). For
both manikin CDmax settings, participants that geenied the TF chest compression
technique first provided significantly greater Tachnique chest compression depths
than those that performed the TT technique fir®rf@x,o: 2 [0, 4] mm,p=0.021, pow-
er=63%; CDmays: 5 [1, 9] mm,p=0.019, power=65%). Aside from these, no other

quality measure was affected by either genderabmigue order.

4.6 Discussion

4.6.1 Summary of Principle Findings

This study is the first to utilise a more ‘physigical’ manikin design during simulated

infant CPR, with results demonstrating both inceglashest compression depths and
reduced compression duty cycles for both the TTEhdhest compression techniques.
Consequently, the more ‘physiological’ design imy@® both chest compression depth
and compression duty cycle quality, whilst alschhighting thoracic over-compression.

When comparing techniques, the TF technique immtdy@h compression duty cycle

guality and the complete release of the chest addced the incidence of thoracic over-
compression, whilst the TT technique reduced theertraompression of the thorax. De-
spite these individual improvements, overall chesnhpression quality remained very
poor for both techniques, with <8% of all chest poessions complying simultaneously

with all four quality targets.
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4.6.2 Comparison of Findings with Relevant Literature

Current international CPR guidelines emphasise pitwrision of high quality chest
compressions during infant CPR [1-3]. Despite thibapter 3 reports that substandard
chest compressions were frequently delivered bpddaresuscitation providers during
simulated infant CPR. In this study, despite sigatifit improvements in quality with the
more ‘physiological’ manikin design, overall chestmpression quality remained very
poor; with <8% of all compressions achieving alifehest compression quality targets.
Fundamental to this was the combination of inadeuchest compression depths, ex-

cessive chest compression rates and prolonged essipn duty cycles.

An important consideration for high quality chestrpressions is to achieve adequate
chest compression depths to both maintain favoerasaémodynamic outcomes [30, 31,
142, 144] and improve the likelihood of survivaR[B3]. Recent research reports poor
quality compression depths, during CPR in both taalodi older paediatric subjects and
when performing simulated CPR on instrumented infaanikins [14-19, 22, 23, 32,
33, 41]. When patrticipants used the original maniRDmax setting in this study, 7% of
all TT and 0% of all TF chest compressions achiesteest compression depth quality
targets (36.7-46mm). This is consistent with batkevus infant CPR manikin studies
[14-19] and Chapter 3, raising concerns over whttis reflects infant CPR in current
clinical practice. Increased compression depthewserved, however, when patrtici-
pants used the more ‘physiological’ manikin desibinis resulted in 44% of all TT and
34% of all TF chest compressions achieving targeksist reducing the proportion of
compressions that under-compressed the chest. frusjore ‘physiological’ manikin
design allowed providers to achieve current chestpression depth quality targets and

may, therefore, be used to encourage improvememisast compression depth quality.
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Whilst an important consideration of CPR is to aghian adequate chest compression
depth, minimising the likelihood of trauma throutioracic over-compression is also a
safety concern. Although CPR related trauma in gothildren and infants is tradition-
ally considered rare, both rib fractures and ihivedcic injuries have been previously
reported [187, 188, 191, 193-197, 199]. Chest cesgions that achieve potentially in-
jurious depths during infant CPR have, howeverendeen recorded. When using the
more ‘physiological’ infant CPR manikin design, 33%eall TT and 7% of all TF chest
compressions over-compressed the thorax. Clealghast compressions are unable to
over-compress the thorax with the original manidgsign, the more ‘physiological’
manikin design may be used to highlight the prawvisof chest compressions that over-

compress the thorax during simulated infant CPR.

Delivering effective chest compression rates, chelsise forces and compression duty
cycles during infant CPR is also essential to achgeoptimal haemodynamics [34, 35,
147, 148, 150, 153, 154]. Incomplete chest releasegenerate increased intrathoracic
pressures during CPR, whilst prolonged duty cyeled excessive compression rates
result in inadequate chest wall relaxation, allbiich limit the return of venous blood
to the heart and reduce coronary and cerebral gerfypressures [34, 35, 147, 148, 150,
153, 154]. Previous research reports the incompédéase of the chest in older paediat-
ric subjects and excessive chest compression datésy simulated infant CPR [16, 17,
19, 41, 42]. Chapter 3 reported excessive commessites and prolonged duty cycles
for both techniques, whilst the TT chest compressézhnique failed to completely re-
lease the chest. Excessive compression rates ammhged duty cycles were also re-
ported in this study, whilst >99% of chest compi@ss complied with the chest release

force quality targets (2.5kg). When participantedithe more ‘physiological’ manikin
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design, however, both compression duty cycle qualitd the complete release of the

chest were improved for both infant chest compogsgchniques.

The TT chest compression technique is currentlpdeed by both the ERC and UKRC
guideline recommendations for infant CPR [1-3],haprevious research concluding the
TT technique achieved deeper and more consisterst dompression depths than the
TF technique [14-19]. In this study, the use of Tiechest compression technique in-
creased the chest compression depths, chest réteass and compression duty cycles
provided by the participant during simulated inf&RR, regardless of manikin design.
When using the original manikin design, this resdilin an improved compliance with
chest compression depth targets, whilst reducimgptiance with both the compression
duty cycle and the complete chest release targéten using the more ‘physiological’
manikin design, the use of the TT technique wasdiow both reduce compliance with
compression duty cycle targets and increase théance of thoracic over-compression,
whilst the TF technique was found to increase ttog@rtion of chest compressions that

under-compressed the thorax.

4.6.3 Study Methodology

This study attempts throughout its design to miserexperimental bias. Informed con-
sent was obtained from certified EPLS instructard gave individuals a free choice,
and adequate time, to consider participation. Aloamsed, crossed-over, study design
was utilised to reduce the influence of confoundettsilst increasing the power of the
statistical analyses. Participants were blindethéostudy objectives and a separate as-
sessment room was used for testing. Instructioadardisation was provided by the

Experimental Instruction Sheet, whilst the carrgogffects of fatigue were minimised

Page|l1l06



PHILIP S.MARTIN CARDIFF UNIVERSITY

by allowing full participant recovery between chesmpression periods and by reduc-

ing each period to 90 seconds.

European Paediatric Life Support (EPLS) trainingrse instructors were selected for
this study to provide an alternative to the AdvahPaediatric Life Support (APLS) in-

structors used in Chapter 3. The EPLS course tsaalsading paediatric emergency life
support course, with its instructors similarly stéel from outstanding candidates and
having passed a Generic Instructor Course [206¢. S&iection of EPLS instructors as
participants should, in theory, therefore represkatcurrent ‘gold standard’ for chest

compressions provided during infant CPR.

Each chest compression period in this study wagddrio 90 seconds, compared to 120
seconds in Chapter 3, for several reasons. Dugettirne constraints of performing the
study during an EPLS training course, it was undese for chest compression periods
to be 120 seconds. Each instructor would have beguired to perform 8 minutes of
testing, in addition to the experimental briefiraggl recovery periods, which could take
them away from teaching for >10 minutes. Furtheenas Chapter 3 reported that the
onset of TF technique fatigue may have occurredidxe 75-90 seconds, it was decided
that a 90 second chest compression period shotldenexceeded to reduce the effects
of participant fatigue. Despite this reduction mest compression period time, one or
two instructors mentioned they felt the experimeptacedure took a little too much
out of their teaching time. Due to this, it is recoended that future studies use a chest

compression period of 60 seconds only.

Whilst this study highlights the importance of i@ more ‘physiological’ CDmax to
investigate chest compression quality, there Isaspaucity of research defining infant

thoracic biomechanics. A 56mm CDmax was used lsyghidy to represent the internal
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AP chest depth of a 3 month old male infant; howewteatill remains unknown whether
this manikin design appropriately represents thHaninthorax. When considering the
presence of intrathoracic organs, in particulamaty be hypothesised that compression
depths may, in fact, be further constrained inicéihpractice. Furthermore, due a lack
of primary data, the infant thoracic over-compressiriterion was defined based upon
consensus opinion, rather than experimental data, [146], with the evidence based
chest compression quality targets based on a catitmnof infant, adult, radiographic
and animal surrogate studies. Both the more ‘plhygical’ manikin design and thorac-
ic over-compression criterion were, however, depetbusing best available evidence

and so are likely to be an improvement on previessarch and manikin designs.

Finally, this study attempted throughout its designmmitigate potential confounders.
Whilst the randomised, crossed-over, study desigred to reduce the effects of con-
founders, the effects of CDmax order, chest conggvastechnique order, participant
gender, field of expertise and clinical experieme®e investigated. Male participants
were observed to release the chest further thaaléeparticipants for the TT technique
at the CDmax manikin setting and the TF technique at the CDyjnaanikin setting,

whilst deeper TT technique compression depths wereided if the TF technique was
performed first, regardless of manikin design. Tglothese results imply that men re-
leased the chest further and TT technique chesprzssion depths are affected by
chest compression technique order, the power dbatlstatistical tests failed to exceed
80%. This implies that these differences could d&lsalue to type-Il statistical errors;
however, more participants would be required testigate if these confounding rela-
tionships held true. Finally, despite being blindedhe study objectives, participants

were aware of being observed and their performamghave been influenced.
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4.6.4 Impact of Research Findings

The results from this study may have several ingmrtlinical and educational implica-
tions. From this study it was confirmed that a m'pteysiological’ infant CPR manikin
design may be used to deliver quality chest consppasdepths and highlight thoracic
over-compression during simulated infant CPR. Aliio commercially available infant
CPR training manikins have been used extensivelguvestigate CPR quality, their de-
sign is recognised as being flawed [14-19]. Thésdiss highlighted chest compression
stiffness as a key limitation to biofidelity [14{1%ut failed to consider the effects of
the maximum achievable chest compression deptheofrtanikin. This study confirms
that current, commercially available, infant CPRnikins potentially limit the delivery
of high quality chest compressions during simulatédnt CPR, whilst also concealing
the over-compression of the thorax. If true, thatadhcquired from infant CPR training
manikins with unrepresentative chest compressi@mnacheristics should be interpreted

with care.

Through the use of a more ‘physiological’ infantRCRanikin design, the chest com-
pressions simulated in this study may better reprtethe quality of chest compressions
performed during infant CPR in actual clinical gree. These chest compressions were
observed to both compress the chest further antceedompression duty cycles, when
compared to results abstracted from both existifignt CPR manikin studies [14-19]
and Chapter 3. Despite this, overall chest commesguality remained poor for both
chest compression techniques, with <8% of all chestpressions found to achieve all
four infant specific evidence based quality targetsndamental to this was a combina-
tion of inaccurate chest compression depths, exeesbest compression rates and pro-

longed compression duty cycles, whilst the TT téghe failed to completely release
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the chest. Although performed during simulated Ctese results could have several

important implications, if directly transferable ¢bnical practice.

Deeper chest compressions have been observedulb iregavourable haemodynamic
outcomes, such as increased arterial pressureghnrifant and adult subjects [30, 144]
and increased coronary flow and cardiac outputnimal surrogate models [31, 142].
Increased compression depths have also been limkkdmproved survival outcomes,
such as increased defibrillation success and salrtovhospital discharge after cardiac
arrest in adults [32, 33]. Therefore, if the chemmpression depths achieved using the
more ‘physiological’ infant manikin design in thssudy represent the quality of chest
compressions provided in clinical practice, traimealthcare resuscitators may provide
better quality compression depths than previouslieized. Despite this improvement in
chest compression depth quality, however, over 80%ompressions failed to achieve
current infant chest compression depth qualityeergeaving considerable opportunity

for further improvement.

Although current international guidelines emphasigegeneration of sufficient cardiac
output during infant CPR by compressing the chestdequate depths [1-3], little em-
phasis is placed upon restricting maximum deptHsrtib the risks of causing intratho-

racic trauma. In this study, 33% of all TT techrecgand 7% of all TF technique chest
compressions were found to exceed the proposeddicoover-compression criterion,
highlighting the potential for thoracic over-comgs®n in clinical practice. In fact, over
60% of highly trained healthcare providers excedatieicriterion at least once with the
TT technique, whilst 35% surpassed this at leaseonith the TF technique. This,

therefore, raises a significant concern over theect safety of infant CPR.
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In particular, this study raises concerns overdaikety of current international recom-
mendations to “push hard, push fast” during infa®R [1-3]; particularly as this may
encourage the over-compression of the thorax maeli practice. This safety concern is
reinforced in a recent study by Reyssal [199], which documented a recent increase
in the incidence of CPR related rib fractures fwilog the adoption of the 2005 AHA
guidelines. Although, traditionally, the incidenoé infant CPR trauma is considered
rare [187, 188], Reyest al reported the presence of rib fractures in 7.9%asks aged
<6 months old that had suffered a cardiac arrestes2005 [199]. As these guidelines
recommended maximum chest compression depths dfiahéhe external AP thoracic
diameter [207, 208], it was postulated by the argthibat the increase in rib fractures
may have been caused by thoracic over-compressigmgdnfant CPR [199]. In fact, a
recent article highlighted a potential relationshgiween chest compression depth and
iatrogenic injuries occurring during adult CPR [ROB this study, iatrogenic trauma
occurred more frequently when compression deptlegesled 60mm [209]; with this

relating to depths of one-quarter the external Wddcic diameter [210].

Care must, therefore, be maintained with the desfgnture interventions that attempt
to improve chest compression quality during inf@RR, particularly if the intervention
Is to be used in clinical practice. Based on theggle of non-maleficence in medicine
[189], future interventions must actively discowrde provision of potentially injuri-
ous chest compressions, whilst bearing in mind ¢gnaater chest compression depths
are associated with improved haemodynamic [30,182, 144] and short-term survival
[32, 33] outcomes. Clearly, further research isunesgl to determine the optimum chest
compression depths that may be ‘safely’ achievethdunfant CPR (i.e. where the po-
tential severity of iatrogenic thoracic traumal sgpresents a reasonable risk for the in-

creased likelihood of saving a life).
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Delivering effective chest compression rates, chalstise forces and compression duty
cycles during infant CPR are also essential innoiging haemodynamics [34, 35, 147,
148, 150, 153, 154]. The incomplete release ottest in clinical practice would gen-
erate increased intrathoracic pressures, whilstopged duty cycles in combination
with excessive compression rates would result anl@guate chest wall relaxation, both
of which would limit the return of venous blood ttte heart and reduce coronary and
cerebral perfusion pressures [34, 35, 147, 148, 158, 154]. Whilst improvements in
quality were observed for both compression dutyasyand the complete release of the
chest, the majority of chest compressions faileadbieve compression rate and duty
cycle quality targets and ~46% of TT technique thempressions failed to completely
release the chest. It therefore appears that, utithuwther intervention in either clinical
practice or the training environment, optimum hadymamics during infant CPR may

not currently be achievable.

To improve current chest compression quality durirignt CPR, resuscitators must be
encouraged to achieve the relatively narrow thertpevindow for achieving quality
chest compression depths. To achieve this, thehEStaccompression technique must be
discouraged from over compressing the thorax, wthiks TF technique must be encour-
aged to compress the chest further. Further impnewts in chest compression quality
may be achieved by educating resuscitators to cetelglrelease the chest during the
release phase of each compression. This may impgha/@roportion of compressions
that completely released the chest, whilst alsengatlly improving duty cycle quality.
Finally, compression rates may also be improvedutn regulation with a metronome.
Future work, to improve chest compression quasihguld focus on the development of
a real-time performance feedback system to ensstescitators are made aware of their

performance against infant specific evidence babedt compression quality targets.
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4.7 Conclusions

This study is the first to utilise a more ‘physigical’ manikin design during simulated
infant CPR, with results demonstrating both inceglashest compression depths and
reduced compression duty cycles, for both the Td R chest compression techniques.
This, in turn, improved compliance with both congsien depth and duty cycle quality
targets, whilst also highlighting the potential tboracic over-compression. Despite this
improved design, overall chest compression quadityained very poor; primarily due
to excessive chest compression rates and prolacmagression duty cycles. The use of
this novel manikin design as a training aid maymately encourage resuscitators to
achieve better quality chest compressions, potgntraproving infant CPR quality in
clinical practice. Future work should focus on imyng chest compression quality by
ensuring that resuscitators are made aware of pleeiormance, against infant specific
evidence based quality targets, through developingal-time performance feedback

system.

Page|ll3



CHAPTER 5: EFFECTS OF PERFORMANCE FEEDBACK ON CHEST COMPRESSIONQUALITY

5 EFFECTS OF PERFORMANCE FEEDBACK ON CHEST COMPRESSION QUALITY

5.1 Introduction

The provision of high quality chest compressionsrduCPR is vital to improving the
current outcomes of infant cardiac arrest [1-3JorPguality chest compressions during
simulated infant CPR are, however, reported botGhapters 3 and 4 and throughout
the literature [14-19]. Despite using a more ‘pbiagical’ infant CPR manikin design
in Chapter 4, inaccurate chest compression deptttessive chest compression rates
and prolonged compression duty cycles all negatiirgfluenced the quality of chest
compressions provided. Consequently, <8% of chasipcessions, provided by trained

healthcare rescuers, achieved current evidencel lnasdity targets for infant CPR.

Real-time audio-visual performance feedback hagpttential to be a valuable tool for
both monitoring and aiding resuscitator performaree benefits of using existing
feedback devices during CPR in both adult subjacets manikins are well documented;
with the quality of chest compression depths, chedstise forces and chest compression
rates all improved by real-time performance feellja2, 167]. The effects of real-time
performance feedback on the quality of chest cosgmwas provided during infant CPR
have never been quantified. Fundamental to thisth@gpaucity of scientific evidence
on which to establish targets to optimise the miowvi of infant CPR. Recent advances
in infant CPR research may now provide sufficiaeritlence to pave the way for the de-
velopment of an appropriate performance feedbastesyfor assisting rescuers during

infant CPR.

The aim of this study was to evaluate the diffeesna chest compression quality, when

real-time performance feedback was provided t@aiae¢d resuscitator, during simulated
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infant CPR. It was hypothesised that, with the miown of real-time performance feed-
back, resuscitators would be able to perform infgist compressions to a much higher

standard.

5.2 Feedback during Cardiopulmonary Resuscitation

Effective CPR is an essential link in the chainsofvival for the treatment of cardiac
arrests [1-3]. Chest compression performance hasever, been shown to be highly
variable across both the paediatric and adul@itee investigating quality in the out-of-
hospital, in-hospital and simulated CPR setting&19®, 22, 23, 32, 33, 39-42, 174].
Frequent causes of poor quality chest compressnehsded shallow chest compression
depths, interruptions in chest compressions, eressmpression rates and hyperven-
tilation [14-19, 22, 23, 32, 33, 39-42, 174]. Thivision of sub-optimal compressions
was further confirmed in both Chapters 3 and 4epbsg that chest compressions were
often performed with inaccurate chest compressepilts, excessive chest compression

rates and prolonged compression duty cycles dgimglated infant CPR.

Although several studies have reported that chasipeessions frequently fail to meet
established evidence-based guidelines, it alsoaappkat this substandard level of care
can adversely affect both the haemodynamics argttlenm outcomes of cardiac arrest.
Increasing chest compression depths and rateddin &iternational recommendations
results in favourable haemodynamics in both pagdipatients and animal surrogates
[30, 31, 142, 144, 150, 153, 154], whilst also ioyang survival to hospital discharge in

adults [32, 33, 39]. Similarly, minimising chestngpression interruptions can increase
the likelihood of defibrillation success and sualiy27-29]. Most importantly, it has

been shown in both paediatric and adult patierdtttie aggressive implementation of

current guidelines can substantially improve bdtbrsterm outcomes, such as haemo-
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dynamics [30, 144], and long-term outcomes, sucsuagval to hospital discharge and

favourable neurological outcomes [211, 212].

Current international resuscitation guidelines eagde the provision of high-quality
chest compressions during CPR, whilst stressingnipertance of feedback in assisting
rescuers in achieving this [1-3]. The evaluationGHR effectiveness has, however,
proven challenging. Traditional methods, such dpagti@n of the femoral or carotid
pulse and pulse oximetry, do not correlate withceasful outcomes and may mislead
rescuers [213, 214]. One of the key innovations tive last decade has been the devel-
opment of audio-visual feedback systems that asbisst compressions in achieving
current international guidelines [22, 23, 32, 33,42, 174]. The use of these systems
has resulted in a significant improvement in guatitie measures of CPR quality and
surrogate measures of survival (i.e. end-tidab @@ myocardial blood flow) across

human, animal surrogate and manikin based stug&g<B, 32, 33, 39-42, 174].

A number of devices have been developed, whichigeofeedback to support rescuers
during CPR, in both the practical training and ickh settings. These devices can range
in complexity from simple metronomes, to guide ¢loegnpression rates, to more com-
plex devices that both monitor and provide combiaedio-visual feedback about actu-
al CPR performance. The Q-CPR system (Philips Mgdendover, MA) is designed
to obtain information on the quality of CPR, vidibdgllator pads and an accelerometer
placed on the chest. This provides real time au@inal feedback on chest compression
depths, chest compression rates, chest releasesfarompression duty cycles and no-
flow durations during CPR. The CPREzy (Allied HealHerts, UK) device combines
pressure sensor feedback with a metronome to p@sdistance on correct chest com-

pression forces, release forces and compressies. rRerformance feedback systems
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have also been implemented in high-fidelity CPRitrg manikins. The industry lead-
ing Resusci® Anne Skillreporter (Laerdal, Stavandfarway) provides real time visual
feedback and post-event debrief feedback via a Bfitor. Chest compression quality
measures fed back to the resuscitator include doespression depths and rates, ratios

of compressions to ventilations, hand positionsfilagion volumes and inflation rates.

Using these innovative technological systems, dgtaive CPR quality information can
be recorded, analysed and fed back to the resowrtect substandard CPR provision.
As current systems are capable of providing bo#irtine and post-event feedback for
all four chest compression quality measures, feddleaabled devices have been used
in several trials throughout the literature [32;44). In two before/after designed trials
(i.e. studies using retrospective controls) thevision of real-time feedback was shown
to improve the quality of CPR delivered by both EM&d in-hospital providers [32,
40]. In the first of these studies, feedback insegathe mean chest compression depths
achieved during CPR from 34mm to 38mm, consequemiproving the proportion of
chest compressions that achieved guideline compredgpths from 24% to 53% [32].
This was reflected in the second study, which destrated improved compliance with
international guidelines through the reductionrdér-participant variability [40]. In the
older paediatric population, two studies furthenfamned the positive effects of feed-
back on chest compression quality [41, 42]. Botlligts reported that the provision of
feedback resulted in a compliance of over 70% fast compression depths, leaning

forces and compression rates [41, 42].

Simulation has been shown to be an effective todkaching resuscitation skills. The
use of real-time feedback and audio prompt manikass been consistently observed to

improve the quality of chest compressions durimgusated CPR [215-218]. The major-
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ity of these studies demonstrate improved chestpecession depths and rates with the
provision of feedback, increasing the proportiorcloést compressions that comply with
current international guidelines [215-218]. Onlyeastudy was performed using a pae-
diatric manikin, however, with a voice advisory rikam (VAM) providing audio-visual
feedback during training [215]. This VAM system wagported to have improved chest
compression skill acquisition, when compared tdrutgor based training, resulting in

~65% of VAM trained resuscitators achieving >70%rect chest compressions [215].

Despite clearly augmenting chest compression gquaiestions have been raised with
regards to whether feedback can actually improvemaoutcomes. None of the above
studies demonstrate a significant increase in eitimg-term or short-term survival with
the provision of feedback [32, 40-42]; althoughstastudies were not powered to report
survival outcomes. A recent multicentre clusterdamised controlled trial performed
by Hostleret al, however, evaluated the effectiveness of rea¢-tamdio-visual feed-
back on the quality and outcome of CPR in 1,500afutospital cardiac arrest cases
[219]. Despite being appropriately powered, thisdgtfound no significant benefit to
the clinically relevant outcomes, such as returgpmintaneous circulation or survival to
hospital discharge [219]. Improvements in chest p@ssion quality were, however,
reported; with increased chest compression deptiseduced chest compression rates

both improving conformity with current internatidriuideline targets [219].

Whilst this raises the question over whether CP&ityus, in fact, related to survival, a
number of important limitations affect the genesallility of the study conclusions. The
differences in chest compression depths and ra¢es minimal [219], suggesting that
resuscitators were already well trained in provgdguality chest compressions during

CPR. Return of spontaneous circulation rates innthdeedback arm were over 40%
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[219], implying that pre-hospital care was excdlldnnally, the feedback targets were
based on AHA 2005 guidelines [207, 208], resulimguboptimal compression depths
when compared to current targets [3, 220, 221]rébtirevidence, therefore, indicates
that real-time feedback devices are effective ardgito assisting providers in achieving
pre-programmed chest compression quality targeis, however, the task of resuscita-
tion researchers to determine optimum quality tarf@r infant chest compressions that

will translate into improved survival outcomes.

5.3 Methodology

5.3.1 Infant Manikin Design

This study utilised the commercially available mf&PR manikin (Laerdal® ALS Ba-

by, Laerdal Medical, Stavanger, Norway) previousdgcribed in Chapter 4 to enable a
more ‘physiological’ maximum achievable chest coesgion depth (i.e. an increase in
CDmax from 40mm to 56mm [143]). As previously digtdj the modified manikin was

instrumented with an infra-red distance measurgnger and powered by a 5V power
supply. Manikin instrumentation was calibratedeoard the chest deflections and chest
compression forces applied to the lower third ef skernum. Sensor output was record-
ed on a laptop, at a sample rate of 50Hz, via @ Batuisition Card and a customised

LabVIEW software program (National Instruments, TOGA).

5.3.2 Performance Feedback Program

This study developed a real-time performance feddiprogram to both monitor and
assist resuscitator performance during simulaté&ghinCPR using LabVIEW software

(National Instruments, TX, USA). The performancedieack program used the sensor
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Compression Depth fmm

Figure 5-1: The performance feedback program usemierface.

The chest deflection trace (in white) is updateces-time. The chest compression depth target
region (36.7-46mm; in green) and complete chestasd force target region (<0.5kg (7mm); in
blue) are displayed alongside the thoracic overgression region (>46mm; in red). A green
flashing ‘LED’ and audible metronome both providemmpression rate guidance at 110bpm.

output to provide audio-visual feedback to the ipgrant, assisting them in achieving
the current evidence based quality targets foninEPR (Figure 5-1). A real-time chest
deflection ‘trace’, as performed by the participamhs displayed against the chest com-
pression depth (36.7-46mm) and complete release 1310.5kg) quality targets (where
a chest deflection of 7mm corresponded with a credsaise force of 0.5kg). An audio-
visual metronome provided the resuscitator withaaydt chest compression rate of
110min*, whilst the over-compression of the thorax wasdalisaged by highlighting

the occurrence of thoracic over-compression (cb@sipression depths >46mm).

The LabVIEW block diagram for the performance festdbprogram is shown in Figure
5-2. For the ‘Chest Deflection Program’, the sermdput signal and a ground (0v) sig-
nal were recorded at a sample rate of 50Hz by tA® Assistant. The sensor output
signal was first filtered by passing the signabtigh a low pass (10Hz) Butterworth

filter. The filtered signal was then split into tvgeparate signals and calibrated to both
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record the chest deflections and chest compredsiors applied to the lower third of
the sternum (Calibrated Signal - Data Collectiam) display, in real time, the chest de-
flection trace (Calibrated Signal - Deflection TeacThe ground signal was split into
three separate signals and used to provide coadtarthe quality target regions shown
in Figure 5-2. For the ‘Metronome Program’, a fiaghLED and audible metronomic

tone (frequency 300Hz, duration 30ms) were prograthmia a case structure control

loop, to flash/beep every 544ms to provide an 1&®bpdio-visual metronome.
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Figure 5-2: LabVIEW block diagrams for the performance feedback program.
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5.3.3 Study Coordination and Participants

This manikin study was approved by seven Nationehlth Service Health (NHS)
Boards and Trusts across Wales and England (IRAS70). This study was further
approved by the Working Group Chair of the Resasiom Council UK run European
Paediatric Life Support (EPLS) training course aoth the CEO and Working Group
Chair of the Advanced Life Support Group run AdweshdPaediatric Life Support
(APLS) training course. Ethical approval for theearch was obtained from the Cardiff
University School of Engineering Ethics Committedjlst Research Ethics Committee
approval was not required, since, again, NHS staly were used in this study [182].
The approved Research Protocol, documentation attdrs of Approval for the study

are presented in the Electronic Appendices.

Training course instructors were recruited to stigdy from five EPLS and two APLS

training courses. As in Chapters 3 and 4, the Thgi€ourse and Medical Directors for
each course confirmed their willingness to fadiéitéhis study. Participant Information
Sheets were circulated around all potential paxicis by the Training Course Director,
at least one week prior to testing. Before testthg, participants were briefed on the
experimental procedures using a standardised Erpatal Instruction Sheet. Any que-
ries the participants had were answered and, aatcsied, the participants were asked
to complete and sign the Participant Consent amticip@nt Details Forms. Individual

results were reported back to the participant,thia Training Course Director, after

study completion.

Sixty-nine consenting instructors were recruitedhis study as participants from five
EPLS and two APLS training courses. The exclusiiteria were: invalid EPLS/APLS

instructor certification, incomplete data acqudsiti withdrawal of consent and any par-
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ticipant health issue®emographics (gender, field of expertise, clinegberience, cur-
rent certification, time since last certificationdanumber of previous infant resuscita-
tions performed) were collected via the ParticipBetails Forms. Study participants
consisted of 31 male and 38 female certified EPL&EAPLS training course instructors
(Table 5-1). Thirty-four participants were docto?g, were resuscitation officers, eight
were registered nurses, two were paramedics and/as@n operating department prac-
titioner. Thirty-four (49.3%) participants were domised to the ‘feedback’ group,
whilst 33 (47.8%) participants were randomised ¢éofggm the TT chest compression
technique first. Mean time since last instructatifieation was 2.1 (+0.8) years, whilst

mean clinical experience was 17.8 (x7.7) years.

Table 5-1: Comparison of demographics for the ‘ndeedback’ and ‘feedback’ groups

No Feedback Group Feedback Group P-value

Total Number of Participants /n 35 34 0.90
Gender
Male /n(%) 14 (40) 17 (50) 0.40
Female /n(%) 21 (60) 17 (50) 0.40
Field of expertise
Resuscitation Officer /n(%) 14 (40) 10 (29) 0.36
Doctor /n(%) 16 (46) 18 (53) 0.55
Registered Nurse /n(%) 5 (14) 3(9) 0.48
Paramedic /n(%) 0 (0) 2 (6) 0.15
Operating Department Practitioner /n(% 0 (0) 1(3) 0.31
Mean clinical experience £SD /years 18.7+8.4 16.8+6.9 0.33
Current certification
APLS /n(%) 20 (57) 22 (65) 0.52
EPLS /n(%) 24 (69) 21 (62) 0.55
PLS /n(%) 9 (26) 5 (15) 0.26
PILS /n(%) 13 (37) 10 (29) 0.50
NLS /n(%) 6 (17) 5 (15) 0.78
Mean time since last certification +SD /year 20+0.8 21+£0.8 0.77
Number of infant resuscitations performed
None /n(%) 2 (6) 1(3) 0.57
<5 /n(%) 8 (23) 8 (24) 0.95
5-10 /n(%) 6 (17) 10 (29) 0.23
11-20 /n(%) 5 (14) 5 (15) 0.96
>20 /n(%) 14 (40) 10 (29) 0.36

APLS, Advanced Paediatric Life Support; EPLS, EearpPaediatric Life Support; PLS, Paediatric Lifgj$ort:
PILS, Paediatric Immediate Life Support. P-valuesravcalculated via-squared tests to compare differer
between group demographics.
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The differences between the demographics of batbpgy were compared hysquared
tests (SPSS 16.0, SPSS Inc., IL, USA), with noiBgant differences observed be-
tween the demographics of the two groups (Tablg. HIstudy sample size of 34 par-
ticipants per group is able to adequately detenean difference 0.7 times the standard
deviation of the differences; assuming data nomyad two-sided significance level of

<0.05 and >80% power (calculated with G*Power 3[183]).

5.3.4 Experimental Procedure

Prior to testing, the modified manikin was set npaiseparate assessment room, with
the laptop and peripheral equipment located oratatélble (Figure 3-6). Participants
were assigned, via a table of randomised numbesiher the control (‘no feedback’)
group or the interventional (‘feedback’) group andhest compression technique order
(TT-TF or TF-TT). All participants were instructed provide continuous chest com-
pressions (i.e. no ventilations required) in twagsts. Stage 1, termed the ‘baseline’
stage, required all participants to provide twas60ond periods of TT and TF technique

chest compressions, without feedback, in theirgagsi randomised cross-over order.

Figure 5-3: Experimental set up for testing
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Stage 2, termed the ‘experimental’ stage, requaeg@articipants to repeat this proce-
dure, whilst the performance feedback program wasiged to the ‘feedback’ group.
Full recovery was permitted for all participant$eafeach period. Chest compression
depths and chest compression forces were recotded@Hz sample rate throughout.
Participants were neither refreshed nor coacheditbier chest compression technique
and were blinded to the nature of the manikin modgifon. Individual results were fed

back to the participants after study completion.

5.3.5 Data analysis

Data were recorded for each participant, describmgglian chest compression depths,
chest release forces, chest compression ratescampression duty cycles achieved for
all four chest compression periods. Quality indi@opted from Chapter 3, were used
to calculate the proportion of chest compressiongéch participant that complied with
current quality targets (Table 4-3). The proportadrchest compressions that exceeded
the thoracic over-compression criterion was aldoutated to quantify thoracic over-
compression, whilst maximum chest compression deptite also recorded. Finally, to
determine overall chest compression quality, trep@rtion of chest compressions that
simultaneously achieved all four primary qualitygets was calculated. This was re-
peated for the proportion of chest compressionsabtlaieved three or more quality tar-

gets, two or more quality targets and at leastquadity target.

Descriptive data are reported either as means stéthdard deviations & or medians
with inter-quartile ranges for each infant cheshpoession technique. Mean differences
between the ‘feedback’ and ‘no feedback’ groupsreperted with 95% confidence in-
tervals. After testing for data normality (Shapiibik tests), results were statistically

analysed by either independent Student T-testsasmWVhitney U tests as appropriate.
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Table 5-2: Definitions of infant chest compressioquality measures and quality targets.

Parameter Definition Target Range Target Range Description

European and UK Resusdiion
Council guidelines recommend
compression depth of no less tl
one-third the external anterior-

Chest The maximum chest deflecti osterior (AP) chest diameter [1-3]
Compression achieved during each chest cc 36.7-46mm b ) :
Depth ression cvele* The upper thresholdsi propose
P P Y based upon the hypothesis that a re-
sidual internal AP chest depth
<10mm may potentially cause intra-
thoracic trauma [143, 146].
A 2.5kg chest release force wo
cause a clinically significantly in-
crease in intrahoracic pressure ai
Chest The minimum chest compress significantly limit the return of ve-
Release force achieved during the rele: <2.5kg nous blood to the heart [148\s &
Force phase of each chest compres: <0.5kg 0.5kg chest release force (10% of
cycle manikin's weight) wouldlao cause
measurable increase in int#eracic
pressure [148]this was used as
secondary quality target.
Chest The inverse of the timeaken fol European and UK Resuscitat
. each chest compression cycle .1 Council guidelines recommend
Compression = 100-120mint :
Rate quant_|f|ed as the number of co compression rate between 1090
pressions per minute compressions per minute [1-3].

Calculated for each chest cc
pression cycle by dividing tt
Compression area under the chest deflect
Duty Cycle  curve by the product of the ch
compression depth and ch
compression cycle time.

The most effect compression d
30-50%  cycle range observed in infant anir
surrogates [150, 153, 154].

* Chest compression cycles defined between conseccitiest release forces

Mean paired differences between the TT and TF igales are also reported with 95%
confidence intervals. Again, after testing for datemality (Shapiro-Wilk), results were

statistically evaluated by either paired Studem¢Sts or Wilcoxon’s signed rank tests.

The effects of potential confounders, including dgm chest compression technique
order, field of expertise, clinical experience tiastor certification, time since last certi-
fication and total number of infant resuscitatioms&re assessed for all four quality
measures. Data were tested for normality and honetyeof variance (Shapiro-Wilk
and Levene’s tests). The effects of participantdgerand chest compression technique

order were analysed using either independent Stuldéssts or Mann-Whitney U tests
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as appropriate. The effects of field of expertisatification and number of infant re-
suscitations performed were analysed using eitherveay ANOVA or Kruskal-Wallis
tests, as appropriate, whilst the effects of ciihexperience and time since last certifi-
cation were analysed using linear regression aeslyStatistical significance was con-
sidered ap<0.05 for all tests and afi-values were two-sided. All statistical analyses
were performed with SPSS 16.0, whilst post-hoc paavelyses were performed with

G*Power 3.1.5 [183].

5.4 Results

5.4.1 Baseline Stage

No significant differences in performance were obsé between the ‘no feedback’ and
‘feedback’ groups during the baseline stage; wiheaétime performance feedback was
withheld from both groups (Appendix A.5). Both th@ and TF chest compression
techniques rarely complied with the chest composssiepth, chest compression rate
and compression duty cycle quality targets, whH98% of all chest compressions
achieved the chest release force quality targetss€quently, overall chest compres-
sion quality remained very poor for both techniquegh <9% of chest compressions

simultaneously achieving all four evidence basealityutargets.

When comparing chest compression techniques, thiediinique was found to achieve
greater chest compression depths, whilst the Tiintgae released the chest further and
reduced compression duty cycles (Appendix A.5)sTimproved the proportion of TF
technique compressions that complied with compoesduty cycle quality targets. No
significant differences were observed between cbestpression rates. TT technique

chest compressions reduced the proportion of cassfes that under-compressed the
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chest, whilst the TF technique both increased tlopgation that completely released

the chest and reduced the proportion that provmtetbnged compression duty cycles.

The maximum chest compression depths achieved &y garticipant, for each infant
chest compression technique, are illustrated inefsdpx A.5. The ‘no feedback’ group
exceeded the proposed thoracic over-compressiterion with 36% of TT technique
and 9% of TF technique chest compressions, wihtstfeedback’ group exceeded this
with 35% of TT technique and 19% of TF techniquenpoessions. No significant dif-
ferences were observed between the feedback gfoupgher technique, whilst the TT
technique provided a greater proportion of chestmr@ssions that over-compressed the

thorax across both groups.

5.4.2 Experimental Stage

The simulated chest compression quality measunderped during the experimental
stage are illustrated in Figure 5-4 against thelewie based quality targets for infant
CPR. Performance feedback reduced both TT and dffailgue chest compression rates
and compression duty cycles, whilst increasing ddhnique chest compression depths
and reducing TT technique chest release forced¢TaB). Subsequently, the provision
of feedback resulted in an improved proportion ®fdnd TF chest compressions that
achieved chest compression depth, chest compresg®m@and compression duty cycle
quality targets and TT technique chest compresstmaiscompletely released the chest.
Finally, the provision of feedback was also fouaadduce the proportion of TT and TF
chest compressions with excessive chest compressies and prolonged compression
duty cycles, whilst also reducing the proportionméftechnique chest compressions that

under-compressed the thorax.
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Figure 5-4: lllustration of median chest compressio depths, chest release forces, chest com-
pression rates and compression duty cycles, for bdothe two-thumb (TT) and two-finger (TF)
techniques, as performed by théno feedback’ (No Feedbk) and ‘feedback’ (Feedbk) mups at
the experimental stage.

Current evidence based quality targets are illtestirby dashed lines. Chest compression depth &
were 36.7-46mm, chest release force targets wefskgand <0.5kgchest compression rate tarc
were 100-120min and compression duty cycle targets were 30-508é. centre line of the box pl
represents the median value of the data, the wppkiower lines of the box plot represent the u
and lower quartiles of the data, the cross reptegbe mean value of the data and the whiskerg+epr
sent the maximum and minimum values of the data.
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CHAPTER 5: EFFECTS OF PERFORMANCE FEEDBACK ON CHEST COMPRESSIONQUALITY

When comparing chest compression techniques fornibe€eedback’ group, the TT
technique achieved greater chest compression degtiist the TF technique released
the chest further and reduced compression dutyesydable 5-4). This improved the
proportion of TF technique chest compressionsadbatplied with the compression duty
cycle quality targets and that completely releabedchest. The TT technique further
reduced the proportion of compressions that underpressed the chest, whilst the TF
technique increased the proportion that comple&lased the chest. When comparing
techniques for the ‘feedback’ group, the TT techrigvas observed to reduce compres-
sion duty cycles, whilst improving the proportiohammpressions that achieved chest
compression rate quality targets. No significaffiedences in chest compression depths

or chest release forces were found between tecesifqu the ‘feedback’ group.

The overall chest compression quality indices aadeby both feedback groups are il-
lustrated in Figure 4-6. For both chest comprestgohniques, the use of performance

feedback was observed to considerably improve twdrast compression quality; with

100 - m TF - No Feedback

90 -
80 -
70 A
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40 -
30 -
20 A
10 -

_:[_ o TF - Feedback
+ o TT - Feedback

Mean Overall Quality Index /%

=)

1+ | 2+ | 3+ | 4
Number of Quality Targets Achieved

Figure 5-5 Mean overall quality indices achieved by the ‘ndeedback’ and ‘feedback
groups for the two-thumb (TT) and two-finger (TF) techniques at the experimental stage.
Error bars represent 95% confidence intervals.
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<9% of chest compressions performed by the ‘nolfaeki group, and 75% of TF tech-
nique and 80% of TT technique chest compressiorferpeed by the ‘feedback’ group,
complying simultaneously with all four chest congsien quality targets. The provision
of feedback was, therefore, observed to improveptbportion of TT and TF technique
chest compressions that achieved all four quaditgets (mean paired difference [95%
Cl]; TT: 75 [68, 82]%,p<0.001; TF: 64 [55, 72]%©<0.001), three or more quality tar-
gets (TT: 69 [59, 79]%p<0.001; TF: 55 [44, 66]%p<0.001) and two or more quality
targets (TT: 24 [14, 34]%p<0.001; TF: 14 [8, 20]%p<0.001). When comparing tech-
niques, only the TT technique provided a greatepprtion of chest compressions that

complied with all four chest compression qualisgtgs (8 [1, 15]%p=0.031).

The maximum chest compression deptl -

60 -
£
achieved by each participant for each che £ T
< 50 A I T
compression technique are illustrated fc § —|—+ t —# e TEsE
+ T
both feedback groups in Figure 4-7. The 'n 5 *°
(2]
0 L
feedback’ group exceeded the proposed tf %’_ 30 1 ‘
S
racic over-compression criterion with 33% 8 20 4
£
of all TT technique and 12% of all TF tech g 10 -
nique chest compressions, whilst the ‘feel =
0 T T T 1
) ; ; No Feedbk Feedbk No Feedbk Feedbk
back’ group exceeded this with <1% of a o an b an

chest compressions. Feedback provisi®igure 5-6: Maximum chest compression
depths, illustrated against the thoracic over-

was therefore found to reduce the incideneé@mpression criterion (46mm), for both two-
thumb (TT) and two-finger (TF) chest com-

of thoracic over-compression for both chegf€ssions, as performed by the ‘no feedback
(No Feedbk) and ‘feedback’ (Feedbk) groups
the experimental stage.

e centre line of the box plot represents the me-
dian value of the data, the upper and lower lines
[95%CI]; TT: -32 [-46, -18]%p<0.001; TF: f the box plot represent the upper and lower

quartiles of the data, the cross represents the
-11 [-21, -1]%, p=0.032), whilst the TT mean value of the data and the whiskers represent
the maximum and minimum values of the data.

compression techniques (mean differen
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technique achieved a greater proportion of chesipcessions that over-compressed the
chest for the ‘no feedback’ group only (‘no feedba@l [10, 31]%,p<0.001; ‘feed-
back’: 0 [-1, 0]%,p=0.039). For the ‘no feedback’ group, 22 (62.9%itipgants ex-
ceeded the proposed criterion at least once wihTth chest compression technique,
whilst nine (25.7%) exceeded this with the TF tegha. Three (8.6%) participants
were observed to exceed the proposed criterion 8% of TT technique chest com-

pressions, with only one (2.9%) participant fouadio this with the TF technique.

5.4.3 Confounding Variables

Of the potential confounders investigated, paréinipfield of expertise, instructor
certification, time since last certification andaionumber of infant resuscitations were
all found to have no significant effect on any bé tfour quality measures achieved.
When provided with performance feedback, femaldi@pants were found to release
the chest significantly further than males, forhbohest compression techniques (mean
difference [95%CI]; TT: -0.1 [-0.1, 0.0]kg=0.041, power=55%; TF: -0.1 [-0.1, 0.0]kg,
p=0.008, power=78%). For both the ‘baseline’ ando&Enmental’ stages, participants
from the ‘no feedback’ group were found to provsignificantly reduced TF technique
chest compression rates, if they performed the€eEhrique first (‘baseline’ stage: -18
[-33, -3]min?, p=0.021, power=65%; ‘experimental’ stage: -17 [-&],min*, p=0.024,
power=63%). Finally, during the ‘experimental’ stagn increase in clinical experience
decreased TT and TF technique compression ratehiéono feedback’ group (linear
regression; TT: -0.14milyear, R°=0.12, p=0.042, power=6%; TF: -0.14mffyear,
R*=0.15,p=0.023, power=6%) and increased TT technique cossjme duty cycles for
the ‘feedback’ group (0.584%/yed’=0.13,p=0.034, power=38%). Aside from these

differences, gender, technique order and clinigpeeience had no further effects.
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5.5 Discussion

5.5.1 Summary of Principle Findings

This study is the first to investigate the effeaftseal-time performance feedback during
simulated infant CPR, with results demonstratirggasiderable improvement in overall
chest compression quality. With the provision @l+tme performance feedback, 75%
of all TF and 80% of all TT technique chest compi@ss simultaneously achieved all
four evidence based quality targets. When feedheas withheld, however, <9% of
chest compressions achieved all four quality targ8pecifically, feedback improved
the quality of chest compression depths, chest cesspon rates and compression duty
cycles, whilst also reducing the incidence of tiearaver-compression and improving
the complete release of the chest for the TT cbastpression technique. When real-
time performance feedback was withheld, the TFrieghe was found to improve both
duty cycle quality and the complete release ofdhest, whilst reducing the incidence
of thoracic over-compression. When performancelfaeki was provided, the TT chest

compression technique was observed to improve cegsfan rate quality only.

5.5.2 Comparison of Findings with Relevant Literature

Current international paediatric guidelines empg®sie provision of high quality chest
compressions during infant CPR [1-3]. Despite thigth Chapters 3 and 4 reported that
substandard chest compressions were frequentlgrpeztl by trained resuscitators dur-
ing simulated infant CPR. This was further suppbiig this study, both at the baseline
stage and by the control group, with >91% of aksthcompressions failing to achieve
all four evidence based quality targets. Overafistitompression quality was, however,

considerably improved through the provision of +@@le performance feedback; with
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75% of all TF and 80% of all TT technique chest poassions achieving all four evi-
dence based quality targets. Fundamental to théstieaprovision of high quality chest
compression depths, chest release forces, chegiression rates and compression duty

cycles during feedback assisted CPR.

The provision of high quality chest compressiontleps a particular challenge during
infant CPR, principally due to the very narrow #q@eutic window (~10mm) between
the under and over-compression of the thorax. Rést's in this study achieved chest
compression depth quality targets in ~20% of chestpressions when providing infant
CPR without feedback assistance. This was consistién the substandard quality of
compression depths recorded in Chapter 4; wherenfjjerity of TT and TF technique

chest compressions were found to either under er-o@mpress the thorax. With the
provision of real-time performance feedback, cosistlle improvements were found
for both TT and TF chest compression depth qualtyces; with >97% of chest com-

pressions achieving current compression depth tgualigets. Fundamental to this was
the standardisation of chest compression depthghwiteduced the inter-participant
variation and increased TF technique compressipthdeConsequently, this resulted in
a reduction in the under and over-compression®tlibrax. The provision of real-time
performance feedback therefore appears vital inrergs that resuscitators achieve cur-
rent compression depth quality targets during m@mPRR. This is essential for maintain-
ing favourable haemodynamic outcomes [30, 31, 142], whilst also minimising the

risks of trauma through the over-compression ofirtfent thorax [143, 146].

The complete release of the chest during CPR redat@thoracic pressures during the
chest release phase, improving the return of veldasd to the heart and increasing

both coronary and cerebral perfusion pressures334147-149]. Without the provision
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of real-time performance feedback, >99% of TT amidtdchnique chest compressions
were found to comply with current chest releasedayuality targets (<2.5kg), whilst

the TF technique achieved a greater proportionhest compressions that completely
released the chest (<0.5kg). This was consistethttwe results from Chapter 4, raising
concerns over the ability of the TT technique tanptetely release the thorax. With the
provision of real-time performance feedback, howgetlee TT technique was observed
to achieve the complete release of the chest i#6>80chest compressions; emulating
the high quality chest release forces providedheyTtF technique. Thus, the provision
of real-time performance feedback appears vitagénsuring resuscitators completely
release the chest with the TT technique duringnin@PR. As the TT technique is cur-
rently favoured by international resuscitation giiides [1-3], the provision of real-time

performance feedback may therefore be essentimlaximising the return of venous

blood to the heart.

Fundamental to the considerable improvement inalvelnest compression quality, was
a significant reduction in TT and TF technique ¢loegnpression rates. Increased chest
compression rates can result in the inadequatgateda of the chest wall during CPR,
adversely affecting cardiac output, cerebral pesfupressure and cerebral blood flow
[150, 153, 154]. Excessive compression rates acuéntly reported during simulated
infant CPR, both by previous research [16, 17,df] in Chapters 3 and 4. This trend
was continued with the no feedback group in thuglgtwith 80% of TT and 58% of TF
technique chest compressions observed to comgresshest too fast. With real-time
performance feedback provided, however, both TTERdompression rates were con-
siderably reduced, increasing the proportion of gient chest compressions to 92%
for the TT technique and 87% for the TF technidilee use of an audio-visual metro-

nome, therefore, appears essential to providing bigality chest compression rates. If

Page|l37



CHAPTER 5: EFFECTS OF PERFORMANCE FEEDBACK ON CHEST COMPRESSIONQUALITY

transferable to clinical practice, chest comprassaie guidance could allow full chest
wall relaxation during infant CPR, optimising theturn of venous blood to the heart

prior to recirculation.

High quality compression duty cycles are fundanletataoptimising the return of ve-
nous blood to the heart [150, 153, 154]. Prolondetyf cycles result in inadequate chest
wall relaxation during CPR, adversely affectingdiac output, cerebral perfusion pres-
sure and cerebral blood flow [150, 153, 154]. Pngkd duty cycles were, however, re-
ported in both Chapters 3 and 4, with >60% of cloesbpressions failing to achieve
current compression duty cycle quality targets. iy, when feedback was withheld
in this study, prolonged compression duty cycleseweovided in 82% of TT and 28%
of TF technique chest compressions. With real-tpeeformance feedback provided,
compression duty cycles were significantly redufmdoth the TT and TF techniques;
resulting in 93% of chest compressions achievingee infant compression duty cycle
quality targets for both techniques. Thus, whils real-time performance feedback
program did not specifically attempt to directlyhance duty cycle performance, it ap-
pears the provision of real-time performance feekha fundamental to the delivery of

high quality duty cycles during infant CPR.

The TT chest compression technique is currentlpdaed by international guidelines
[1-3], with previous research concluding that the fEchnique achieved deeper and
more consistent chest compression depths duringlaied infant CPR [15-19]. Chapter
4 challenged this research, however, by reportiag) TT technique chest compressions
increased the incidence of thoracic over-compressiuhilst also reducing compression
duty cycle compliance and the complete releasé@fchest. Similar results were also

found in this study, with increased chest compaassiepths, chest release forces and
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compression duty cycles all provided by the TT teghe. When real-time performance
feedback was provided, however, the TT technique alserved to reduce compression
duty cycles and improve chest compression rate tange only. Unsurprisingly these

differences were minimal, as the aim of the reaaktiperformance feedback program

was to standardise and optimise chest compressidormance regardless of technique.

5.5.3 Study Methodology

This study attempts throughout its design to misgrexperimental bias. A prospective
randomised controlled study design was selectedyitimise allocation bias in group
assignment. It obtained informed consent from fedti EPLS/APLS instructors and
gave instructors a free choice, and adequate tonegnsider participation. Participants
were blinded to the study objectives, whilst natipgrants were lost to follow up during
the ‘experimental’ stage. Finally, the standardisabf instructions was provided by the
Experimental Instruction Sheet, whilst the effeatfatigue were reduced by allowing

full participant recovery and by reducing the clashpression period to 60 seconds.

All participants were certified European Paedialiifie Support (EPLS) and Advanced
Paediatric Life Support (APLS) training course rastors. Both are leading paediatric
emergency life support training courses, whichkarth taught and practiced throughout
the World [184, 206]. Instructors are selected frontstanding candidates at training
courses and have successfully passed further asmeisat Generic Instructor Courses
[184, 206]. It can be assumed, therefore, that shugly analysed chest compressions
provided by highly trained resuscitators, represgnie ‘gold standard’ for chest com-
pression quality. The use of highly trained tragnoourse instructors, however, may not
typically represent the demographics of the popatamost likely to provide infant

CPR. The quality of chest compressions providedhisy cohort may therefore exceed
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the quality of chest compressions provided by Bhase& Support (BLS) or EPLS/APLS

trained rescuers or laypersons.

Perhaps the most important aspect of the studytheaseal-time performance feedback
program. Whilst the effects of only one form ofdback were evaluated by this study,
other forms exist which could influence the resditgerently. Corrective feedback (i.e.
input only provided when chest compression perfoiceadoes not meet guidelines), for
example, has been used extensively in previousestud improve the quality of chest
compressions delivered in adult human subjects @RR manikins [32, 40-42, 215-
218]. The effects of feedback training also carbbetuled out, where the presence of a
progressive learning curve may have resulted immrovement in chest compression

guality over time, particularly as participantsrgad more experience with the interface.

This study used the more ‘physiological’ manikirsid@, described in Chapter 4, to in-
vestigate the effects of real-time performance lbeedl on chest compression quality.
With the paucity in scientific research defining thiomechanics of the infant thorax,
however, it remains unknown whether this manikisigie appropriately represents the
infant thorax. A maximum achievable chest compmssiepth of 56mm was used by
the manikin to represent the internal AP chestidepta 3 month old male infant [143].
When considering the intra-thoracic organs, in-vth@st compression depths may, in
fact, be further limited. Previous studies alsohhght chest compression stiffness as a
key limitation to manikin biofidelity, with currenhanikin chest compression stiffness
derived solely from expert clinical opinion [15T]ntil further research is performed in
the field of infant thoracic biomechanics, howevhrs will remain an unavoidable limi-

tation for infant CPR manikin based studies.
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The use of evidence based quality targets by tetimme performance feedback system
was essential to encouraging high quality chestpressions during simulated infant
CPR. The ability of the performance feedback systerptimise chest compression
quality is, however, only as good as the understagnadsed to inform the feedback. The
quality targets used in this study were based cormabination of infant subject, adult
subject, radiographic and animal surrogate studdesy chest compression depth and
chest compression rate targets are currently re@rded by international consensus
opinion [1-3], with consensus opinion still to Eached regarding chest release forces
and compression duty cycles. This, however, refltioe current position of scientific
evidence guiding infant CPR guidelines. With futpeediatric research, it is expected

that the targets for benchmarking chest compreggiatity will be updated.

Finally, this study aimed to quantify the effectsotential confounding variables. The
effects of chest compression technique order,qpatnt gender, field of expertise, clin-
ical experience, instructor certification, timea@nast certification and total number of
infant resuscitations were all investigated. Whesvgled with feedback, female partic-
ipants were observed to release the chest furtirebdth techniques, whilst the ‘no
feedback’ group reduced TF technigue chest comipresates if they performed the TT
technique first. During the ‘experimental’ stagénical experience was found to de-
crease TT and TF technique compression rates éo'nthfeedback’ group and increase
TT technique compression duty cycles for the ‘femdth group. Though these results
imply the presence of confounding variables, thaisical power of all seven tests
failed to exceed 80%. This implies that these diffiees could also be result of type-li
statistical errors. Lastly, despite being blindedhe study objectives, the participants
were aware of being observed and their performamag have been affected, particu-

larly by their perceptions of the merits of feedhac
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5.5.4 Impact of Research Findings

The results from this study may have several ingmrtlinical and educational implica-
tions. This study establishes the benefits of aumng real-time performance feedback
during simulated infant CPR, with the provisionfeédback resulting in a considerable
improvement in chest compression quality. Withghavision of real-time performance
feedback, overall chest compression quality wasrawgd from less than 9%, to over
70%, of all chest compressions simultaneously &afgeall four evidence based quality
targets, regardless of chest compression techniuelamental to this improvement in
guality was the provision of accurate chest congioesdepths, appropriate chest com-

pression rates, reduced compression duty cycleshencbmplete release of the chest.

Although performed during simulated infant CPR, #ffects of real-time performance
feedback on chest compression quality in this stalyd have important implications
if directly transferable to infant CPR in clinigadactice. The provision of accurate chest
compression depths would maintain favourable hagmerdic outcomes [30, 31, 142,
144], whilst also minimising the likelihood of iagenic trauma through thoracic over-
compression [143, 146]. The complete release othest and provision of shortened
compression duty cycles would reduce intrathorpogssures during the release of the
chest, promoting the return of venous blood toheart and myocardial perfusion [34,
35, 147-150, 153, 154]. Finally, the provision @timum compression rates and com-
pression duty cycles in clinical practice would none chest wall relaxation, improving
the return of venous blood to the heart prior wroalation [150, 153, 154]. The provi-
sion of real-time performance feedback in clinipedctice may therefore result in high
guality chest compressions that optimise forward eetrograde blood flow, improve

vital organ perfusion and reduce the likelihoodhafracic trauma.
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This research may provide the fundamental basis feystem that is able to improve
chest compression quality during infant CPR iniclhpractice. Real-time performance
feedback systems have been successfully transtatedlinical practice for both adult

and paediatric subjects to enhance CPR perforn{@2¢c&0-42]. Whilst results typical-

ly report an improvement in chest compression tyakeal-time performance feedback
has so far failed to influence survival [219]. A®yously hypothesised, this failure to
influence survival may be due to the minimal difieces in chest compression quality
between the control and intervention arms of thuel\st As considerable differences in
quality were observed for both chest compressichrtigues in this study, potential

therefore remains for such a real-time performaieeelback system to influence the

outcomes of infant cardiac arrests.

To further optimise outcomes, it is essential tsigie curricula that implement effective
educational strategies that both facilitate leagrand ensure skill retention. The use of a
real-time performance feedback system, as a teg@ih may allow trainees to imme-
diately adjust performance to achieve infant speaiidence based quality targets
within a training environment. This may promote fflegformance and retention of high
quality psychomotor skills for chest compressioosrdy simulated infant CPR, which,
in turn, may transfer into clinical practice. Fiatmore, this system may use the overall
quality index as a compound quality parameter tit lbb@nchmark trainee performance

and provide a grading criterion.

This real-time performance feedback system mayub@dr utilised to standardise and
optimise the chest compressions provided duringical resuscitation trials. Several
trials have failed to translate promising resuttsrf experimental research into clinical

practice. As chest compression quality data weteroatinely collected during these
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trials, it remains unknown whether chest compressjoality was equivalent between
experimental groups or whether it was even sufiicte generate adequate circulation.
It can be speculated that, if poor quality cheshpressions are the major determinant
of survival, any differences caused by the studiediications, interventions or devices
will be hard to demonstrate, severely confoundhgttial. The ability to use feedback
would facilitate the provision of high-quality, stdardised, chest compressions during
infant CPR, promoting optimal haemodynamics andouamity across the trial. Finally,
performance feedback may be used to collect ddtaiéda for determining the chest

compression quality characteristics that optimigedutcomes of infant cardiac arrest.

5.6 Conclusions

This study is the first to explore the effects eélrtime performance feedback on the
quality of chest compressions provided during sated infant CPR. The provision of

real-time performance feedback considerably impiotree compliance of both infant

chest compression techniques with all four eviddmased quality targets, whilst also
reducing the risks of thoracic over-compressiomp®g¢ therefore, remains for the trans-
fer of this technology into both educational anidichl practice. If these results enable
similar improvements in clinical practice, real-emerformance feedback could, for the
first time, support resuscitators in performing higuality chest compressions during

infant CPR.
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6 GENERAL DiscussiON

Cardiac arrests in the infant population requiee phompt delivery of cardiopulmonary
resuscitation (CPR), with external chest compressiemaining an essential aspect of
CPR. The principal aim of external chest compressie to both establish and maintain
the haemodynamic perfusion of the vital organs ®cmanically generating sufficient
cardiac output during the low-flow phase of cardamcest [30, 31, 34, 35, 142, 144,
147-150, 153, 154]. Consequently, high quality tlesnpressions are imperative to
optimising the haemodynamics of infant CPR [1-3jePprincipal focus of this research
was, through a series of investigations, to mongealuate and improve the quality of
chest compressions performed during simulated ir@&R. The following sections dis-
cuss the principle findings of this research, conmgathese findings against relevant
literature and analysing the potential impact a$ tiesearch on the clinical and educa-

tional aspects of infant CPR.

6.1 Comparison with Relevant Literature

6.1.1 Chest Compression Depths

The quality of chest compressions performed duifgnt CPR are critical to the out-
comes of infant cardiac arrest, with no quality sw@a more important to outcome than
the chest compression depth [1-3]. Increased atwmapression depths are associated
with improved haemodynamic outcomes, such as iseckarterial pressures, in both
infant and adult human subjects [30, 144] and greatronary flow and cardiac output
in animal surrogates [31, 142]. This, in turn, baen strongly associated with increased
defibrillation success and short term survival outes after cardiac arrest in adult hu-

man subjects [32, 33]. Despite this emphasis onigireg deeper chest compressions
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during CPR, it has been hypothesised that chesprassions performed to depths of
one-half the external AP thoracic diameter may edasogenic thoracic trauma [140,

143, 145, 146].

Current infant resuscitation guidelines theref@eommend compressing the chest to at
least one-third of the external AP chest diametppKoximating this to absolute chest
compression depths of 40mm) [1-3]. Recent resehas) however, reported shallow
compression depths during CPR performed both irathdt and older paediatric popu-
lations [22, 23, 32, 33, 41] and during simulatetamt CPR on instrumented manikins
[15-21]. Across the six studies reporting the gyatif simulated infant CPR, neither
infant chest compression technigque achieved meast dompression depths in excess
of 30mm (Table 6-1) [16-21], whilst Whitelagt al observed the provision of shallow
chest compressions by 71% of emergency medicabpees$ [15]. Furthermore, across
five of these studies, the TT chest compressiohnigae was consistently observed to

achieve greater chest compression depths thanRechnique [16-20].

The chest compression depths achieved in this n@seahen using the commercially
available infant manikin design, were consisterthwhis literature. When compared to
the TF chest compression technique, the TT teclemigas observed to achieve deeper
chest compression depths. Despite the greater chegiression depths experienced by

the TT technique, a tendency for both chest conspyedechniques to under-compress

Table 6-1: Chest compression depths achieved by theo-thumb (TT) and two-finger
(TF) chest compression techniques during simulateidfant CPR across the literature

Haque* Udasst Udassi  Christmad  Huynh'  Hemway*
(2008) [16] (2009) [17] (2010)[18] (2011)[19] (2012)[20] (2012) [21]

TT Technique 14.4+2.8 13.8+2.5 15 27.2£5.7 267 26.2+6.1
TF Technique 9.5+2.6 8.7£1.9 11 22.1+4.6 22+7 -

Chest compression depths are presented as a méamdarsl deviation where available. * CPR performeal B5:2
compression-to-ventilation ratibCPR performed at a 30:2 compression-to-ventilal;iﬂim;r*CPR performed wit
continuous chest compressions. Where multiple cessimn-toventilation ratios are reported, results are preest
from the compression-to-ventilation ratio nearestdntinuous chest compressions.
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the chest was observed. Increased chest compretsntins were, however, document-
ed with the more ‘physiological’ infant manikin dgs. These compression depths far
exceeded those reported across the existing liresatesulting in a greater proportion
of chest compressions that both achieved curranpoession depth quality targets and
that over-compressed the thorax. Consequently, wbempared to previous research,
the chest compressions documented in this reseaaghbetter represent the quality of

chest compressions provided in clinical practice.

Despite these increased chest compression depsissthan half of all TT and one-third
of all TF technique chest compressions were obdetveachieve current compression
depth quality targets. With the provision of raat¢ performance feedback, however,
the quality of compression depths provided duringutated infant CPR was considera-
bly improved for both techniques. Feedback assi€eR resulted in >97% of all chest
compressions achieving current infant chest conspyesdepth quality targets. Funda-
mental to this improvement was the standardisaifarhest compression depths, which
both reduced inter-participant variation and img\chest compression depth accura-
cy. Chest compression depths of this quality haaeenpreviously been reported, with
fewer feedback assisted chest compressions acbieuiment compression depth targets
during CPR in the adult and older paediatric pojpahs [32, 41] and simulated adult
CPR [166, 167, 222]. The provision of real-timefpanance feedback, in combination
with a more ‘physiological’ infant CPR manikin, tieéore appears vital in ensuring that

resuscitators achieve compression depth qualietarduring simulated infant CPR.

6.1.2 Chest Release Forces

Current international infant resuscitation guidemecommend that chest compressions

should allow the complete release of the chesndurnfant CPR [1-3]. The incomplete
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release of the chest is described as a “leaninghpimenon, where forces are not com-
pletely released from the chest between compres$ik8j. This can result in increased
intrathoracic pressures during the chest releaasgpbf CPR, reducing both the return
of venous blood to the heart and the coronary &nebecal perfusion pressures [34, 35,
147, 148]. Reduced chest release forces are, tinerefital to encouraging the provision

of high quality chest compressions during CPR tiinape haemodynamics.

Despite international guideline recommendationsampletely release the chest, many
studies have reported the failure of chest commpmesso completely release the chest
during out-of-hospital, in-hospital and simulateBR; in both the adult and paediatric
populations [35, 41, 42, 175]. Emergency medicalise personnel maintained residual
leaning depths in 46% of all adult out-of-hosptatdiac arrest cases [35]. During adult
in-hospital cardiac arrests, leaning forces excg&ikg in over 90% of episodes and
could affect up to 44% of chest compressions ingiugn cardiac arrest episode [175].
Despite this, less than 12% of all compressioneweported as incompletely releasing
the chest [175]. During in-hospital paediatric CBRer 97% of compressions achieved
chest release forces ®0.5kg, whilst 50% achieved chest release forcef2dikg [42].

Leaning forces were reduced with the provisionesfdback, however, resulting in 73%
of compressions achieving release forces of 2.8R§ [This was further supported by a
study that evaluated feedback assisted chest cesipns during paediatric CPR, which
found that 77% of feedback assisted chest comressichieved leaning force quality

targets of <2.5kg [41].

This research was, therefore, the first to assesshest release forces achieved during
simulated infant CPR, whilst also being the fisetvaluate the effects of real-time per-

formance feedback on release force quality. Thetatedease force quality, demonstrat-
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ed during unassisted infant CPR, established ththtthe TT and TF chest compression
techniques achieved over 99% compliance with chedetise force targets of <2.5kg.
Chest release forces of this quality have neveripusly been documented, with fewer
chest compressions reported to achieve current oflesse force quality targets during
both adult and paediatric CPR [35, 41, 42, 175 Tk technique was, however, con-
sistently reported to release the chest furthem tha TT technique. Consequently, this
resulted in a greater proportion of TF techniquestitompressions that achieved the
complete release of the chest (<0.5kg), raisingeonrs over the ability of the TT tech-

nique to completely release the chest during inGPR.

The provision of the more ‘physiological’ infant mkin design was found to increase
the proportion of chest compressions that achi¢hedomplete release of the chest for
both techniques. Despite these improvements, ar60f@ of TT technique chest com-
pressions failed to achieve targets for the coreplelease of the chest. With the assis-
tance of real-time performance feedback, howevertelchnique chest compressions
were found to completely release the chest in 99%ompressions; thus emulating the
high quality chest release forces provided by tReechnique. Fundamental to this im-
provement was the feedback program function thgitlighted when providers failed to
completely release the chest. The provision of-tiea performance feedback, there-
fore, appears vital in ensuring resuscitators aehitbe complete release of the chest

during simulated infant CPR.

6.1.3 Chest Compression Rates

The optimisation of haemodynamics during infant G®RIso a function of the rate and
number of chest compressions delivered per mirCiierent international resuscitation

guidelines, therefore, recommend that providergetachest compression rates between
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100-120 mift [1-3]. Reduced chest compression rates resulisigrificant decrease in

the likelihood of ROSC [38, 39], whilst increasdtkest compression rates reduce both
coronary blood flow [150, 153, 154] and the projmortof compressions that achieve
target depths [176]. The provision of accurate ca®sgion rates is, therefore, essential

to ensuring the delivery of high-quality chest coegsions during infant CPR.

Investigations into chest compression rate qudlityng infant CPR have been primari-
ly restricted to manikin based studies [16, 17,2119, with the majority of these studies
reporting the provision of excessive compressidesrélable 6-2). Chest compressions
were reported as exceeding mean compression ratE32miri’*, for both the TT and
TF chest compression techniques, across two stpdigermed by the University of
Florida College of Medicine [16, 17]. In the mostent studies, performed by the Weill
Cornell Medical College, mean compression rateevadercumented to range between
112miri* and 118mift for both chest compression techniques [19, 21ftheunore,
during both adult and older paediatric CPR perfatimneboth the in-hospital and out-of-
hospital environments, high quality compressiomesatere provided in only one-third

to one-half of all chest compressions [22, 23, 41].

Chest compression rates during simulated infant @R further evaluated throughout

this research. The chest compression rates demattstiduring unassisted infant CPR

Table 6-2: Chest compression rates achieved by th&o-thumb (TT) and two-finger (TF)
chest compression techniques during simulated infarCPR across the literature

Haque (2008)* Udassi (2009) Christman (2011) Hemway (2012§

[16] [17] [19] [21]
TT Technique 132+24 138+24 118+22 225+47
TF Technique 150+33 146+34 116+24 -

Chest compression rates are reported as compregsomsinute, unless otherwise stated, and presestedeal
values + standard deviation. * CPR performed at & t&mpression-to-ventilation ratibCPR performed at a 3C
compression-to-ventilation ratibCPR performed with continuous chest compressib@hest compression rai
reported as the chest compression rate over 2 esinWthere multiple compression-to-ventilation ra#@oe report-
ed, results are presented from the compressiomittitation ratio nearest to continuous chest cosgoas.

Page|l50



CHAPTER 6: GENERAL DISCUSSION

established that both the TT and TF chest commedsichniques provided excessive
compression rates, regardless of manikin desigranMest compression rates ranged
between 128-139mihfor both techniques, corresponding with the reseaerformed
by University of Florida College of Medicine [167]1 This resulted in <50% of chest
compressions achieving current infant chest conspesrate quality targets of 100-
120min?, with the majority of compressions reported toehavovided excessive chest

compression rates.

High-quality chest compression rates were achighisaligh the provision of real-time
performance feedback. Feedback assisted CPR @gulta significant reduction in
chest compression rates (~130tito ~110mift), for both infant chest compression
techniques, resulting in 92% of all TT techniquel &Y% of all TF technique chest
compressions achieving current chest compresstenguelity targets. Fundamental to
this improvement in quality was the regulation ompression rates by the audio-visual
metronome implemented by the real-time performdaedback program. This regula-
tion of compression rate is further observed acthssadult and paediatric literature,
with compression rates during feedback assisted sigficantly reduced through the
use of either corrective feedback or audio-visuatronomes [32, 40, 41, 167, 219].
The provision of audio-visual metronomes to requldiest compression rates therefore
appears fundamental to ensuring that resuscitaidtgeve current infant compression

rate quality targets during simulated infant CPR.

6.1.4 Compression Duty Cycles

Associated with the requirement to provide highliggahest compression rates during
infant CPR, is the delivery of high-quality compsies duty cycles. Compression duty

cycles describe the proportion of time for eachstltempression cycle where the chest
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is actively compressed [13]. Whilst current inteior@al infant resuscitation guidelines
do not recommend a compression duty cycle qualitget range, neonatal guidelines
recognise the advantages of allowing a relaxatlwase that is slightly longer than the
compression phase [177]. Prolonged durations aveachest compression, relative to
the total chest compression cycle time, result gigaificant decrease in the return of
venous blood to the heart; reducing cardiac outmycardial perfusion pressure and
cerebral blood flow [150, 153, 154]. Although arglyaethe least understood of the chest
compression quality measures, the provision of cedicompression duty cycles during

infant CPR is fundamental to encouraging optima&nadynamics.

The current quality of the compression duty cygedormed during either paediatric or
infant CPR has never been reported. In researchtonioig the quality of adult CPR in
the clinical environment, compression duty cycleseweported to be 42% in studies of
out-of-hospital CPR [23, 32] and 43% during in-htdpCPR [179]. In the simulated
CPR setting, duty cycles ranged from 45-50% actloe® adult manikin based studies
[167, 176, 180]. Feedback assisted chest compressiere reported to reduce the duty
cycles provided during simulated CPR to 39.4% [1@Hilst no significant differences
were observed during feedback assisted CPR prowdelthical practice [32]. This re-
search was, therefore, the first to evaluate thaityuof compression duty cycles per-
formed during simulated infant CPR, whilst alsongethe first to investigate the effects

of real-time performance feedback on duty cycldigua

The compression duty cycles achieved in this rebeavhen using the commercially
available infant manikin design, demonstrated th@h chest compression techniques
provided prolonged duty cycles with over 77% of stheompressions. The TF chest

compression technique was consistently observeeitiorm better quality duty cycles
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than the TT technique, with less than 1% of allt&@hnique chest compressions docu-
mented to achieve compression duty cycle qualitgets. With the provision of the
more ‘physiological’ infant CPR manikin design, qmmssion duty cycles were reduced
by ~5% for both techniques. Consequently, thisltedun a significant improvement in
duty cycle quality for both techniques. Despite pinevision of better quality compres-
sion duty cycles with the more ‘physiological’ infaCPR manikin design, duty cycles
ranged between 47% and 55%. This resulted in oz &f all TT technique, and over
28% of all TF technique, chest compressions failingttain current infant compression

duty cycle quality targets.

Compression duty cycle quality was significantlypnoved for both techniques through
the provision of real-time performance feedbacksiidXe no specific attempt to directly
improve compression duty cycle quality, feedbadkistisd CPR resulted in 93% of all
chest compressions, performed by both techniqudsedang current compression duty
cycle quality targets. Fundamental to this improgatnwas the standardisation of the
other three chest compression quality measureghwbduced compression duty cycles
through a combination of accurate chest compresiapths, reduced compression rates
and the complete release of the manikin chestaitiqular, a reduction in compression
rate has been previously associated with a dectiaasempression duty cycle during
simulated adult CPR [176]. Real-time performanadbBack therefore appears central
to indirectly ensuring that resuscitators achieugent compression duty cycle quality

targets during simulated infant CPR.

6.1.5 Overall Chest Compression Quality

This research developed a quality index approadtetewhmarking resuscitator perfor-

mance against current infant specific, evidencedashest compression quality targets.
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The ‘overall chest compression quality index’ watablished to provide a single com-
posite measure to evaluate chest compression ddpht release force, chest compres-
sion rate and compression duty cycle quality dunrignt CPR. This single composite
measure reported the proportion of chest compnesditat simultaneously achieved all
four primary infant chest compression quality tasgdhis was additionally developed
to report the proportion of chest compressions #fed achieved three or more quality

targets, two or more quality targets and at leastguality target.

Many studies throughout the literature indepengemport the four chest compression
guality parameters recommended by current intesnatiguidelines for monitoring the
measured quality of CPR [13]. Several adult CPRikiatased studies have, however,
reported the use of a single composite measuradlyse several quality parameters in
combination [166-168]. In two recent studies, thepportion of chest compressions that
achieved AHA guideline targets were reported duboth unassisted and feedback as-
sisted CPR [166, 168]. Defining these chest congiwas as simultaneously achieving
guideline chest compression depth and rate targets,studies found the proportion of
guideline compliant chest compressions was coradigincreased through providing
audio-visual feedback (78-81%), when compared tassisted CPR (10-15%) [166,
168]. Casoret al. developed a composite measure to report the pige of ‘correct’
chest compressions achieved during unassisted &RRory feedback and visual feed-
back assisted CPR [167]. Defining these ‘correlsést compressions as simultaneously
achieving compression depth, compression rate eledge pressure targets, this study
found that visual feedback (78%) improved the propo of ‘correct’ chest compres-

sions, when compared to both auditory (65%) antkadback (45%) [167].
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The overall chest compression quality index atidering unassisted simulated infant
CPR was observed to be very poor for both infamistiscompression techniques. Less
than 9% of all TT and TF chest compressions simaltasly achieved all four evidence
based chest compression quality targets, regardfasgant CPR manikin design, with
less than 50% of chest compressions achieving thraeore quality targets. With the
prevalence of excessive compression rates obselweag simulated infant CPR and
the inclusion of compression duty cycle targetthmoverall quality index, it is perhaps
unsurprising that these are the worst results fassisted CPR across the literature

[166-168].

The provision of real-time performance feedbackyéwer, considerably improved the
guality of chest compressions provided during sated infant CPR. Real-time perfor-
mance feedback resulted in 75% of all TF technape 80% of all TT technique chest
compressions simultaneously achieving all four tlhempression quality targets, with
>98% of compressions performed by both techniqubseaing three or more quality
targets. These results correspond with the congpossiasures reported across the litera-
ture [166-168], to demonstrate that high qualitgsticompressions can be attained dur-

ing simulated infant CPR, with the assistance al-tine performance feedback.

6.1.6 Performance Decay

Effective chest compressions remain fundament#tégorovision of high-quality CPR
during cardiac arrest [1-3]. Chest compressionswadely recognised as a physically
challenging task that can lead to significant detations in chest compression efficacy
over time. Performance decay may, therefore, beiderably detrimental to the quality
of chest compressions provided over time, with degrease in quality likely to affect

the haemodynamics of CPR.
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Several studies, during both actual and simulatkedt &£PR, report compression depth
performance decay after just one minute of CPRpating this primarily to resuscita-
tor fatigue [161-164]. These studies further ndteat providers were often unaware of
this decay in performance and only subjectivelyortgrl experiencing fatigue after 3-4
minutes [161-164]. Compression depth decay haslassna reported during simulated
infant CPR [17, 20, 21]. Performance decay was rvbseto particularly affect the TF
chest compression technique, with both Udassil [17] and Huynhet al [20] report-

ing a 1.5-5mm deterioration in chest compressigithdeafter one minute of CPR using
a 30:2 ratio. This was in contrast to the TT teghej where chest compression depths

had only decayed by <1mm by the second minute & {17, 20, 21].

This research was the first to report performareeay for all four chest compression
guality measures over two minutes of simulatednnfaPR, whilst also determining the
exact onset of decay over this period for all fquality measures. Performance decay
was observed to affect both TT and TF techniquepression depths and TT technique
compression duty cycles. The onset of TF technmpmpression depth decay (75-105
seconds) corresponded with current research indgcah onset of fatigue in the second
minute of simulated infant CPR [17, 20]. The onseT T technique compression depth
decay, however, occurred after 15 seconds. Asquiely discussed this was unlikely to
be because of fatigue and may have been an inmlcafi participants achieving the
maximum achievable chest compression depth ofritamtit CPR manikin. Finally, TT
technique compression duty cycle performance de@esyalso unlikely to be related to
participant fatigue, as its onset was observed 890 seconds only and not for the
final 30 seconds. No decay in chest compressiofitgue#as found for either the chest

release forces or chest compression rates.
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6.2 Strengths and Limitations

This research attempts throughout its design tomise the potential for experimental
bias. All studies were prospectively designed thuce sources of bias and confounders,
whilst participants were randomly allocated to gtgdoups to minimise allocation bias.
Informed and timely consent was obtained from 8LE/APLS instructors recruited to
this research, whilst all three studies were penéat following the principles of Good
Clinical Practice [223]. Participants were blindedthe objectives of all three studies
and a separate assessment room was used for tdstengtandardisation of instructions
was provided by the Experimental Instruction Sheetslist the carry over effects of

fatigue were minimised by allowing full recoverytiveen chest compression periods.

All participants recruited to this research werdified EPLS/APLS training course in-
structors. As previously discussed, these are hgapaediatric emergency life support
training courses, which use instructors that haseessfully passed further assessment
at a Generic Instructor Course [184, 206]. Consetipeit may be assumed that this
research analysed chest compressions providediteyresuscitators during simulated
infant CPR, representing the current ‘gold standfandinfant chest compression quali-
ty. The use of EPLS/APLS training course instrustoray, however, not represent the
typical demographics of the population most likelyprovide infant CPR. The quality
of chest compressions provided throughout thisarebemay therefore not represent the
quality provided in practice by either Basic Lifefgport (BLS) or EPLS/APLS trained
rescuers or laypersons. Quantifying the qualitghadst compressions provided by these

specific populations will be of interest to futussearch.

An important limitation of this research was the a$ infant CPR training manikins to

measure the quality of chest compressions perfognedg simulated infant CPR. Alt-
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hough infant CPR manikins have previously been tgeavestigate chest compression
quality, their design is acknowledged as flawed214. Previous studies highlight chest
compression stiffness as a key limitation to bieliity [14-21], but failed to consider the
effects of the maximum achievable chest compresdepth (CDmax) of the manikin
design. Chapter 3 reported that the CDmax of therdal ® ALS Baby CPR training
manikin was just 40mm, leading to the hypothesa this manikin may have mechani-
cally constrained chest compressions during siradlatfant CPR. Chapter 4 confirmed
this particular issue by describing an increaseoimpression depths with the provision
of a more ‘physiological’ CDmax. Whilst this higbhted the importance of biofidelic
manikin designs when investigating CPR qualityaaqity of research that adequately
defines the biomechanics of the infant thorax resairhe more ‘physiological’ infant
CPR manikin was, however, developed using the destable scientific evidence and

so is likely to be a major improvement on currefidnt CPR manikin designs.

The chest compression quality targets, systembtiehistracted from the international

literature, were used throughout this researctbéin the quality index analyses and the
real-time performance feedback program. The chaspcession quality targets used in
this study were based on a combination of infabjesu, adult subject, radiographic and
animal surrogate studies. Furthermore, due a lagkimary data, the infant thoracic

over-compression criterion was defined based upmsensus opinion, rather than ex-
perimental data [143, 146]. Only the chest compoesdepth and rate quality targets
have been recommended by current internationaletsus opinion [1-3], whilst inter-

national consensus opinion is still to be reacledrfaximum chest compression depths
and the provision of optimal chest release foraes @ompression duty cycles. This,

however, reflects the current state of the sciengétifidence guiding current infant CPR
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guidelines. With future paediatric research, gxpected that the targets for benchmark-

ing infant chest compression quality will be updiate

Perhaps the most important aspect of the reseaashive development of the real-time
performance feedback program. Whilst the effectsrdy one form of feedback were

evaluated by this study, other forms exist whichldanfluence the results differently.

Corrective feedback (i.e. input only provided wivkiest compression performance does
not meet guidelines), for example, has been ustEhsixely across previous studies to
improve the quality of chest compressions deliveneddult human subjects and CPR
manikins [32, 40-42, 215-218]. Despite the excell@sults achieved in this research,
further gains could be achieved by implementingifeitteedback styles. The effects of
feedback training also cannot be ruled out, whereogressive learning curve may have
resulted in an improvement in chest compressiotitguaver time, as the participants

gained experience with the performance feedbaekfaxte. The presence of such a pro-

gressive learning curve may, however, have imporaplications for skill retention.

Finally, this research attempted to mitigate tHeat$ of potential confounders through-
out all three studies. Randomised, crossed-ovedysiesigns were used in Chapters 3
and 4 to reduce the effects of confounding covesiaby using each participant as their
own control, whilst Chapter 5 used a randomisedrotied study design to eliminate
any carry over bias from the earlier use of thé-tieze performance feedback program.
The potential confounders assessed throughoutebéarch included chest compression
technique order, gender, field of expertise anadicdil experience; whilst Chapter 5 fur-
ther considered instructor certification, time &rast certification and total number of
infant resuscitations. Although all three Chaptdyserved the potential for confounding

variables, the statistical power of all statistitsdts failed to exceed 80% for all poten-
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tial confounders, implying that this difference magnply have been caused by type-Ii
errors. More participants would have been requioegidequately power these statistical
tests to determine if these differences were dumtdounders or type-Il errors. Finally,

despite being blinded to the study objectives,igpents were aware of being observed

and so their performance may have been affected.

6.3 Impact of Research

6.3.1 Infant CPR Training Manikins

From this research it was established that the npbngsiological’ infant CPR manikin
design may be used to deliver better quality chestpressions and highlight thoracic
over-compression during simulated infant CPR. Alifio commercially available infant
CPR manikins have been used to extensively invastigfant CPR quality, both across
the literature and in this research, their desggrecognised as being biomechanically
flawed [14-21]. Several studies highlight chest poession stiffness as a limitation to
manikin biofidelity [14-21], but only this researcbnsiders the effects of the maximum
achievable chest compression depth of the mangésigd. This research confirmed that
current, commercially available, infant CPR tragimanikin designs potentially limit
resuscitators from performing high quality chestpoessions, whilst also concealing
the presence of thoracic over-compression. If thidhe case, then research performed
on infant CPR manikins with unrepresentative cltestipression characteristics should

be interpreted with care.

Whilst this study highlighted the importance ofngsia more ‘physiological’ maximum
achievable chest compression depth to investigastcompression quality, there still

remains a paucity of research that defines the &otvanical characteristics of the infant
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thorax. As has been discussed, it remains unknoihether the more ‘physiological’
infant CPR manikin design developed by this redeacdiomechanically representa-
tive. Further research in this particular fielccisarly required to ensure the biofidelity

of future infant CPR training manikin designs arpioved.

6.3.2 Chest Compression Quality during Unassisted InGiR

Through the use of a more ‘physiological’ infantRCPanikin design, the unassisted
chest compressions simulated in this research retgrlrepresent the quality of chest
compressions provided during infant CPR in clinipedctice. Despite this, the overall
quality of chest compressions remained poor foh baftest compression techniques;
with <9% of chest compressions found to achievéoalt infant specific evidence based
quality targets. Fundamental to this was a comlwnatf inaccurate chest compression
depths, excessive chest compression rates anchgeamlacompression duty cycles, with
the TT technique also failing to completely relettsechest. Although these poor quali-
ty chest compressions were performed during siredlatfant CPR, these results could

have a number of important implications if diredtignsferable to clinical practice.

Deeper chest compressions have been observedulb iregavourable haemodynamic
outcomes, such as increased arterial pressureghnrifant and adult subjects [30, 144]
and increased coronary flow and cardiac outputnimal surrogate models [31, 142].
Increased compression depths have also been limitedmproved survival outcomes,
such as increased defibrillation success and salrtovhospital discharge after cardiac
arrest in adults [32, 33]. Therefore, if the chestpression depths achieved using the
more ‘physiological’ infant manikin design represéme quality of chest compressions
provided in clinical practice, trained healthcaesuscitators may be providing better

quality chest compression depths than previousiyght. Despite this improvement in
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chest compression depth quality, over 50% of ustssichest compressions performed
during unassisted infant CPR failed to achieveenirchest compression depth quality

targets; leaving considerable room for improvementguality.

Although current international guidelines emphasiegeneration of sufficient cardiac
output by compressing the chest to an adequaté dkping infant CPR [1-3], little
emphasis is placed upon restricting maximum congpyasdepths to limit the risks of
causing intrathoracic trauma. When performing sated infant CPR using the more
‘physiological’ manikin, 33% of all TT technique &7-12% of all TF technique chest
compressions exceeded the proposed thoracic owgpression criterion; highlighting
the potential provision of chest compressions thwar-compress the thorax in clinical
practice. This research, therefore, raises a stgmff concern over the current safety of

infant CPR.

In particular, this research raises a concern ouenent international recommendations
to “push hard, push fast” during infant CPR [1{{imarily as this may encourage the
over-compression of the thorax in clinical practi€his safety concern is reinforced by
a recent study highlighting a potential relatiopsbetween chest compression depths
and the likelihood of iatrogenic injuries occurridgring adult CPR [209]. Trauma was
documented more frequently when compression deptbseded 60mm [209], relating
to compression depths greater than one-quarteextegnal AP thorax diameter [210].
With 33% of TT technique, and 7-12% of TF technigeigest compressions achieving
chest compression depths that exceeded 40% oktamal AP thorax diameter during
simulated infant CPR, concerns may be raised gdhesults correspond with the chest

compressions provided in clinical practice.
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Delivering effective chest compression rates, chalstise forces and compression duty
cycles are also essential to optimising haemodycsrhiring infant CPR [34, 35, 147,
148, 150, 153, 154]. In this research, the majaoityparticipants provided excessive
chest compression rates and prolonged compressigrcycles during simulated infant
CPR, whilst ~50% of TT technique chest compressiaited to completely release the
chest. The incomplete release of the chest woubgrgeée increased intrathoracic pres-
sures in clinical practice, whilst prolonged congsien duty cycles and excessive chest
compression rates would result in inadequate cheltrelaxation, both of which would
limit the return of venous blood to the heart aaduce coronary and cerebral blood
flow [34, 35, 147, 148, 150, 153, 154]. This mayearticular problem for the TT
technique, which was observed to provide greatestctelease forces and compression
duty cycles throughout this research. It therefgppears that, without further interven-
tions in either the clinical or training settinggtimal haemodynamics during unassist-

ed infant CPR may not currently be achievable.

To improve the quality of chest compressions prediduring unassisted infant CPR,
resuscitators must be encouraged to achieve thevedl narrow therapeutic window
for achieving quality chest compression depthsadlieve this, the TT chest compres-
sion technique must be discouraged from over cossprg the thorax, whilst the TF
technique must be encouraged to compress the dbeper. Further improvements in
chest compression quality may be achieved by ethgcaésuscitators to completely
release the chest during the release phase ofcemepression. This may improve the
proportion of compressions that completely reléhsechest, whilst also potentially im-
proving duty cycle quality. Finally, improving trepuality of chest compression rates

may also be realised through regulation with a ometme. The real-time performance
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feedback program developed by this research ateghiptimplement all these functions

in an attempt to simultaneously improve the quatitgll four quality measures.

6.3.3 Real-Time Performance Feedback

This research established the benefits of introduceal-time performance feedback
during simulated infant CPR, with the provisionfeédback resulting in a considerable
improvement in chest compression quality. Withghavision of real-time performance
feedback, overall chest compression quality wasrawvgd from less than 9%, to over
70%, of all chest compressions simultaneously aatgeall four evidence based quality
targets, regardless of chest compression technkyuelamental to this improvement in
quality was the delivery of accurate chest compoesdepths, reduced compression du-

ty cycles, appropriate chest compression rategtedomplete release of the chest.

Although performed during simulated infant CPR, #ffects of real-time performance
feedback on chest compression quality in this resemay have important implications
if directly transferable to infant CPR in clinigaiactice. The provision of accurate chest
compression depths would maintain favourable hagmerdic outcomes [30, 31, 142,
144], whilst also minimising the likelihood of iagenic thoracic trauma through the
over-compression of the thorax [143, 146]. The ceteprelease of the chest and the
provision of shortened compression duty cycles @waelduce intrathoracic pressures
during the release of the chest, promoting thermedéivenous blood to the heart and the
perfusion of the myocardium [34, 35, 147-150, 1834]. Finally, the provision of op-
timal compression rates and compression duty cyetadd improve the relaxation of
the chest wall, improving the return of venous bldo the heart prior to recirculation
[150, 153, 154]. The provision of real-time perfamse feedback in clinical practice

may therefore result in chest compressions thatnige both forward and retrograde
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blood flow, improve vital organ perfusion and redube risks of iatrogenic thoracic

trauma.

This research may provide the fundamental basia &ystem that is able to improve the
guality of chest compressions provided during ibfaRR in clinical practice. Real-time
performance feedback systems have been succeds@uifated into clinical practice to
enhance CPR performance in the adult and olderigtaiedpopulations [32, 40-42].
With results reporting marginal improvements in stheompression quality, the use of
real-time performance feedback has so far failemhflaence survival outcomes [219].
With the considerable improvements in quality olaedrfor both infant chest compres-
sion techniques performed in this research, paktiierefore remains for a real-time

performance feedback system to improve the outcahedant cardiac arrest.

Real-time performance feedback may be further tsesiandardise the quality of chest
compressions provided during clinical trials. SeVveecent clinical trials have failed to

successfully translate promising results from expental research into clinical practice

[171, 172], with the quality of chest compressipesformed during these trials cited as
a potential confounding variable. Finally, it issestial to design a curriculum that aims
to implement effective educational strategies tilitate learning and ensure skill reten-
tion. The use of a real-time performance feedbyskesn as a teaching aid may allow
trainees to immediately adjust their performancadhieve current chest compression
guality targets within the training environment.igimay promote the acquisition and
retention of high quality psychomotor skills forest compressions during simulated
infant CPR, which, in turn, may transfer into ofial practice to improve the outcomes

of infant cardiac arrests.
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7 CONCLUSIONS

7.1 Research Conclusions

The main aim of this research was to monitor, eatel@nd engineer an improvement in
the quality of chest compressions provided duringutated infant CPR. The objectives

of this research are summarised, with their cooedmg conclusions, below:

1. Establish a technique to benchmark resuscitatdoimeance against evidence
based infant CPR chest compression quality targets.
= |nfant specific, evidence based, quality targetcfeest compression depths,
chest release forces, chest compression ratesoamgression duty cycles
were systematically abstracted from the literature.
= An overall chest compression quality index, defiasdhe proportion of
chest compressions that simultaneously achievddualiquality targets,
was developed to benchmark performance during sit@dlinfant CPR.
2. Investigate the quality of chest compressions piediby trained healthcare re-
suscitators during simulated infant CPR on a cororally available manikin.
= Overall chest compression quality was very pooth\ss than 1% of all
chest compressions simultaneously complying witfoar quality targets.
= Fundamental to this was the provision of inadequatepression depths,
excessive compression rates and prolonged dutgsycl
= When comparing chest compression techniques, thedhhique provided
better quality compression depths, whilst the Tdhtéque provided better
quality duty cycles and released the chest further.
= Chest compressions appeared to be mechanicalhictedtby the maximum

achievable chest compression depth of the comntigraigailable manikin.
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3. Design an instrumented infant CPR training manébie to monitor both chest

compression quality and thoracic over-compressioing simulated infant CPR.

A novel infant CPR manikin was designed to haveaaimum achievable
chest compression depth that represented the pbgtial internal AP chest
depth of a three month old male infant.

A thoracic over-compression criterion was definaddad on the hypothesis
that a residual internal AP chest depth of less t@mm may potentially

cause intrathoracic trauma.

4. Assess chest compression quality and the preséitliseracic over-compression

using this novel infant CPR manikin.

The more ‘physiological’ infant CPR manikin desigmproved both chest
compression depth and compression duty cycle gualit

Despite these improvements, less than 9% of unedsibest compressions
were observed to simultaneously comply with allrfquality targets.

When comparing chest compression techniques, thedffhique provided
better quality duty cycles and released the chestdr, whilst the TT tech-
nique reduced thoracic under-compression.

Both chest compression techniques were documentadetr-compress the
thorax; with the TT technique particularly predispd to providing chest

compressions that over-compressed the thorax.

5. Develop a performance feedback system to assis$ggators in achieving high

guality chest compression during simulated infaRRC

A real-time performance feedback program was d@egldo demonstrate
resuscitator performance, in real-time, againsinfant specific evidence

based quality targets.

Page|l67



CHAPTER 7: CONCLUSIONS

6. Evaluate the effects of the performance feedbastesy on chest compression
quality and thoracic over-compression during sirradanfant CPR.
= The provision of real-time performance feedbacksaerably improved the
proportion of TT (80%) and TF (75%) technique cleeshpressions that
simultaneously complied with all four quality tatge
» Real-time performance feedback further reducegbtbportion of chest
compressions that over-compressed the thorax sahes 1%.
= Fundamental to this considerable improvement istcb@mpression quality
was the provision of accurate compression deplbxses compression

rates, reduced duty cycles and the complete rete#fabe chest.

Fundamentally, this research found that the qualityhest compressions provided dur-
ing unassisted simulated infant CPR rarely comphéd infant specific evidence based
quality targets. The use of a more ‘physiologiecafant CPR manikin highlighted that

commercially available infant CPR manikins may niestesuscitators from performing

high quality chest compressions, whilst also colwgachest compressions that over-
compress the thorax. Finally, the provision of #tigake performance feedback during
simulated infant CPR considerably improved cheshm@ssion quality by promoting

accurate compression depths, appropriate compresates, reduced duty cycles and
the complete release of the chest. It is hopedthigatuture implementation of real-time
performance feedback in clinical practice may resuhigh quality chest compressions

during infant CPR, thus improving the current oates of infant cardiac arrest.

7.2 Directions for Future Research

The primary aim of this research was to engineamgmovement in the quality of chest

compressions performed during simulated infant CIRachieving this aim, several
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research topics have been identified that woulafiefnom further investigation. These
topics fall into five central categories; the efteof real-time performance feedback on
CPR skill acquisition and retention, the qualitycbiest compressions performed by lay
persons and BLS trained resuscitators, the desigrdavelopment of biofidelic infant
CPR training manikins, the expansion of the cursan¢ntific evidence base informing
the international resuscitation guidelines andalfin monitoring and improving chest

compression quality during infant CPR in clinicahgtice.

7.2.1 Effect of Feedback on Skill Acquisition and Retenti

Further research is required to determine the &ffecreal-time performance feedback
on skill acquisition and retention. As chest comspren quality during infant CPR is
directly related to survival outcomes, several &sidhave indicated that implementing
feedback assisted training programs may be impottarmproving survival outcomes
from cardiac arrests. Whilst this research obsethatireal-time performance feedback
assisted providers in achieving high quality clesshpressions, it was not the remit of
this research to investigate whether the provisibmeal-time performance feedback
also resulted in the short-term acquisition andyttarm retention of high quality chest
compressions. To thoroughly investigate the effetfeedback on skill acquisition and
retention, it is proposed that chest compressialitgus evaluated, subsequent to feed-
back assisted training, at regular intervals dutingssisted simulated infant CPR. This
research would be expected to impact future guidelrecommending optimum booster

training and chest compression quality re-evaluaftiequencies.
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7.2.2 Layperson and BLS Provider Chest Compression Qualit

Whilst this research investigated the quality oésthcompressions performed by highly
trained EPLS/APLS training course instructors dyisimulated infant CPR, the quality
of chest compressions provided by both laypersohBasic Life Support (BLS) trained

resuscitators currently remains unknown. As layessor BLS trained resuscitators are
usually the first responder to a cardiac arresgoitild be of benefit to further quantify

the quality of chest compressions provided by tlspseific providers. This may lead to
further developments in the real-time performaremdback program to specifically aid

these providers in achieving high-quality chest pogasions during infant CPR.

7.2.3 Biofidelic Infant CPR Training Manikins

This research concluded that the quality of chestpressions performed when using
commercially available infant CPR training manikimswy fail to represent the quality
of chest compressions provided in clinical practitiee use of a more ‘physiological’
infant CPR manikin design resulted in increasedstthempression depths and reduced
compression duty cycles during simulated infant CRRilst also highlighting thoracic
over-compression. Whilst this research emphasksgtportance of using representa-
tive manikins to investigate chest compressionityyahere is still a paucity of research
defining infant thoracic biomechanics. Further egsh in this particular area is, howev-
er, required to ensure that the biofidelity of fietinfant CPR training manikin designs
are improved. Of specific research interest wouddtlire chest compression stiffness
characteristics, the maximum chest deflections@mdpression forces achieved during
CPR and whether the infant thorax demonstratesvestpelastic properties. This may
be investigated through monitoring the chest cosgiom forces and chest deflections

provided in clinical practice using force and digt@ measuring sensors.
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7.2.4 Improving the Scientific Evidence Base

The development and use of the chest compressialitygindex approach throughout
this research was limited by the absence of goaditgistudies, performed specifically
in the infant population. Quality targets for maxim chest compression depths, chest
release forces and compression duty cycles wertifieel by this research as requiring
consensus opinion in current international infaRRCguidelines. The current scientific
evidence base for the chest release force and essipn duty cycle quality targets may
only be improved through monitoring these qualityasures during CPR, as described
previously. A therapeutic window for chest compi@sdepths that aims to maximise
the haemodynamics of CPR and minimise the riskbafacic injury may, however, be
determined for the paediatric population througi-olnical research. To thoroughly
investigate this, it is first suggested to perfanmanikin based study to establish the
minimum compression depth window that may be effett achieved by resuscitators
assisted by real-time performance feedback acressge of manikins. These minimum
windows may then be used in a radiological studgdtermine age-specific therapeutic
chest compression depth windows across the paediajpulation. This research would
aim to impact future ERC and RCUK paediatric CPRiglines, if completed prior to

the start of the 2015 ILCOR evidence evaluatiorcess.

7.2.5 Improving Chest Compression Quality in Clinical &ree

This research may provide the fundamental basia &ystem that is able to improve the
quality of chest compressions provided during ibfaRR in clinical practice. Although

widely developed for the adult and older paedighopulations, real-time performance
feedback systems remain to be developed for uskildren aged less than 8 years old.

With the considerable differences in quality obgérior both infant chest compression
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techniques performed in this research, potentiadares for a real-time performance

feedback system to contribute in improving the ontes of infant cardiac arrest.

Such a feedback system may also carry further lisrfef clinical resuscitation trials.

Real-time performance feedback would provide anodppity to both standardise and
optimise the chest compressions provided duringethigals. The ability to use a real-
time performance feedback system in such a trialldvéacilitate the provision of high

guality chest compressions during infant CPR, prtomgooptimal haemodynamics and
uniformity across prospectively designed cliniagls. This may reduce the potential
confounding effects of chest compression qualitysthopefully assisting in translating

successful experimental research into positiveiaararrest outcomes.

Finally, it is essential to design curricular tiaplement effective educational strategies
to facilitate skill acquisition and retention. Thee of a real-time performance feedback
system, as a teaching aid, may allow trainees toadiately adjust their performance to
achieve current, evidence based, chest compregsiality targets. This may promote
high quality chest compression psychomotor skillsrdy simulated infant CPR, which,

in turn, may transfer into clinical practice to irope infant cardiac arrest outcomes.
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A.1l: Epidemiology of Infant Cardiac Arrest Data Tables

A.1.1 Incidence and Demographics of Infant Cardiaest

Table 3: Demographics and incidence for out-of-hosal cardiac arrests

. Demographics Demographics Incidenpe

First Author Year Reported* Age Male  Neonates (/100,000 infants
Iyrs /n(%) In(%) per year)

Young 2004 328 (100) - - 59 (18) -
Lopez-Herce 2005 25 (100) - - 2 (8) -
Atkins 2009 277 (100) 0.3 160 (58) - 72.71
Kitamura 2010 - - - - 65.9
Li 2010 40 (100) - - 11 (28) -
Lin 2010 114 (100) - - 29 (25) -
Park 2010 299 (100) 0.3 169 (57) - 67.1
Bardai 2011 - - - - 33.8
Moler 2011 44 (100) - - 5(11) -
Nitta 2011 343 (100) - 193 (56) - 65.5
Abe 2012 3189 (100) - 1855 (58) - -

* Cases with demographic information known, repids a proportion of infants included in each study

Table 4: Demographics for in-hospital cardiac arrets

Demo- Demographics
First Author  Year graphics Male Neonates
Reported* n(%) n(%)
Suominen 2000 74 (100) - 28 (38)
De Mos 2006 44 (100) - 18 (41)
Meaney 2006 167 (100) 95 (57) 62 (37)
Rodriguez-Nune: 2006 57 (100) - 9 (16)
Samson 2006 432 (100) - 130 (30)
Tibballs 2006 66 (100) - 29 (44)
Meert 2009 184 (100) - 63 (34)
Wu 2009 122 (100) - 44 (36)
Berens 2011 173 (100) - 84 (49)

* Cases with demographic information known, reporésda propor-
tion of infants included in each study
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A.1.2 Outcomes of Infant Out-of-Hospital Cardiacest

Table 5: Survival outcomes for out-of-hospital carthc arrests

Arrests ROSC /n(%) Survival Outcomes /n(%)

First Author Year with CPR  Transient Sustained Survivalto Survivalto Long Term
Attempted* ROSC  ROSC Admission Discharge  Survival'

Young 2004 328 (100) - - - 23 (7) -
Lopez-Herce 2005 25 (100) - 7 (28) - - 3(12)
Atkins 2009 277 (100) 14 (5) - - 9 (3) -
Kitamura ~ 2010 2082 (100) 69 (3) - - 146 (7§ -
Li 2010 40 (100) - 10 (25) - 2 (5) 2 (5)
Lin 2010 114 (100) - 39 (34) - - -
Park 2010 299 (100) - - 44 (15) 8 (3) -
Bardai 2011 45 (100) - - - 4 (9) -
Moler® 2011 44 (100) - NA - 13 (30) -
Nitta 2011 343 (100) 68 (20) - - 18 (5) -
Abe 2012 3189 (100) 126 (4) - - 264 (8 -

* Cases with CPR attempted, reported as a proposfiirfants included in each studyDefined as survival to one
year unless otherwise specifiéd?atient survival to one monthPatient survival to three montt?ﬁtudy included
cases with sustained ROSC only; CPR, cardiopulmoresyscitation; ROSC, return of spontaneous circulation
Transient ROSC, any period of ROSC; Sustained ROSC, ROSZDahinutes

Table 6: Neurological outcomes for out-of-hospitatardiac arrests

Outcome at Discharge /n(%)  Long Term Outcome /n(%)*

Criteria for Favourable

First Author Year Neurological Outcome Outc0m$s Favourable Outcom?s Favourable
Known Outcomes Known Outcomes

Kitamura 2010 CPC 1/2 146 (100) 36 (25) - -

Li 2010 PCPC 1/2 or no change 2 (100) 1 (50) 2 (100) 1 (50)

Bardai 2011 PCPC 1/2 4 (100) 3 (75) - -

Nitta 2011 CPC 1/2 or no change 18 (100) 4 (22) - -

* Defined as survival to 3 monthsNeurological outcomes known, reported as propertibinfants that survived to hospital discharge;
i Neurological outcomes known, reported as a propoif cases that survived to three monthBatient survival to one month; PCPC,
pediatric cerebral performance category; CPC, cerpbréormance category
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A.1.3 Outcomes of Infant In-Hospital Cardiac Arrest

Table 7: Survival outcomes for in-hospital cardiaarrests

Arrests Sustained Survival Outcomes /n(%)
First Author ~ Year  with CPR ROSC 24 Hour Survivalto Long Term
Attempted* In(%) Survival Discharge  Survival
Suominen 2000 74 (100) - - - 16 (22)
Reis 2002 79 (100) - 30 (38) - 16 (20)
Guay 2004 88 (100) - - - 30 (34)
Akcay 2006 49 (100) - - 9 (18) -
De Mos 2006 44 (100) - - 11 (25) -
Meaney 2006 167 (100) 101 (60) 84 (50) 55 (33) -
Rodriguez-Nunez 2006 57 (100) 35 (61) - 23 (40) -
Meert 2009 184 (100) NA - 100 (54) -
Wu 2009 122 (100) 74 (61) 62 (51) 29 (24) -
Berens 2011 173 (100) - - 53 (31) -
Haque 2011 44 (100) - - 5(11) -
Lopez-Herce 2012 246 (100) - - 100 (41) -

* Cases with CPR attempted, reported as a propodighe study size! Defined as survival to one year;
CPR, cardiopulmonary resuscitation; ROSC, return ohtgpeeous circulation; Sustained ROSC, ROSC of
>20 minutes

Table 8: Neurological outcomes for out-of-hospitatardiac arrests

o Outcome at Discharge /n(%) Long Term Outcome /n(%)*
. Criteria for Favourable
First Author Year " Outcomes Favourable Outcomes Favourable
Neurological Outcome T :
Known Outcomes Known Outcomes
Reis 2002 PCPC 1/2/3 or no chanc - - 16 (100) 14 (88)
Meaney 2006 PCPC 1/2/3 or no chanc 55 (100) 31 (56) - -
Wu 2009 PCPC 1/2/3 or no chanc 29 (100) 25 (86) - -

* Defined as survival to 3 months; T Neurological outcomes known, reported as proportion of infants that stewito hospital discharg
' Neurological outcomes known, reported as a propouf cases that survived to three monthBatient survival to one month; PCPC,
pediatric cerebral performance category
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A.1.4 |Initial Cardiac Rhythm

Table 9: First documented cardiac rhythms for out-d-hospital cardiac arrests

Cardiac Shockable Non-Shockable Pulseless Rhythm

. Non- Other/ Un-

First Author  Year AFcegzitrhen;* gﬁ;ﬁﬁ? Shockable Asystole PEA specified
Rhythms

Atkins 2009 205 (74) 8 (4) 172 (84) - - 25 (12)

Park 2010 299 (100) 1(0) 230 (77) - - 62 (21)

Bardai 2011 29 (64) 1(3) 28 (97) - - -

Nitta 2011 343 (100) 3(1) 320 (93) 286 (83) 334(10) 20 (6)

Abe 2012 3189 (100) 105 (3) - - - -

* Cases with cardiac rhythms known, reported asoaqation of infants included in each study (allethesults report
the number of cases as a proportion of the tofahtncases with cardiac rhythms knowh)includes reported but
unspecified cardiac rhythms; PEA, pulseless eleditactivity

Table 10: First documented cardiac rhythms for in-tospital cardiac arrests

- Cardiac Shockable Non’-\lsor:]ockable Pulseless Rhythm  Pulsatile Rhythms

Year Rhythm Pulseless
Author Acquired*  Rhythms Shockable Asystole PEA
Rhythms

Pulsatile Brady-
Rhythms cardia

Meaney 2006 128 (77) 17 (13) 63 (49) 30 (23) 33(26) 48 (38) 42 (33)
Samson 2006 432 (100) 91 (21) - - - = -

* Cases with cardiac rhythms known, reported asopgution of infants included in each study (all ethesults report
the number of cases as a proportion of the tofahtrcases with cardiac rhythms known); PEA, pelslelectrical ac-
tivity
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A.1.5 Aetiology of Infant Out-of-Hospital Cardiaarst

Table 11: Aetiology of out-of-hospital cardiac arrsts

Aetiolo Presumed Acute Res- Central
First Author Year 9 cardiac piratory  Nervous SIDS Other

*
S Arrest Compromise System
Atkins 2009 277 (100) 205 (74) 15 (5) - 37 (13) 20 (7)
Park 2010 299 (100) 85 (28) 75 (25) - - 139 (46)
Nitta 2011 343 (100) 117 (34) 125(36) 6 (2) - 117 (34)

* Cases with aetiologies known, reported as a pitogo of the study size (all other results repos t
number of cases as a proportion of the total castbsaetiologies known); SIDS, sudden infant death
syndrome

Table 12: Prevalence of SIDS related
out-of-hospital cardiac arrests

Aetiology

First Author Year Known*

SIDS

Young 2004 328 (100) 136 (41)
Lopez-Herce 2005 25 (100) 12 (48)
Patterson 2005 213 (100) 59 (28)

Gerein 2006 190 (100) 102 (54)
Atkins 2009 277 (100) 37 (13)
Deasy 2010 77 (100) 40 (52)
Li 2010 40 (100) 17 (43)
Lin 2010 114 (100) 43 (38)

* Cases with aetiologies known, reported as a
proportion of the study size (all other results

report the number of cases as a proportion of the
total cases with aetiologies known); SIDS, sud-

den infant death syndrome
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A.1.7 Event Characteristics of Infant Out-of-HoapiCardiac Arrest

Table 15: Location of out-of-hospital cardiac arrets

Private Location

. Location Total Public
First Author Year Known* Private Ho_me/ Lesatian
. Residence
Location
Atkins 2009 277 (100) 266 (96) - 11 (4)
Park 2010 299 (100) 272 (91) - 27 (9)
Nitta 2011 343 (100) 320 (93) 320 (93) -

* Cases with locations known, reported as a propof the study size

Table 16: Witness status for out-of-hospital cardia arrests

Witness Total Witness Category
First Author Year Status Arrests Family

Known*  Witnessed SsEnEs Member EMS
Atkins 2009 277 (100) 47 (17) 39 (14) - 8 (3)
Park 2010 299 (100) 80 (27) - - -
Bardai 2011 29 (64) 11 (38) - - -
Nitta 2011 343 (100) 33 (10) 27 (8) - 6 (2)
Abe 2012 3189 (100) 759 (24) 299 (9) 486 (15) -

* Cases with witness statuses known, reported aspoiian of the study size; EMS, emer-
gency medical service

Table 17: Prevalence of bystander cardiopulmonary
resuscitation (CPR) for out-of-hospital cardiac arests

Bystander  Bystander Bystander
First Author Year CPR Data CPR AED
Known* Performed Performed

Atkins 2009 277 (100) 102(37)  0(0)
Kitamura 2010 2082 (100) 995 (48) -
Park 2010 299 (100) 10 (3) -
Bardai 2011 29 (64) 19 (66) -
Abe 2012 3189 (100) 1463 (46) 6 (0)

* Cases with witness statuses known, reported aspomian of the
study size; AED, automated external defibrillator

Table 18: Emergency Medical System (EMS) intervendins for out-of-hospital cardiac arrest

Core EMS Times /min EMS Interventions /n(%)
First Author Year  EMS Times EMS Response ED Arrival  EMS Ints. Mechanical Resuscitation o
Known* Time Time Known'  Ventilation Drugs
Atkins 2009 - - - 232 (84) 214 (92) 46 (20) -
Park 2010 298 (100) 6 16.9 299 (100) 126 (42) - 1 (0)
Bardai 2011 29 (64) 12.2 - - - - -
Nitta 2011 343 (100) 7 - - - - -
Abe 2012 3189 (100) 6.73 28.57 3189 (100) 455 (14) 55 (2) 75 (2)

* Cases with core EMS times known, reported as a piiopoof the study size: Cases with EMS interventions known, reported as a
proportion of the study size; ED, emergency depantimAED, automated external defibrillator
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A.1.8 Event Characteristics of Infant In-Hospitar@iac Arrest

Table 19: Location of in-hospital cardiac arrests

. Study Location Other
First Author  Year Setting Known* ICU Wards
Tibballs 2006 In-hospital 66 (100) 57 (86) 9 (14)

* Cases with locations known, reported as a pramorof the study size; ICU,
intensive care unit

Table 20: Pre-arrest interventions in place prior b in-hospital cardiac arrests

Pre-arrest Patient Monitoring

First Author Year Interventions l\\;lsgglz?ilc():r?l ECG Pulse Arterial Vﬁ?ﬁ;gtr']ve
Known* Oximeter Catheter
Meaney 2006 167 (100) 123 (74) 162 (97) 161 (96) 78 (47) 89 (53)

* Cases with pre-arrest interventions known, regbds a proportion of the study size; ECG, eleatdiograph

Table 21: Interventions implemented in in-hospitalcardiopulmonary resuscitation (CPR)

CPR Open Resuscitation Drugs
First Author Year Interventions Chest ECMO Epi hri ALrODi Sodium Bi- Calci
Known* CPR pinephrine Atropine ~ . .. Calcium

Meaney 2006 167 (100) 25 (15) 22(13) 132 (79) 49 (29) 120(72) 95 (57)
Srinivasan 2008 703 (100) - - - - - 310 (44)

* Cases with CPR interventions known, reported asopgation of the study size; ECMO, extracorporeatmbeane oxygena-
tion
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A.2 Database Search Strategies to Establish Infar@hest Compression Quality

Recommendations

Table 1: Medline database search strategy using Mé&erms and keywords

exp Infant/(896169)

exp Infant, Newborn{475786)

(Infant* or Newborn* or Neonat* or Baby or Babids). (506997)

exp Animals/(16529234)

exp Models, Animal(389512)

exp Animal Experimentatior{6768)

(Animal* or Animal Model* or Animal Experiment*).tw(769709)

(Swine* or Porcine* or Pig* or Dog* or Pupp* or Gah).tw. (543765)

exp Manikins/(2773)

10 (Manikin* or Mannequin*).tw(2278)

11 exp Cardiopulmonary Resuscitatiq0506)

12 exp Resuscitatior(69363)

13 exp Heart Massagé2469)

14 (Cardiopulmonary Resus* or CPR or Resus*)(@#v.212)

15 (Heart Massage or Cardi* Massage).(h206)

16 ((Chest or Thora* or Stern* or Abdom* or Cardi*)jadcCompress*).tw(5328)
17 (Two-finger or Two Finger).tw174)

18 (Two-thumb or Two Thumb or Hand Encircl* or (Cheslii5 Encircl*)).tw.(28)
19 (Compress* adj5 (Method* or Techni* or Maneuv* oahbeuv?*)).tw.(4375)
20 ((Compress* or Heart) adj5 (Position* or Locat*Site*)).tw. (5095)

21 (Compress* adj5 (Depth* or Force*)).ty8679)

22 ((Release or Leaning) adj5 (Depth* or Force*)).(W67)

23 ((Recoil or Decompression) adj5 (Depth* or Forcety) (200)

24 (Compress* adj5 (Rate* or Frequenc®)).2095)

25 (Duty Cycle).tw.(1635)

26 (Compression adj5 (Ratio* or Fraction* or High Infgeeior Duration))).tw(1491)
27 0or/1-10(16729199)

28 or/11-16(97114)

29 0r/17-26(17998)

30 and/27-291277)

O©CoO~NOUITA,WNBEF

Number of articles retrieved by each line of tharsk strategy code is shown(italics); MeSH, medical subject
heading; exp, exploded MeSH search term; tw, kegivemarch in title and abstract only; or, Booleariddgr”
operator; and, Boolean logic “and” operator; * keyadruncation; adj5, retrieves articles where tveywords
appear, in no specific order, within 5 words ofteather
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Table 2: Embase database search strategy using Me3$¢tms and keywords

exp Infant/(567270)
exp Newborn(515292)
exp Baby/(15662)
(Infant* or Newborn* or Neonat* or Baby or Babids). (689475)
exp Animal/(19117202)
exp Animal Model(686669)
exp Animal Experiment{1688365)
exp Swine{176399)
exp Dog/(346549)
0 exp Puppy(884)
1 (Animal* or Animal Model* or Animal Experiment* ocwine* or Porcine* or Pig* or
Dog* or Pupp* or Canin*).tw(1632200)
12 (Manikin* or Mannequin*).tw(3095)
13 exp Resuscitatior(66158)
14 exp Heart Massagé3659)
15 (Cardiopulmonary Resus* or CPR or Resus* or Heat$4ge or Cardi* Massage).tw.
(67238)
16 ((Chest or Chest Wall or Thora* or Stern* or Cajditlj5 Compress*).tw(6579)
17 (Two-finger or Two Finger or Two-thumb or Two ThurabHand Encircl* or (Chest adj5
Encircl*)).tw. (242)
18 (Compress* adj5 (Method* or Techni* or Maneuv* oahbeuv?*)).tw.(6894)
19 ((Compress* or Heart) adj5 (Position* or Locat*Site*)).tw. (7552)
20 (Compress* adj5 (Depth* or Force*)).t¢4789)
21 ((Release or Leaning) adj5 (Depth* or Force*)).(284)
22 ((Recoil or Decompression) adj5 (Depth* or Forcet) (287)
23 (Compress* adj5 (Rate* or Frequenc®)).f&2553)
24 (Duty Cycle or (Compression adj5 (Ratio* or Franti@r High Impulse or Dura-
tion))).tw. (3511)
25 0or/1-12(19657751)
26 0r/13-16(99227)
27 or/17-24(24601)
28 and/25-271673)

P RPOO~NOOTD,WNPE

Number of articles retrieved by each line of tharek strategy code is shown(italics); MeSH, medical subject
heading; exp, exploded MeSH search term; tw, keglvegrarch in title and abstract only; or, Booleariddgr”
operator; and, Boolean logic “and” operator; * keyadruncation; adj5, retrieves articles where tveywords
appear, in no specific order, within 5 words ofteather
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Table 3: ISI Web of Science database search strateg

(TS=(Infant* OR Newborn* OR Neonat* OR Baby OR BabiOR Animal* OR Animal
Model* OR Animal Experiment* OR Swine* OR Porcin®R Pig* OR Dog* OR Pupp* OR
Canin* OR Manikin* OR Mannequin®*))

AND

(TS=(Cardiopulmonary Resus* OR CPR OR Resus* ORtHé¢assage OR Cardi* Massage
OR ((Chest OR Thora* OR Stern* OR Abdom* OR CarditffAR/5 Compress®)))

AND

(TS=(Two-finger OR Two Finger OR Two-thumb OR Twhuimb OR Hand Encircl* OR
(Chest NEAR/5 Encircl*) OR (Compress* NEAR/5 (MetifdOR Techni* OR Maneuv* OR
Manoeuv*)) OR ((Compress* OR Heart) NEAR/5 (Positi@R Locat* OR Site*)) OR
(Compress* NEAR/5 (Depth* OR Force*)) OR ((Rele&de Leaning) NEAR/5 (Depth* OR
Force*)) OR ((Recoil OR Decompression) NEAR/5 (DepDR Force*)) OR (Compress*
NEAR/5 (Rate* OR Frequenc*)) OR (Compress* NEARRelease OR Recoil OR Decom-
press*)) OR Duty Cycle OR (Compress* NEAR/5 (RatdR Fraction* OR High Impulse
OR Duration))))

(596)

Number of articles retrieved by the search stratagie is shown iffitalics); TS, topic search; * keyword trunca-
tion; OR, Boolean logic “or” operator; AND, Boolearglo “and” operator; NEAR/5, retrieves articles wher®
keywords appear, in no specific order, within 5 dgof each other

Table 4: Scopus database search strategy

TITLE-ABS-KEY (infant* OR newborn* OR neonat* OR bgl®R babies OR animal* OR
animal model* OR animal experiment* OR swine* OR@oe* OR pig* OR dog* OR pupp*
OR canin* OR manikin* OR mannequin*)

AND

TITLE-ABS-KEY (cardiopulmonary resus* OR cpr OR reSiOR heart massage OR cardi*
massage OR (compress* W/5 chest) OR (compress*cW\é@st wall) OR (compress* W/5
thora*) OR (compress* W/5 stern*) OR (compress* \alislom*) OR (compress* W/5
cardi*))

AND

TITLE-ABS-KEY (two-finger OR two finger OR two-thum®R two thumb OR hand encircl*
OR (chest W/5 encircl*) OR (compress* W/5 metho®R (compress* W/5 techni*) OR
(compress* W/5 maneuv*) OR (compress* W/5 manoe@®) (compress* W/5 position*)
OR (compress* W/5 locat*) OR (compress* W/5 sit®fR (heart W/5 position*) OR (heart
W/5 locat*) OR (heart W/5 site*) OR (compress* Wi&pth*) OR (compress* W/5 force*)
OR (release W/5 depth*) OR (release W/5 force*) (@Rning W/5 depth*) OR (leaning W/5
force*) OR (recoil W/5 depth*) OR (recoil W/5 forgeOR (decompress* W/5 depth*) OR
(decompress* W/5 force*) OR (compress* W/5 rate® @ompress* W/5 frequenc*) OR
(duty cycle) OR (compress* W/5 ratio*) OR (compreg#’5 fraction*) OR (compress* W/5
high impulse) OR (compress* W/5 duration))

(14)

Number of articles retrieved by the search stratamie is shown ifiitalics); TITLE-ABS-KEY, title, abstract and
keyword search term; * keyword truncation; OR, Bonl&sgic “or” operator; AND, Boolean logic “and” ogsor;
W/5, retrieves articles where two keywords app@ano specific order, within 5 words of each other
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Table 5: Cochrane database search strategy

(infant* or newborn* or neonat* or baby or babigsaaimal* or (animal model*) or (animal
experiment*) or swine* or porcine* or pig* or dogf pupp* or canin* or manikin* or man-
nequin*):ti,kw,ab

and

((cardiopulmonary resus*) or cpr or resus* or (heaassage) or (cardi* massage) or (chest
compress*) or (thora* compress*) or (stern* compreer (abdom* compress*) or (cardi*
compress*)):ti,kw,ab

and

((two-finger) or (two finger) or (two-thumb) or (wthumb) or (hand encircl*) or (chest en-
circl*) or (compress* method*) or (compress* techrar (compress* maneuv*) or (com-
press* manoeuv*) or (compress* position*) or (coegs* locat*) or (compress* site*) or
(heart position*) or (heart locat*) or (heart sit@f (compress* depth*) or (compress* force*)
or (release depth*) or (release force*) or (leardegth*) or (leaning force*) or (recoil

depth*) or (recoil force*) or (decompression deptbr (decompression force*) or (compress*
rate*) or (compress* frequenc*) or (compress* refdeor (compress* recoil) or (compress*
decompress*) or (duty cycle) or (compress* ratiof{compress* fraction*) or (compress*
duration) or (high impulse)):ti,kw,ab

(190)

Number of articles retrieved by the search stratamie is shown ifitalics); ti.kw.ab, title, keyword, and abstract
search term; * keyword truncation; or, Boolean Idgic’ operator; and, Boolean logic “and” operator

Table 6: British Nursing Index (BNI) database searh strategy

(SU.EXACT.EXPLODE("Infants" OR "Infants : Disordér®R "Neonates : Disorders" OR
"Neonates") OR AB,TI(Infant* OR Newborn* OR NeondPR Baby OR Babies) OR
AB,TI(Animal* OR Animal Model* OR Animal ExperimentOR Swine* OR Porcine* OR
Pig* OR Dog* OR Pupp* OR Canin* OR Manikin* OR Ma@&quin*))

AND

(SU.EXACT.EXPLODE("Resuscitation") OR AB,TI(Cardiginonary Resus* OR CPR OR
Resus* OR Heart Massage OR Cardi* Massage) OR A hest NEAR/5 Compress*) OR
(Chest Wall NEAR/5 Compress*) OR (Thora* NEAR/5 Gunesss*) OR (Stern* NEAR/5
Compress*) OR (Abdom* NEAR/5 Compress*) OR (Card2AR/5 Compress*)))

AND

(AB,TI(Two-finger OR Two Finger OR Two-thumb OR TwWwidwumb OR Hand Encircl* OR
(Chest NEAR/5 Encircl*) OR ((Compress* NEAR/5 Methip OR (Compress* NEAR/5
Techni*) OR (Compress* NEAR/5 Maneuv*) OR (CompreN&EAR/5 Manoeuv*)) OR
(((Compress* NEAR/5 Position*) OR (Compress* NEAR/cat*) OR (Compress*
NEARY/5 Site*)) OR ((Heart NEAR/5 Position*) OR (H&€&NEAR/5 Locat*) OR (Heart
NEARY/5 Site*))) OR ((Compress* NEAR/5 Depth*) ORd@press* NEAR/5 Force*)) OR
(((Release NEAR/5 Depth*) OR (Release NEAR/5 Foyt@R ((Leaning NEAR/5 Depth*)
OR (Leaning NEAR/5 Force*))) OR (((Recoil NEAR/5 jate*) OR (Recoil NEAR/5
Force*)) OR ((Decompression NEAR/5 Depth*) OR (Depwession NEAR/5 Force*))) OR
((Compress* NEAR/5 Rate*) OR (Compress* NEAR/5 Rrexac*)) OR Duty Cycle OR
((Compression NEAR/5 Ratio*) OR (Compression NEARYaction*) OR (Compression
NEAR/5 High Impulse) OR (Compression NEAR/5 Durajid)

(5)

Number of articles retrieved by the search stratagge is shown itfitalics); SU.EXACT.EXPLODE, exploded
exact subject search term; AB,TI, abstract and kit\avord search term; * keyword truncation; OR, Bxawl logic
“or” operator; AND, Boolean logic “and” operator; MR/5, retrieves articles where two keywords appano
specific order, within 5 words of each other
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Table 7: Cumulative Index to Nursing and Allied Hedth Literature (CINAHL) database
search strategy

((MH "Infant+") OR (MH "Infant, Newborn+") OR (MHAnimals") OR (MH "Animals, La-
boratory") OR (MH "Models, Biological") OR (MH "Swe") OR (MH "Dogs") OR (MH
"Models Anatomic+") OR infant* OR newborn* OR nedh®R baby OR babies OR ani-
mal* OR animal model* OR animal experiment* OR sefrfOR porcine* OR pig* OR dog*
OR pupp* OR canin* OR manikin®* OR mannequin*)

AND

((MH "Resuscitation+") OR (MH "Resuscitation, Caplulmonary+") OR (MH "Heart Mas-
sage") OR cardiopulmonary resus* OR cpr OR resUR*@art massage OR cardi* massage
OR (chest N/5 compress*) OR (chest wall N/5 comgne®R (thora* N/5 compress*) OR
(stern* N/5 compress*) OR (abdom* N/5 compress*) @Rrdi* N/5 compress?*))

AND

(two-finger OR two finger OR two-thumb OR two thur®R hand encircl* OR (chest N/5
encircl*) OR (compress* N/5 method*) OR (compres5 techni*) OR (compress* N/5 ma-
neuv*) OR (compress* N/5 manoeuv*) OR (compress3 pidsition*) OR (compress* N/5
locat*) OR (compress* N/5 site*) OR (heart N/5 fimsi*) OR (heart N/5 locat*) OR (heart
N/5 site*) OR (compress* N/5 depth*) OR (compreb5 force*) OR (release N/5 depth*)
OR (release N/5 force*) OR (leaning N/5 depth*) @&aning N/5 force*) OR (recoil N/5
depth*) OR (recoil N/5 force*) OR (decompress* Nigpth*) OR (decompress* N/5 force?*)
OR (compress* N/5 rate*) OR (compress* N/5 frequ@@R (duty cycle) OR (compress*
N/5 ratio*) OR (compress* N/5 fraction*) OR (compsez N/5 high impulse) OR (compress*
N/5 duration))

(12)

Number of articles retrieved by the search stratagle is shown iitalics); MH, medical subject heading search
term; + exploded search term; * keyword truncatioR, Boolean logic “or” operator; AND, Boolean logand”
operator; N/5, retrieves articles where two keywaagpear, in no specific order, within 5 words afleother
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A.3 Standardised Critical Appraisal and Data Extradion (CADE) Form

Reviewer Name:

Date:

SECTION A: Study details

Author(s) (4 maximum)

SECTION B: Study Type

Please provide your opinion on the study type which best applies to the data set of in-
terest to our review, even if this differs from what has been stated in the study:

Study Type: please select appropriate study type

Yes v

Experimental Study

Randomised Controlled Clinical Trial

Randomised Cross-over Clinical Trial

Designs Randomised Controlled Laboratory Study
Randomised Cross-over Laboratory Study
Cohort (Longitudinal) Study
Case-Control Study
Observational

Study Designs

Cross Sectional Study

Case Series (23 cases that meet criteria)

Case Report (<3 cases that meet criteria)
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SECTION C: Key Questions

Please select which question(s) this study addresses (more than one option may be
selected):

Key Question Yes v Comment

1. In infants receiving CPR, does any specific chest
compression technique, as opposed to standard
care, improve outcomes?

2. In infants receiving CPR, do chest compressions
performed at any specific location, as opposed to
standard care, improve outcomes?

3. In infants receiving CPR, does any specific chest
compression depth/force, as opposed to standard
care, improve outcomes?

4. In infants receiving CPR, does any specific chest
release depth/force, as opposed to standard care,
improve outcomes?

5. In infants receiving CPR, does any specific chest
compression rate, as opposed to standard care, im-
prove outcomes?

6. In infants receiving CPR, does any specific com-
pression duty cycle, as opposed to standard care,
improve outcomes?

If the study does not address any of the questions listed above, please EXCLUDE and
complete Section G.

Clarification of terms:

1. Infant: 0-1 year old child (see selection criteria overleaf)

2. CPR: Cardiopulmonary resuscitation

3. Chest compressions: Application of cyclical compression and release forces to the
chest that aim to sustain blood flow during cardiac arrest

4. Chest compression depth/force: maximum depth/force attained during the chest
compression phase

5. Chest release depth/force: minimum depth/force attained during the chest release
phase

6. Chest compression rate: The inverse of the time for each chest compression cycle

7. Compression duty cycle: The fraction of each chest compression cycle with active
chest compression
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SECTION D: Selection Criteria

Inclusion criteria summary:

e All clinical studies involving post-mortem or live infants aged 1 year old or less.
* Allradiological studies involving post-mortem or live infants aged 1 year old or less

with the subject in the supine position only.

* Alllaboratory studies involving live animals weighing 12kg or less.

e All laboratory studies involving manikins designed to represent infants aged 1 year

old or less.

e All mathematical models involving models designed to represent infants aged 1
year old or less and validated against age or weight appropriate human or animal

experimental data.

Please select any of the following exclusion criteria which apply to the study:

Exclusion Criteria

Yes v

Comment

Study relates to adults or children aged over 1 year
old - either exclusively or where relevant data relat-
ing to 0-1 year old children cannot be extracted

Study relates to animal surrogates weighing greater
than 12kg - either exclusively or where relevant data
relating to 0-12kg animal subjects cannot be extract-
ed

Study uses post-mortem animal subjects - either
exclusively or where relevant data relating to live an-
imal subjects cannot be extracted

Study relates to instrumented CPR training mani-
kins that represent adults or children aged over 1
year old

Study relates to mathematical models that repre-
sent adults or children aged over 1 year old - either
exclusively or where relevant data relating to models
representing 0-1 year old children cannot be extract-
ed

Study relates to mathematical models that have not
been validated against age/weight specific human
or animal experimental data

If any of the above criteria relate to the study, please EXCLUDE and complete Section

G.
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SECTION E: Level of Evidence Classification*

Please provide your evaluation of the Level of Evidence classification of this study:

Level of

e.ve ° Description Yes v Comment
Evidence

LOE1 Randomised controlled trials

(RCTs) or meta-analysis of RCTs

Studies using concurrent controls
LOE2 without true randomisation (e.g.
“pseudo”-randomised)

Studies using retrospective con-

LOE
OE3 trols

Studies without a control group

LOE4 .
(e.g. case series or reports)

Studies not directly related to the
specific population (e.g. different
LOE5 populations, radiological studies,
animal models, mechanical mod-
els, mathematical models)

Decision tree for Level of Evidence allocation*:

Does the study directly address the question
Yes No

5

LOES

Does the study have its own control group?

Yes No

|

LOE4

Does the study use concurrent controls?

Yes No

|

LOE3

Does the study use true randomisation?

Yes No
J l
LOE1 LOE2

* Adapted from the ILCOR 2010 Evidence Evaluation Process.

Morley, P.T., et al., Part 3: Evidence evaluation process: 2010 International Consensus
on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science with
Treatment Recommendations. Resuscitation, 2010. 81 Suppl 1: p. e32-40.
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SECTION F(i): Methodological Quality of Evidence Classification*

Please provide your evaluation of the Quality of Evidence classification of this study,
using the Quality of Evidence assessment criteria associated with the relevant Level of
Evidence classification determined in Section E.

LEVEL OF EVIDENCE 1 Study

Quality of Evidence assessment criteria (randomised controlled or crossed-over trial):

e  Was the assighment of patients to treatment randomised?

e  Was the randomisation list concealed?

e Were all patients who entered the trial accounted for at its conclusion?

*  Were the patients analysed in the groups to which they were randomised?

e Were patients and clinicians "blinded" to which treatment was being received?
* Aside from the experimental treatment, were the groups treated equally?

*  Were the groups similar at the start of the trial?

Quality of Evidence assessment criteria (meta-analysis of randomised controlled or
crossed-over trials):

e Were specific objectives of the review stated (based on a specific clinical question
in which patient, intervention, comparator, outcome (PICO) were specified)

e Was study design defined?

* Were selection criteria stated for studies to be included (based on trial design and
methodological quality)?

e Were inclusive searches undertaken (using appropriately crafted search strate-
gies)?

e Were characteristics and methodological quality of each trial identified?

* Were selection criteria applied and a log of excluded studies with reasons for ex-
clusion reported?

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu_a lity of Description Yes v’ Comment
Evidence
Good Has achieved most/all of the rele-
vant quality assessment criteria
Fair Has achieved some of the rele-

vant quality assessment criteria

Has very few of the relevant qual-
Poor ity assessment criteria (but suffi-
cient value to the review)

* Adapted from the ILCOR 2010 Evidence Evaluation Process.

Morley, P.T., et al., Part 3: Evidence evaluation process: 2010 International Consensus
on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science with
Treatment Recommendations. Resuscitation, 2010. 81 Suppl 1: p. e32-40.
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LEVEL OF EVIDENCE 2 Study

Quality of Evidence assessment criteria (studies using concurrent controls without true
randomisation):

Were comparison groups clearly defined?

Were outcomes measured in the same (preferably blinded), objective way in both
groups?

Were known confounders identified and appropriately controlled for?

Was follow-up of patients sufficiently long and complete?

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu_a lity of Description Yes v’ Comment
Evidence
Good Has achieved four of the relevant
quality assessment criteria
Fair Has achieved three of the rele-

vant quality assessment criteria

Has less than two of the relevant
Poor guality assessment criteria (but
sufficient value to the review)

Quality of Evidence assessment criteria (meta-analyses of studies using concurrent
controls without true randomisation):

Were specific objectives of the review stated (based on a specific clinical question
in which patient, intervention, comparator, outcome (PICO) were specified)

Was study design defined?

Were selection criteria stated for studies to be included (based on trial design and
methodological quality)?

Were inclusive searches undertaken (using appropriately crafted search strate-
gies)?

Were characteristics and methodological quality of each trial identified?

Were selection criteria applied and a log of excluded studies with reasons for ex-
clusion reported?

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu.a\ lity of Description Yes v’ Comment
Evidence
Good Has achieved most/all of the rele-
vant quality assessment criteria
Fair Has achieved some of the rele-

vant quality assessment criteria

Has very few of the relevant qual-
Poor ity assessment criteria (but suffi-
cient value to the review)
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LEVEL OF EVIDENCE 3 Study

Quality of Evidence assessment criteria (studies using retrospective controls):

*  Were comparison groups clearly defined?

¢ Were outcomes measured in the same (preferably blinded), objective way in both
groups?

* Were known confounders identified and appropriately controlled for?

* Was follow-up of patients sufficiently long and complete?

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu.a\ lity of Description Yes v’ Comment
Evidence
Good Has achieved four of the relevant
guality assessment criteria
Fair Has achieved three of the rele-

vant quality assessment criteria

Has less than two of the relevant
Poor quality assessment criteria (but
sufficient value to the review)

LEVEL OF EVIDENCE 4 Study

Quality of Evidence assessment criteria (case series studies):

* Were outcomes measured in an objective way?
e Were known confounders identified and appropriately controlled for?
* Was follow-up of patients sufficiently long and complete?

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu.a\ lity of Description Yes v’ Comment
Evidence
Good Has achieved three of the rele-
vant quality assessment criteria
Fair Has achieved two of the relevant

guality assessment criteria

Has achieved one of the relevant
Poor quality assessment criteria (but
sufficient value to the review)
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LEVEL OF EVIDENCE 5 Study

Quality of Evidence assessment criteria (studies that are not directly related to the
specific population):

Please provide your evaluation of the Quality of Evidence classification of this study:

Qu_a lity of Description Yes v’ Comment
Evidence
Randomised controlled or
Good crossed-over studies (equivalent
of LOE1 study)
Studies without randomised con-
Fair trols (equivalent of LOE2 or LOE3

studies)

Poor

Studies without any controls and
studies with inadequate control of
potential confounders
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SECTION F(ii): Methodological Quality of Evidence Reclassification

Radiological Study Reclassification

Classify as Fair if radiological case series, but reduce to Poor if no/incomplete exclusion
criteria reported in study

Missing Data Reclassification

Reduce classification by one if missing data in study

Chest Compression Quality Reclassification

Please provide your evaluation of the study on the adequacy of its attempt to stand-
ardise the following measures by selecting from the options below:

Quality Adequately | Adequately . Measure of
Measure Controlled | Recorded Neither Interest* Lo

Techniquet

Location

Compression
Depth/Force

Release
Depth/Force

Compression
Rate

Duty Cycle

* Quality measure has the same significance as if it was adequately controlled; 1 If a
mechanical device is used, quality measure to be classed as adequately controlled

Based on the above, please re-evaluate your classification of the Quality of Evidence of
this study:

uality of A
Q i Description Yes v’ Comment
Evidence
All quality measures adequatel
Good q y q y
controlled
Fair All quality measures either ade-
quately controlled or recorded
At least one quality measure not
Poor
adequately controlled or recorded
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SECTION F{iii): Final Methodological Quality of Evidence Reclassification

Please provide your final evaluation of the Quality of Evidence classification of this
study:

Qu_allty e Yes v’ Comment
Evidence

Good

Fair

Poor
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SECTION G: Final Decision

FINAL DECISION

Yes v

No %

Comment

Is the study included? If so, provide justifi-

cation below.

If excluded, should it be kept for back-
ground information, introduction or discus-

sion?

Conclusions and Comments

Comment

Key points meriting inclusion

Weaknesses, potential con-
founders and limitations

Evaluation of Evidence

Score

Level of Evidence

Quality of Evidence
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SECTION H: Data Extraction

Please complete the following sections as best as possible:

Please select the population this study investigates (more than one option may be se-
lected):

Population Yes v Comment

Infant Cardiac Arrest Study

Live Infant Clinical Study

Infant Cadaver Study

Infant Radiological Study

Animal Surrogate Study

Manikin Experimental Study

Mathematical Model Study

Other Population

Population

Extract all data relevant to the study population. Include data such as age range,
weight range, genders, ethnicity, species, etc. Include details on any population selec-
tion criteria used by the study.

Study aims
Extract all data relevant to the study aims. Include details of any hypotheses tested.
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Methodology

Extract all data relevant to the study methodology. Include details on any techniques
used for data collection, any equipment used, any use of randomisation, any use of
blinding, etc.

Outcomes

Extract all data relevant to the study outcomes. Include details on any outcome
measures including blood pressures, chest compression quality characteristics (depth,
rate etc.), return of spontaneous circulation (ROSC), survival etc.

Study conclusions
Extract the study conclusions.
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Additional Information
Include any additional information if extra space was required
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Figure 5: 3D Solidworks model for slider mechanism.
Formed via stereolithography using Accura® si Sde® mecha-
nism modified from the original manikin mechanishmoughthe
extending its length to 66mm and adding two rilbrseftra suppo
on the top; all other aspects remained consistent.
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Manikin Spring Selection Procedure

As described in above, this novel manikin desigjuimed a compression spring with an
inner diameter of greater than 12mm, a free leofjpproximately 76mm and a solid
length of less than 20mm. Four springs (Table 1hwhese required dimensions were
sourced across a range of spring stiffness rates free Springs Ltd (Berkshire, UK).
To select the most appropriate spring for the mantke chest compression stiffness of
the manikin chest was established for all fourrggsiat the CDmay setting using the
MTS 858 Mini Bionix Il compression testing machiMdTS, MN, USA). For all four
springs, the manikin chest was compressed at @f&émms from the most anterior
aspect of the manikin thorax to a chest deflectibB0mm. This was repeated a further
three times, with chest deflections and chest cesgwon forces collected at a 24Hz
sample rate to characterise the force-deflectiopgnies of the manikin thorax. Mean
(o) chest compression stiffness rates (defined betwbest deflections of 15-30mm)
for each spring were calculated and reported agtiesstiffness of the original manikin
(Table 1). The most appropriate spring, selectedi$e in this study, was therefore the
LCO063HJ12S compression spring (Lee Springs Ltdk&ere, UK).

Table 1: Manikin chest compression stiffness charaeristics for the original manikin and
the novel manikin using all four sourced springs

Manikin Spring Original LCO55H12M LCO55HJ12M LCO63HJ12M LC063HJ12S

Stiffness /Nmrit 2.2 (#0.009) 1.8 (+0.009) 1.7 (+0.009) 2.4 (¥0.009) 2.1 (+0.009)

Manikin chest compression stiffness values arertedas mean (z standard deviation).
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Figure 1: Maximum compression depths, illustrated gainst the
thoracic over-compression criterion (46mm), as pedrmed by
the ‘feedback’ and ‘no feedback’ groups for both tke two-thumb
(TT) and two-finger (TF) chest compression techniges per-
formed at the ‘baseline’ stage.

The centre line of the box plot represents the aredalue of the
data, the upper and lower lines of the box plotesgnt the upper
and lower quartiles of the data, the cross reptegbe mean value
of the data and the whiskers represent the maximudnminimurr
values of the data.
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Do chest compressions during simulated infant CPR
comply with international recommendations?

Philip Stephen Martin," Alison Mary Kemp,? Peter S Theobald," Sabine A Maguire,?

Michael D Jones'

ABSTRACT

Background Morbidity and mortality remain high
following infant cardiac arrest. Optimal cardiopulmonary
resuscitation (CPR) is therefore imperative.

Objective Comparison of two-thumb (TT) and
two-finger (TF) infant chest compression technique
compliance with international recommendations.
Design Randomised cross-over experimental study.
Methods Twenty-two certified Advanced Paediatric Life
Support (APLS) instructors performed 2 min continuous
TT and TF chest compressions on an instrumented infant
CPR manikin. Compression depth (CD), release force
(RF), compression rate (CR) and duty cycles (DCs) were
recorded. Quality indices were developed to calculate the
proportion of compressions that complied with
internationally recommended targets, and an overall
quality index was used to calculate the proportion that
complied with all four targets.

Results Mean CD was 33 mm and 26 mm (p<0.001;
target >36.7 mm), mean RF was 0.8 kg and 0.2 kg
(p<0.001; target <2.5 kg), mean CR was 128/min and
131/min (p=0.052; target 100—120/min) and mean DCs
was 61% and 53% (p<0.001; target 30-50%) for the
TT and TF techniques, respectively. With the exception of
RF, the majority of compressions failed to comply with
targets. The TT technique improved median CD
compliance (6% vs 0% (p<0.001)), while the TF
technique improved median DC compliance (23% vs 0%
(p<0.001)). Overall compliance with all four targets was
<1% for both techniques (p=0.14).

Conclusions Compliance of APLS instructors with
current international recommendations during simulated
infant CPR is poor. The TT technique provided improved
CD compliance, while the TF technique provided superior
DC compliance. If this reflects current clinical practice,
optimisation of performance to achieve international
recommendations during infant CPR is called for.

INTRODUCTION

Current cardiac arrest outcomes in the infant popu-
lation continue to exhibit undesirably high morbid-
ity and mortality." % Since effective closed chest
cardiopulmonary resuscitation (CPR) achieves only
50% cerebral and 15-25% coronary baseline blood
flow levels,>™ the provision of quality chest com-
pressions to maximise cardiac output is essential to
its success. To improve infant survival rates, current
European (ERC) and UK Resuscitation Council
(UKRC) guidelines recommend the delivery of
high-quality chest compressions during infant CPR
using either the two-thumb (TT) or two-finger (TF)
chest compression technique.® ”

» Outcome of infant cardiopulmonary
resuscitation (CPR) remains poor.

» Manikin studies demonstrate a superior
compression depth quality with the two-thumb
technique and rapid compression rates for
two-thumb and two-finger techniques.

» Chest release forces, duty cycles and
compliance of chest compression during
simulated infant CPR against international
targets are unknown.

» With the exception of release forces, chest
compressions failed to comply with
internationally recommended targets.

» The two-thumb technique improved
compression depth compliance, while the
two-finger technique improved duty cycle
compliance.

» Each technique rarely complies with all four
chest compression targets.

Fundamental to providing quality chest compres-
sions are the four quality measures identified by the
internationally agreed guidelines for the uniform
reporting of the measured quality of CPR: chest
compression depth; chest release force; chest com-
pression rate; and compression duty cycles (e, the
proportion of each compression cycle with active
chest compression).® Previous studies have
attempted to compare TT and TF technique quality
by simulating chest compressions on instrumented
infant CPR training manikins.”™"* Although the
majority conclude that the TT technique is statistic-
ally superior overall,”™™® only the quality of chest
compression depths and compression rates were
characterised. As neither chest release forces nor
compression duty cycles were evaluated by any
study, it remains unclear whether the TT chest com-
pression technique is in fact superior.

The aim of this study was to assess Advanced
Paediatric Life Support (APLS) instructor performance
during simulated infant CPR on an instrument CPR
manikin. The study was designed to compare the dif-
ferences between TTand TF technique, assessing chest
compression compliance with all four internationally
recommended chest compression quality measures.
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METHODS

Infant manikin design

A commercially available CPR training manikin (Laerdal ALS
Baby; Laerdal Medical, Stavanger, Norway), representing a 3--
month-old 5 kg male infant, was instrumented with a linear
potentiometer. Sensor output was recorded via a data acquisi-
tion card (National Instruments, Austin, Texas, USA) at a sample
rate of 50 Hz, and transferred to a custom LabVIEW software
programme (National Instruments) on a laptop to record output
voltage. The manikin instrumentation was calibrated to measure
chest deflections and chest compression forces at the lower third
of the sternum (error £0.07 mm and *0.07 kg), and calibration
was checked before and after testing, demonstrating no change
in measurement errors. Finally, the external diameter of the
manikin thorax, between the most anterior and posterior
aspects of the thorax at the lower third of the sternum, was
measured as 110 mm.

Experimental procedure

This randomised crossover experimental study was approved by
two local National Health Service health boards in the South
Wales region. Twenty-two certified APLS instructors were
recruited as participants from two APLS training courses. Before
testing, the instrumented manikin was set up in an assessment
room, on a flat table, with the laptop and peripheral equipment
located securely below. Instructors were randomly assigned to
an initial chest compression technique (TT or TF) and instructed
to perform continuous chest compressions (ie, no requirement
to perform ventilations) for 2 min for each technique (the
maximum time for which a resuscitator is expected to perform
continuous chest compressions’). Full instructor recovery was
permitted between techniques. Manikin chest deflections were
continuously recorded throughout, with both the instructor and

Figure 1 Example chest deflection

investigator blinded to performance feedback. Instructors were
neither refreshed nor coached on technique, nor briefed about
the nature of the observations being made or the study objec-
tives. Individual results were fed back to the instructor after
study completion.

Chest compression quality

Chest compression quality measures for this study were adapted
from internationally agreed guidelines for the uniform reporting
of the measured quality of CPR (figure 1).® Chest compression
depths were defined as the maximum chest deflections measured
during the chest compression phase. Chest release forces (kg)
were defined as the minimum chest compression forces mea-
sured during the chest release phase. Chest compression rates
were calculated from the inverse of the time between consecu-
tive chest release forces (and quantified as compressions/min).
Compression duty cycles were calculated by dividing the area
under the chest deflection curve by the product of compression
depth and cycle time for each compression cycle—that is, this
combines the compression and the period of release, as demon-
strated in figure 1. All quality measures were calculated for each
chest compression cycle, which were defined between consecu-
tive chest release forces.

To characterise chest compression compliance, quality indices
were developed for compression depths, release forces, com-
pression rates and duty cycles, along with a quality index to
characterise overall chest compression compliance. For each
quality index, the proportion of chest compressions that com-
plied with internationally recommended targets was calculated
for each instructor. Chest compression depth and compression
rate targets were based on ERC and UKRC guideline recom-
mendations: targeting depths of ‘at least one-third’ the external
anterior—posterior (AP) chest diameter (>36.7 mm for this

Time
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compression duty cycle (DC). Each
chest compression cycle is represented
by a dashed line, the circular markers
represent the points recorded for each
quality measure, the shaded region
represents the area under the chest
deflection curve for the chest
compression cycle, and the dashed and
double dotted lined box represents the
product of the CD and the chest
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consecutive release forces. DC is
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manikin model) and a rate between 100 and 120 compressions/
min.® 7 A chest release force target of <2.5 kg was defined to
represent the residual chest compression force associated with a
clinically significant increase in intrathoracic pressure in
infants.'® Finally, a duty cycle target of 30-50% was defined to
represent the most effective duty cycle range observed in infant
animal surrogates.'®™'® Secondary chest compression depth and
release force targets were also analysed. Using the ERC and
UKRC guidelines, targets of approximated infant chest compres-
sion depth targets of 40 mm and a release force of <0.5 kg
(<10% of manikin weight) were determined to represent the
complete release of the chest.® 7 To determine overall compli-
ance, the proportion of chest compressions that achieved all
four primary chest compression targets was also calculated for
each technique.

Statistical analysis

Median values for all four chest compression quality measures
were recorded, along with the five chest compression quality
indices, for each instructor. Depending on data normality, study
results were reported as either mean=SD or median (IQR).
Paired differences between techniques were reported as mean
(95% CI). Results were compared statistically by paired Student
t test or Wilcoxon’s signed rank test as appropriate. The number
of instructors that achieved quality index scores of 0%, 0-25%,
25-50%, 50-75%, 75-100% and 100% for each quality
measure and for overall compliance was also evaluated for each
technique and statistically compared by McNemar tests.
Statistical significance was considered at p<0.05 for all tests,
and all p values were two-sided. Statistical analyses were per-
formed using the SPSS V.16.0 statistical software package. A
minimum sample size of 22 instructors was required to
adequately detect a mean paired difference 0.6 times the stand-
ard deviation of the differences, assuming data normality, a two-
sided significance level of <0.05 and >80% power.

RESULTS
The 22 study participants (eight male) were certified APLS
instructors: 12 doctors, seven resuscitation officers and three

registered nurses. Overall, 5180 and 5600 chest compression
cycles were recorded, without interruptions, for the TT and TF
techniques, respectively.

Simulated chest compression quality measures and indices are
summarised in table 1 and illustrated against their internationally
recommended targets in figure 2. Instructors achieved greater
mean compression depths with the TT technique (TT: 33+3 mm
vs TF: 265 mm (p<0.001); target >36.7 mm), while releasing
the chest further (TT: 0.8£0.4 kg vs TF: 0.2%0.2 kg (p<0.001);
target <2.5 kg) and reducing the compression duty cycle (TT:
61+8% vs TF: 53£8% (p<0.001); target 30-50%) with the TF
technique. Mean chest compression rates were observed to
exceed recommended targets for both techniques (TT: 128+21/
min vs TF: 131=21/min (p<0.052); target 100—120/min).

For both techniques, instructors were observed to achieve a
median release force compliance of 100%, median compression
rate and duty cycle compliances of <50%, and a median com-
pression depth compliance of <6%. When techniques were
compared, instructors displayed improved compression depth
compliance when using the TT technique, and superior duty
cycle compliance when using the TF technique. For the second-
ary analyses, all chest compressions failed to achieve depths of
40 mm, while a greater proportion of compressions achieved
complete release (<0.5 kg) of the chest for the TF technique.
Despite these improvements, however, overall chest compression
compliance remained poor for both techniques, with <1% of
all chest compressions complying simultaneously with all four
recommended chest compression targets.

The number of instructors that achieved quality index scores
of 0%, 0-25%, 25-50%, 50-75%, 75-100% and 100% are
illustrated for each quality index and for the overall quality
index in figure 3. For both techniques, no instructor achieved
>50% compression depth compliance, while compression rate
and duty cycle compliance were inconsistent and varied across
the group. When using the TT technique, a greater number of
instructors complied with compression depth targets, whereas,
when using the TF technique, more complied with duty cycle
targets. Overall, no instructor was observed to achieve >2%
compliance with all four chest compression targets.

Table 1 Quality measures and indices for two-thumb (TT) and two-finger (TF) technique chest compressions

TT technique (n=22) TF technique (n=22) Mean paired difference (TT less TF) p Value

Compression depth (CD)

Mean compression depth (mm) 33+3 26+5 7 (5 to 10) <0.001

CD quality index (>36.7 mm) (%) 6(0,7) 0(0, 0) <0.001

Secondary CD quality index (>40 mm) (%) 0(0, 0) 0 (0, 0) 1.00
Release force (RF)

Mean release force (kg) 0.8+0.4 0.2+0.2 0.6 (0.4 t0 0.7) <0.001

RF quality index (<2.5 kg) (%) 100 (100, 100) 100 (100, 100) 0.32

Secondary complete RF index (<0.5 kg) (%) 10 (0, 71) 100 (94, 100) <0.001
Compression rate (CR)

Mean compression rate (cpm) 128+21 131+21 -3 (=710 0) 0.052

CR quality index (100120 cpm) (%) 47 (3, 78) 39 (2, 72) 0.24
Compression duty cycle (DC)

Mean compression duty cycle (%) 61+8 53+8 9 (6to11) <0.001

DC quality index (30-50%) (%) 0(0, 7) 23 (4, 62) <0.001
Overall quality index (%) 0 (0, 0) 0 (0, 0) 0.14

Values are given as mean=SD, except for the cardiopulmonary resuscitation (CPR) chest compression quality indices, which are given as the median value (IQR). Differences are given as
the mean paired difference (95% Cl). p Values are calculated using two-tailed paired sample Student t tests, except for the CPR chest compression quality indices, which are calculated

using Wilcoxon's signed rank tests.
cpm, compressions per minute.
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DISCUSSION

This study is the first to evaluate the compliance of simulated
infant CPR chest compressions provided by trained APLS
instructors against current international recommendations. The
results show that instructors achieved greater chest compression
depths with the TT technique, while releasing the chest further
and reducing the compression duty cycle with the TF technique.
A greater proportion of compressions complied with compres-
sion depth targets of ‘no less than one-third the external AP
chest diameter’ when the TT technique was used, while a
greater proportion complied with compression duty cycle
targets of 30-50% when the TF technique was used. Despite
these individual improvements, overall quality was poor for
both techniques, with <1% of all chest compressions achieving
all four chest compression targets.

Despite current ERC and UKRC guidelines emphasising the
delivery of high-quality chest compressions during CPR,® 7 this
study suggests that overall chest compression compliance during
simulated infant CPR is poor. Fundamental to this was a com-
bination of shallow chest compressions, excessive compression
rates and prolonged duty cycles. This is consistent with clinical
reports on both adult and older paediatric populations,!® >
thus it is likely that poor-quality chest compressions remain
prevalent during infant CPR.

Increased chest compression depths result in favourable
haemodynamic outcomes, such as improved arterial pressures in
both infant and adult human subjects, and superior coronary
flow and cardiac output in animal surrogates.® >>7>° However,
shallow chest compressions have been reported during CPR in
both adult and older paediatric subjects and during simulated
CPR on instrumented infant manikins.”™? '*=*? Despite greater
TT technique compression depths being recorded by this study,
this tendency to under-compress the chest was also observed.
On average, 94% of all chest compressions failed to achieve or
surpass target depths of one-third the external AP chest diam-
eter, while all chest compressions failed to achieve
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guideline-approximated chest compression depth targets of
40 mm. The precise reasons for this are not yet clear, although
it is possible that compression was restricted by the manikin
design, which does not precisely match the internal diameter of
the infant thorax. Other possibilities include reluctance on the
part of the providers to over-compress in this simulated
scenario.

Prolonged compression duty cycles, combined with increased
compression rates, results in inadequate chest wall relaxation,
impeding the venous return of blood to the heart and adversely
affecting cardiac output, cerebral perfusion pressures and cere-
bral blood flow.'®~!® 2 While CPR chest compressions in adult
and older paediatric subjects achieve target rates,'”>* the com-
pression rates achieved during simulated CPR in infant manikins
have been found to be faster than current targets and vary
extensively between providers.’® ' '3 Similar results were
observed in this study, with >50% of chest compressions
exceeding target rates and a large inter-participant variation.
Although compression duty cycles of 33-47% during adult CPR
have been reported,'”” 2! 27 compression duty cycles during
paediatric CPR have never been quantified. In this analysis of
compression duty cycle compliance during infant CPR, 0% of
all TT chest compressions and 23% of all TF chest compressions
complied with infant compression duty cycle targets, with
neither technique allowing adequate time for full chest recoil.

Incomplete chest release during CPR has been observed to
generate increased intrathoracic pressures during the chest
release phase, consequently limiting the return of venous blood
to the heart and reducing coronary and cerebral perfusion pres-
sures.”> 272° While incomplete release during CPR in older
paediatric subjects has been observed in 25-50% of chest com-
pressions,”” 3° >97% of chest compressions achieved target
release forces during CPR in adults.'” The chest release force
compliance demonstrated by this study establishes that both
techniques during simulated infant CPR achieved >99% com-
pliance with current release force targets. On assessment of the
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Figure 3  Number of instructors who achieved quality index scores of 0%, 0-25%, 25-50%, 50-75%, 75-100% and 100% for chest compression
depth compliance (target >36.7), chest release force compliance (target <2.5 kg), chest compression rate compliance (target 100—120/min),
compression duty cycle compliance (target 30-50%) and overall compliance. p Values, calculated by McNemar tests, indicate a significant difference

between the two techniques, two-thumb (TT) and two-finger (TF).

complete release of the chest, however, instructors were found
to achieve complete release targets of <0.5 kg (<10% of the
manikin weight) more often when using TF technique. As chest
release forces of as little as 10% of the body weight of the
subject cause a measurable increase in intrathoracic pressure,'
the TF technique may therefore provide a superior return of
venous blood to the heart.

This study has three key limitations. First, although infant CPR
training manikins have been extensively used for investigating
CPR quality, their design is recognised as intrinsically flawed.”~**
For the manikin used in this study, a maximum achievable chest
compression depth of 40 mm was defined at an applied force of
26 kg (a force equivalent to double the mean maximum palmar
pinch force for the dominant hand of a male adult®!). As the
mean internal AP thoracic depth of a 3-month-old boy is
~56.2 mm,>? instructor chest compression depths may have been
restricted by the manikin to unrepresentative depths. Second, the
chest compression targets developed by this study were derived
from a combination of human subject, radiographic and animal

surrogate studies. This, however, reflects the current scientific
evidence guiding internationally recommended infant chest com-
pression targets, and, with future research, these targets for
benchmarking resuscitator performance may be updated. Finally,
despite being blinded to the study objectives, the instructors
would have been aware of being observed and therefore their
performance may have been affected.

To improve the current compliance of infant CPR chest com-
pressions, instructors must be encouraged to achieve target com-
pression depths for both recommended techniques. This may,
however, be easier to achieve and maintain with the TT tech-
nique, as it performs deeper chest compressions and delays
fatigue.'®'% Further improvements may also be achieved by
educating resuscitators to allow a greater time for full chest
recoil. This would maintain the excellent chest release force
compliance observed in this study and may potentially improve
compression duty cycle compliance. Finally, improving the
quality of compression rates may also be realised through regu-
lation with audiovisual aids. Through targeting improvements in
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all four chest compression quality measures and using quality
indices as a performance benchmarking tool, a future improve-
ment in overall chest compression compliance may be possible.

CONCLUSIONS

This study is the first to fully evaluate the compliance of simu-
lated infant CPR chest compressions against current internation-
ally recommended targets. Overall, either technique rarely
complied with all four targets, with excessive chest compression
rates and prolonged compression duty cycles prevalent. The
TT technique demonstrated improved compression depth
compliance, while the TF technique provided superior duty
cycle compliance. Thus, there remains scope for a considerable
improvement in the quality of infant chest compressions.
Future work should focus on ensuring that APLS instructors are
made aware of their performance against international
recommendations.
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ABSTRACT

Poor survivability following infant cardiac arrest has been attributed to poor quality chest compressions.
Current infant CPR manikins, used to teach and revise chest compression technique, appear to limit max-
imum compression depths (CDmax) to 40 mm. This study evaluates the effect of a more “physiological”
CDmax on chest compression quality and assesses whether proposed injury risk thresholds are exceeded
by thoracic over-compression.

A commercially available infant CPR manikin was instrumented to record chest compressions and mod-
ified to enable compression depths of 40 mm (original; CDmax4o) and 56 mm (the internal thoracic depth
of a three-month-old male infant; CDmaxsg ). Forty certified European Paediatric Life Support instructors
performed two-thumb (TT) and two-finger (TF) chest compressions at both CDmax settings in a ran-
domised crossover sequence. Chest compression performance was compared to recommended targets
and compression depths were compared to a proposed thoracic over-compression threshold.

Compressions achieved greater depths across both techniques using the CDmaxsg, with 44% of TT and
34% of TF chest compressions achieving the recommended targets. Compressions achieved depths that
exceeded the proposed intra-thoracic injury threshold. The modified manikin (CDmaxsg) improved duty
cycle compliance; however, the chest compression rate was consistently too high. Overall, the quality of
chest compressions remained poor in comparison with internationally recommended guidelines.

This data indicates that the use of a modified manikin (CDmaxse ) as a training aid may encourage resus-
citators to habitually perform deeper chest compressions, whilst avoiding thoracic over-compression and
thereby improving current CPR quality. Future work will evaluate resuscitator performance within a more
realistic, simulated CPR environment.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

release of the chest; 30-50% duty cycle (i.e. the proportion of each
cycle with active chest compression).!=6

Current European and UK Resuscitation Council’s (ERC; UKRC)
guidelines for infant cardiopulmonary resuscitation (CPR) empha-
sise thatimproved chest compression quality may improve survival
rates.2 The International Liaison Committee of Resuscitation
(ILCOR), ERC and UKRC recommend the use of either the two-thumb
(TT) or two-finger (TF) chest compression technique. Current chest
compression recommendations include: compression depths of at
least one-third the external anterior-posterior (AP) thoracic diam-
eter (~40mm); compression rates of 100-120min~'; complete

% A Spanish translated version of the abstract of this article appears as Appendix
in the final online version at http://dx.doi.org/10.1016/j.resuscitation.2012.10.005.
* Corresponding author. Tel.: +44 29208 75952.
E-mail address: JonesMD1@cardiff.ac.uk (M.D. Jones).

0300-9572/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.resuscitation.2012.10.005

The ERC and UKRC recommend that resuscitators push “hard
and fast” to achieve the chest compression guidelines.!2 Whilst the
maximum chest compression depth (CDmax) of industry-leading
infant resuscitation manikins broadly correlate with the minimum
clinical requirement (~40 mm), manikin-based studies typically
report that participants perform shallow chest compressions across
abroad range of rates.”~!! The prevention of excessively deep chest
compressions is also important as, for example, chest compression
depths >46 mm have the potential to cause intra-thoracic injury in
90% of patients and thus hinder the possibility of full recovery.12-18

Previous studies have used manikins to investigate resuscitator
performance’-11; however, with a CDmax limited to ~40 mm, it is
argued that this may have prevented resuscitators from achieving
representative chest compressions.!!1° This study develops a more
“physiological” manikin design, thus enabling resuscitators to per-
form chest compression on a more representative model. The study
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will determine whether the new design encourages improved chest
compression performance during training and greater compliance
with the recommended guidelines, whilst also evaluating whether
resuscitators inadvertently perform chest compressions to exces-
sive depths.

2. Methods
2.1. Modified infant manikin design

A commercially available CPR training manikin (Laerdal® ALS
Baby; Laerdal Medical, Stavanger, Norway), representing a three
month old 5kg male infant, was modified to allow CDmax to
be varied between the original manikin specification (i.e. 40 mm;
CDmaxy4g), and the physiological internal chest depth of a three
month old male infant (i.e. 56 mm; CDmaxsg).!2 Manikin chest
deflections, during simulated CPR, were measured by an infra-red
sensor (Sharp Corporation, Osaka, Japan), with the 50 Hz output
recorded on a laptop computer via a data acquisition card and in-
house LabVIEW software program (both National Instruments, TX,
USA). The conformity of this “physiological” manikin, versus the
original manikin, was confirmed by comparing the magnitude of
force required to achieve chest compressions to equal depths on a
servo-hydraulic test machine (MTS 858 Mini Bionix II; MTS, MN,
USA). Finally, the external AP thoracic diameters of both manikins,
between the most anterior and posterior aspects of the manikin
thorax at the lower third of the sternum, were measured as 110 mm.
Thus, a third of the external AP thoracic depth corresponded to
36.7 mm.

2.2. Experimental protocol

Consenting participants with European Paediatric Life Support
(EPLS) instructor certification were recruited from five EPLS train-
ing courses, following Research & Development approval. The
manikin, laptop and peripheral equipment were arranged on a
level table. Participants were blinded both to the study aims and to
the initial assignment of either CDmax4o or CDmaxsg. By employ-
ing a randomised crossover sequence, all participants performed:
CDmaxy4p & TT; CDmaxy4y & TF; CDmMaxsg & TT; CDmMaxsg & TF. Par-
ticipants performed continuous chest compressions (i.e. without
ventilations) for 90 s. Full recovery was allowed between each com-
bination and individual results were conveyed to each participant
on completion of the study.

2.3. Data analysis

Data was recorded describing the compression depths, release
forces, compression rates and compression duty cycles achieved
by each participant. Quality indices were used to calculate the pro-
portion of chest compressions that complied with internationally
recommended targets for each measure. Compression depth and
rate targets were based upon current recommendations, target-
ing depths of at least one-third the external anterior-posterior
(AP) chest diameter (i.e. >36.7 mm) and rates between 100 and
120min~1.12 Release force targets were comparable to a chest
compression force associated with a clinically significant increase
in intra-thoracic pressure (i.e. <2.5kg),2® whilst duty cycle tar-
gets (i.e. 30-50%) represented the most effective range observed
in infant animal surrogates.*® Finally, to determine overall
compliance, the proportion of chest compressions that simulta-
neously achieved all four targets was also calculated for each
technique.

Thoracic over-compression was prospectively defined at a chest
compression depth that would result in a residual internal AP chest
depth of <10mm in a 3 month old male infant (i.e. >46 mm).12

The proportion of chest compressions that exceeded this thoracic
over-compression criterion was calculated for each participant to
assess thoracic over-compression during simulated CPR. To further
quantify the extent of thoracic over-compression, the maximum
chest compression depths achieved by each participant were also
recorded for each infant chest compression technique.

Median values for all four chest compression quality measures
were recorded for each participant, alongside the chest compres-
sion quality indices, the proportion of compressions that exceeded
the proposed thoracic over-compression criterion and the max-
imum chest compression depths achieved. Study results were
reported either as means with standard deviations or as medi-
ans with inter-quartile ranges [IQR]. The mean paired differences
between CDmax settings (CDmaxsg less CDmaxyg) and infant chest
compression techniques (TT less TF) were reported as means with
95% confidence intervals [95% CI].

Results were statistically analysed by using either paired
Student’s t-tests or Wilcoxon'’s signed rank tests. Statistical signif-
icance was considered at p <0.05 for all tests and all p-values were
two-sided. All statistical analyses were performed using the SPSS
16.0 statistical software package (SPSS Inc., IL, USA). A minimum
sample size of 32 participants was required to adequately detect a
mean paired difference 0.5 times the standard deviation of the dif-
ferences; assuming data normality, a two-sided significance level
of <0.05 and >80% power.

3. Results

Forty certified EPLS instructors (22 female) participated in this
study: 16 were resuscitation officers; 12 were doctors; eight were
registered nurses; two were operating department practitioners
and two were paramedics. The simulated chest compression quality
measures observed by this study are illustrated against internation-
ally recommended targets in Fig. 1.

For both the TT and TF techniques, the more “physiologi-
cal” manikin design was observed to increase chest compression
depths and reduce compression duty cycles (Tables 1 and 2).
Subsequently, this improved the median proportion of chest com-
pressions that complied with both the chest compression depth
targets (i.e. 36.7-46 mm) and the compression duty cycle targets
(i.e. 30-50%). Despite these improvements, however, overall com-
pliance remained very poor for both CDmax4g and CDmaxsg, with
<8% of all chest compressions simultaneously complying with all
four internationally recommended targets.

At both CDmax4¢ and CDmaxsg, the TT technique was observed
to achieve greater compression depths than the TF technique,
whilst the TF technique both released the chest further and reduced
the compression duty cycle (Tables 3 and 4). Consequently, at
CDmaxyg, this improved the median proportion of TT technique
chest compressions that complied with chest compression depth
targets and the median proportion of TF technique chest com-
pressions that complied with compression duty cycle targets. At
CDmaxsg, however, this was found to improve the median pro-
portion of TF technique chest compressions that complied with
compression duty cycle targets only.

The maximum chest compression depths achieved by each par-
ticipant for each technique are illustrated for both CDmax4o and
CDmaxsg in Fig. 2. On average, 33% TT technique and 7% TF tech-
nique chest compressions were observed to exceed the proposed
thoracic over-compression criterion at CDmaxsg (mean paired dif-
ference [95%CI]: 26[15,37]%; p<0.001), whilst no compressions
exceeded this at CDmaxg4g. Intotal, 25 (62.5%) participants exceeded
the proposed criterion at least once when providing TT technique
chest compressions, whilst only 14 (35%) participants exceeded this
with the TF technique. Two (5%) participants were further observed
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Fig. 1. Simulated chest compression quality measures, illustrated against internationally recommended targets, for both two-thumb (TT) and two-finger (TF) chest com-
pressions using the 40 mm and 56 mm manikin compression depth settings (CDmax40 and CDmax56). Compression depth targets were 36.7-46 mm, release force targets
were <2.5 kg, compression rate targets were 100-120min~! and duty cycle targets were 30-50%.

to exceed the thoracic over-compression criterion in 100% of all TT
technique chest compressions.

4. Discussion

This study is the first to utilise a more “physiological” infant
manikin design during simulated CPR, with results demonstrat-
ing improved chest compression depth and compression duty cycle
compliance for both infant chest compression techniques. Despite
these improvements, chest compression quality remained poor for

Table 1

both chest compression techniques, with <8% of all chest compres-
sions complying with all four quality targets and both TT and TF
chest compression techniques observed to over-compress the tho-
rax.

An important consideration for quality chest compressions is
to achieve adequate compression depths to maintain favourable
haemodynamic outcomes.2'-24 When participants used the
CDmax49 manikin setting, only 7% of TT and 0% of TF chest
compressions complied with target chest compression depths
(i.e. 36.7-46 mm). This poor compliance is consistent with that

Change in simulated chest compression quality measures and quality indices, between the 40 mm and 56 mm manikin compression depth settings (CDmax4o and CDmaxsg ),

for two-thumb chest compressions.

Two-thumb chest compression quality CDmaxyg CDmaxsg Mean paired difference P-value
(CDmaxsg — CDmMaxso)
Compression depths (CD)
Mean compression depth/mm 34+3 42+7 9[7,10] <0.001*
CD quality index (36.7-46 mm)/% 710,18] 44 [2,68] 24[8,41] 0.005'
Release forces (RF)
Mean release force/kg 0.7+0.6 0.5+0.3 -0.1[-0.3,0.0] 0.064*
RF quality index (<2.5 kg)/% 100 [100,100] 100[100,100] 01[0,0] 0.4f
Compression rates (CR)
Mean compression rate/cpm 137426 137424 -1[-43] 0.71*
CR Quality Index (100-120 cpm)/% 2[0,48] 21[0,36] 0[-7,6] 0.66f
Compression duty cycles (DC)
Mean compression duty cycle/% 60+7 5546 -5[-6,-3] <0.001*
DC Quality index (30-50%)/% 0[04] 7[2,20] 10[2,18] <0.0011
Overall CPR quality index/% 0[0,0] 0[0,1] 3[-1,6] 0.068f

Values are given as the mean value + standard deviation, except quality indices which are given as the median value [inter-quartile range]. Differences are presented as mean
paired differences [95% confidence intervals], with p-values calculated from two-sided paired samples Student’s t-tests (*) or Wilcoxon’s signed rank tests ().
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Table 2
Change in simulated chest compression quality measures and quality indices, between the 40 mm and 56 mm manikin compression depth settings (CDmax4o and CDmaxsg ),
for two-finger chest compressions.

Two-finger chest compression quality CDmaxso CDmaxsg Mean paired difference P-value
(CDmaxsg — CDmMaxyo)

Compression depths (CD)

Mean compression depth/mm 2743 36+7 81[7,10] <0.001*

CD quality index (36.7-46 mm)/% 010,0] 34[0,81] 39[27,52] <0.0011
Release forces (RF)

Mean release force/kg 0.1+0.2 0.1+0.1 -0.1[-0.1,0.0] 0.13*

RF quality index (<2.5kg)/% 100[100,100] 100[100,100] 01[0,0] 0.32f
Compression rates (CR)

Mean compression rate/cpm 139+24 136+24 -3[-7,0] 0.081*

CR Quality index (100-120 cpm)/% 21[0,32] 01[0,53] 3[-3,8] 0.54f
Compression duty cycles (DC)

Mean compression duty cycle/% 5448 50+7 —4[-5,-2] <0.001*

DC quality index (30-50%)/% 19 [2,73] 38(5,88] 12[1,23] 0.004'
Overall CPR quality index/% 01[0,0] 0[0,1] 712,12] 0.005'

Values are given as the mean value + standard deviation, except quality indices which are given as the median value [inter-quartile range]. Differences are presented as mean
paired differences [95% confidence intervals], with p-values calculated from two-sided paired samples Student’s t-tests (*) or Wilcoxon’s signed rank tests (7).

Table 3
Change in simulated chest compression quality measures and quality indices, between the two-thumb (TT) and two-finger (TF) chest compression techniques, for compres-
sions performed at the 40 mm maximum chest compression depth setting (CDmaxyp ).

CDmax49 chest compression quality TT technique TF technique Mean paired difference (TT — TF) P-value
Compression depths (CD)

Mean compression depth/mm 3443 2743 6[5,7] <0.001*

CD quality index (36.7-46 mm)/% 710,18] 01[0,0] 17 [8,26] <0.0011
Release forces (RF)

Mean release force/kg 0.7+0.6 0.1+0.2 0.6[0.4,0.7] <0.001*

RF quality index (<2.5kg)/% 100 [100,100] 100 [100,100] 010,0] 0.18f
Compression rates (CR)

Mean compression rate/cpm 137 +£26 139+24 -2[-51] 0.12*

CR quality index (100-120 cpm)/% 2[0,48] 2[0,32] 0[-54] 0.93f
Compression duty cycles (DC)

Mean compression duty cycle/% 60+7 54+8 61[4,7] <0.001*

DC quality index (30-50%)/% 0[0,4] 19[2,73] —22[-30,-14] <0.001'
Overall CPR quality index/% 01[0,0] 0[0,0] 1[0,2] 0.14f

Values are given as the mean value =+ standard deviation, except quality indices which are given as the median value [inter-quartile range]. Differences are presented as mean
paired differences [95% confidence intervals], with p-values calculated from two-sided paired samples Student’s t-tests (*) or Wilcoxon’s signed rank tests ().

reported in previous simulated infant CPR studies and has raised compressions using the more “physiological” CDmax setting. This
concerns over whether this reflects current clinical practice dur- resulted in 44% of TT and 34% of TF chest compressions com-
ing infant CPR.7-11 A significant increase in compression depths plying with target depths, whilst 33% of TT and 7% of TF chest
were recorded, however, when participants performed chest compressions exceeded the thoracic over-compression criterion

Table 4
Change in simulated chest compression quality measures and quality indices, between the two-thumb (TT) and two-finger (TF) chest compression techniques, for compres-
sions performed at the 56 mm maximum chest compression depth setting (CDmaxsg ).

CDmaxsg chest compression quality TT technique TF technique Mean paired difference (TT — TF) P-value
Compression depths (CD)

Mean compression depth/mm 42+7 36+7 6[5,8] <0.001*

CD quality index (36.7-46 mm)/% 44 [2,68] 34[0,81] 2[-14,18] 0.63f
Release forces (RF)

Mean release force/kg 0.5+0.3 0.14+0.1 0.5[0.4, 0.6] <0.001*

RF quality index (<2.5 kg)/% 100[100,100] 100 [100,100] 01[0,0] 0.32f
Compression rates (CR)

Mean compression rate/cpm 137424 136+24 1[-2,3] 0.65*

CR quality index (100-120 cpm)/% 2[0,36] 0[0,53] -3[-8,.2] 0.991
Compression duty cycles (DC)

Mean compression duty Cycle/% 55+6 50+7 51(3,6] <0.001*

DC quality index (30-50%)/% 7 [2,20] 38 [5,88] —25[-34,-15] <0.0011
Overall CPR quality index/% 0[0,1] 0[0,1] -4[-9,2] 0.431

Values are given as the mean value + standard deviation, except quality indices which are given as the median value [inter-quartile range]. Differences are presented as mean
paired differences [95% confidence intervals], with p-values calculated from two-sided paired samples Student’s t-tests (*) or Wilcoxon’s signed rank tests ().
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Fig. 2. Maximum chest compression depths, illustrated against the chest compres-
sion depth target (36.7 mm) and the proposed thoracic over-compression criterion
(46 mm), for both two-thumb (TT) and two-finger (TF) chest compressions using the
40 mm and 56 mm manikin compression depth settings (CDmax4o and CDmaxse ).

(46 mm). By allowing chest compressions to achieve and surpass
recommended depths, the more “physiological” manikin design
may therefore encourage improved chest compression depths dur-
ing simulated infant CPR and raise awareness of the potential for
thoracic over-compression and thus injury.

Delivering effective compression rates, release forces and com-
pression duty cycles during infant CPR are also essential to
achieving optimal haemodynamics.#-6:2025-27 previous research
reports the incomplete release of the chest in older paediatric
subjects and excessive compression rates during simulated infant
CPR,3911.28.29 \whilst compression duty cycles have never been
quantified during paediatric CPR. The excessive compression rates
reported throughout this study support this research, whilst over
99% of chest compressions were observed to comply with chest
release force targets. Chest compressions were further charac-
terised by prolonged duty cycles when participants performed
chest compressions using the original manikin. When participants
used the more “physiological” manikin CDmax design, however, a
significant improvement in duty cycle compliance was recorded for
both chest compression techniques.

The TT chest compression technique is currently favoured
by guideline recommendations during infant CPR, with previous
research concluding that the TT technique achieved deeper and
more consistent compression depths than the TF technique.’"1!
In this study, however, the use of the TT technique increased the
compression depths, release forces and compression duty cycles
provided by the participant during simulated infant CPR, regard-
less of manikin design. When using the original manikin design,
this resulted in an improved compliance with chest compression
depth targets and a reduced compliance with compression duty
cycle targets. When using the more “physiological” manikin design,
however, the use of the TT technique reduced compliance with
the compression duty cycle targets and increased the likelihood
of thoracic over-compression, whilst the use of the TF technique
increased the under-compression of the thorax.

Study limitations prevent a direct translation from the simu-
lated CPR environment into clinical practice. A CDmax of 56 mm
was used in this study to represent the internal AP chest depth
of a 3 month old male infant. When considering the presence
of intra-thoracic organs, however, it may be hypothesised that
chest compression depths would, in fact, be further limited. The

chest compression targets used in this study were derived from a
combination of human subject, radiographic and animal surrogate
studies,1-24-6.20 which reflects the current scientific evidence guid-
ing infant chest compression targets.3 The criterion for thoracic
over-compression was based upon consensus opinion from two
peer reviewed journal articles.!213 Additional limitations include
the observation of participants, that participants were not sub-
jected to any additional clinical distraction or stresses, and that
they were using a manikin.

This study confirms that a more “physiological” infant CPR
manikin design enables the delivery of quality chest compression
depths and highlights thoracic over-compression during simulated
infant CPR. Further research is required, however, to improve our
understanding of infant thoracic biomechanics, and its relation to
both infant CPR quality and thoracic trauma, before informing cur-
rent CPR guidelines and developing future CPR training manikins.

5. Conclusions

This study is the first to develop a more “physiological” manikin
design that enabled resuscitators to perform chest compressions
to greater depths. This manikin design improved the compliance
of both chest compression depths and compression duty cycles
with internationally recommended targets, whilst introducing the
potential risks of thoracic over-compression during infant CPR.
Despite this, overall chest compression compliance during sim-
ulated infant CPR remained very poor primarily due to chest
compression rates that were too fast. The use of this modified
manikin design as a training aid may ultimately encourage resus-
citators to habitually perform deeper chest compressions, thus
improving current infant chest compression quality in clinical
practice.
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Setting: European and Advanced Paediatric Life Support training courses.

Participants: Sixty-nine certified CPR providers.

Interventions: CPR providers were randomly allocated to a ‘no-feedback’ or ‘feedback’ group, performing
two-thumb and two-finger chest compressions on a “physiological”, instrumented resuscitation manikin.
Baseline data was recorded without feedback, before chest compressions were repeated with one group
receiving feedback.

Main outcome measures: Indices were calculated that defined chest compression quality, based upon com-
Chest compression parison of the chest wall displacement to the targets of four, internationally recommended parameters:
Paediatric chest compression depth, release force, chest compression rate and compression duty cycle.

Infant Results: Baseline data were consistent with other studies, with <1% of chest compressions performed
by providers simultaneously achieving the target of the four internationally recommended parameters.
During the ‘experimental’ phase, 34 CPR providers benefitted from the provision of ‘real-time’ feedback
which, on analysis, coincided with a statistical improvement in compression rate, depth and duty cycle
quality across both compression techniques (all measures: p<0.001). Feedback enabled providers to
simultaneously achieve the four targets in 75% (two-finger) and 80% (two-thumb) of chest compressions.
Conclusions: Real-time feedback produced a dramatic increase in the quality of chest compression (i.e.
from <1% to 75-80%). If these results transfer to a clinical scenario this technology could, for the first
time, support providers in consistently performing accurate chest compressions during infant CPR and
thus potentially improving clinical outcomes.

Keywords:
Cardiopulmonary resuscitation

Manikins
Feedback

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Survival rates following paediatric cardiac arrest are extremely
low.1-4 A return of spontaneous circulation (ROSC) is achieved in
approximately 60% of paediatric patients following in-hospital car-
diac arrest, with newborns and infants (i.e. <1 year olds) having
the greatest likelihood of neurologically-intact survival (~20%).1:2
By direct comparison, only 2-9% of such patients will achieve
neurological survival if they suffer an out-of-hospital cardiac
arrest.3-9

The importance of high quality chest compressions during infant
cardiopulmonary resuscitation (CPR) is recognised by both the
European and UK Resuscitation Councils.1%!! Recent publications,

* Corresponding author at: Institute of Medical Engineering & Medical Physics,
Queen’s Building, The Parade, Cardiff CF24 3AA, United Kingdom.
E-mail address: TheobaldPS@Cardiff.ac.uk (P. Theobald).

0300-9572/$ - see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.resuscitation.2013.03.029

however, describe the poor chest compression performance of
Advanced Paediatric Life Saver (APLS)-certified instructors during
simulated infant CPR, typified by inconsistent chest compression
depths, excessive compression rates and prolonged compression
duty cycles.12-15 Even when utilising a manikin with enhanced
“physiological” characteristics, APLS-certified instructors could still
only achieve an overall chest compression quality <1% when com-
pared to the targets of the four internationally recommended
parameters (chest compression depth, chest compression rate, duty
cycle, release force; summarised in Online Table 1 and schematically
in Fig. 1).1°

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.resuscitation.
2013.03.029.

Whilst the effect of instantaneous performance feedback dur-
ing adult CPR has previously been reported, this study is the first
to investigate the hypothesis that instantaneous feedback will
improve the performance of chest compression quality during sim-
ulated, infant CPR.
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region represents the area under the chest deflection curve and the dashed-dotted box represents the product of the chest compression depth and the chest compression

cycle time.

2. Methods

Sixty-nine European Paediatric Life Support (EPLS) and/or APLS
certified CPR providers were recruited from seven EPLS/APLS train-
ing courses, and were evaluated when performing two-thumb (TT)
and two-finger (TF) technique chest compressions during simu-
lated, chest compression-only, infant CPR. The flow of participants
through the study is described in Fig. 2. Providers were excluded if
there was >4 years since certification.

This study utilised a commercially available CPR manikin
(Laerdal® ALS Baby, Laerdal Medical, Stavanger, Norway), rep-
resenting a three month old 5kg male infant. The manikin
had previously been modified to enable a more “physiologi-
cal” maximum chest compression depth (i.e. an increase from
40mm to 56mm),!>16 whilst maintaining a chest compres-
sion stiffness consistent with that of the original design.!®> The
manikin was instrumented to measure chest deflections through
analysing the output voltage of an infra-red distance measuring
sensor (Sharp Corporation, Osaka, Japan). This data was con-
tinually recorded at 50Hz onto a laptop computer, using data
acquisition hardware and software (National Instruments; TX,
USA).

Real-time feedback software was developed in-house using the
Labview computer programme (National Instruments; TX, USA). A
real-time chest deflection ‘trace’ was presented to providers on a
laptop screen, with specific zones demarcated to indicate achieve-
ment of the appropriate compression depth (CD) and release force
(RF) targets (available as an online figure). An audible and visual
metronome provided providers with information describing the
required compression rate (CR). Providers were exposed to a short
period (<20s) of software training prior to performing each chest
compression technique.

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.resuscitation.
2013.03.029.

CPR providers were allocated to either the ‘no feedback’ or ‘feed-
back’ group, before being assigned to first perform either the TT or
TF chest compression technique, both based on a pre-randomised
order generated by the principal investigator using an Excel spread-
sheet. All providers performed continuous chest compression-only
CPR without feedback for 60 s then, after a period of full recovery,
performed CPR using the alternative technique. This was termed
the ‘baseline’ phase of the investigation. The sequence of chest
compressions was then repeated, either with or without the intro-
duction of feedback depending upon the earlier allocation, forming
the ‘experimental’ phase of the study. Prior to the experimental
stage, group allocation was concealed from both the provider and
investigator; however, as with similar feedback studies, the nature
of the investigation meant that blinding was not possible after this
stage.

Overall chest compression quality was defined by the propor-
tion of TT and TF chest compressions that simultaneously achieved
the four targets.!#1> Secondary outcome measures included the
relative quality of each parameter, the proportion of chest com-
pressions that over or under compressed the thorax, or were too
fast, or too prolonged. Descriptive data for both the primary and
secondary outcomes are presented either as means with standard
deviations (+SD), or as medians with inter-quartile ranges [IQR],
whilst mean differences between the no-feedback and feedback
groups are reported with 95% confidence intervals [95% CI] for
each chest compression technique (TT and TF). Results were sta-
tistically analysed by using either independent Student T-tests or
Mann-Whitney U tests. Statistical significance was considered at
p<0.05 for all tests and all p-values were two-sided. All statistical
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Fig. 2. CONSORT flow diagram describing the progression of participants through our study.

analyses were performed using the SPSS 16.0 statistical software
package (SPSS Inc., IL, USA). A minimum sample size of 33 par-
ticipants per group was required to adequately detect a mean
paired difference 0.7 times the standard deviation of the differ-
ences; assuming data normality, a two-sided significance level of
<0.05 and >80% power.

3. Results

The demographics of the 69 APLS and/or EPLS certified CPR
providers that participated in this study are available in Online Table
2.

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.resuscitation.
2013.03.029.

3.1. ‘Baseline’ phase

Less than 1% of chest compressions simultaneously achieved the
four internationally recommended targets, with a relatively con-
sistent performance of TT and TF chest compressions between the
‘no-feedback’ and ‘feedback’ groups during the baseline phase of
chest compressions (TT: p=0.59; TF: p=0.051; Online Table 3).

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.resuscitation.
2013.03.029.

3.2. ‘Experimental’ phase

The provision of real-time feedback coincided with 75% of
TF, and 80% of TT, technique chest compressions simultaneously

achieving all four targets (Online Table 4). The improvements
evident in the overall quality (i.e. between the feedback and
no-feedback groups in the experimental phase) of both chest com-
pression techniques were highly significant (TT and TF: p <0.001,
Online Table 4) and summarised in Fig. 3.

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.resuscitation.
2013.03.029.

3.2.1. Chest compression depth

Providers who received real-time feedback demonstrated
increased CD quality (Fig. 4), thereby performing the vast majority
of TT chest compressions within the optimal range. This is repre-
sented by a highly significant increase (p <0.001) in CD quality from
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Fig.3. Overall quality index scores for the two-thumb (TT) and two-finger (TF) chest
compression techniques as performed by both the feedback and control groups at
the experimental stage. Data are presented as mean values with 95% confidence
intervals.
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as performed by the feedback and control groups at the experimental stage. Chest compression quality targets are illustrated by dashed lines. Compression depth targets
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20% to 99% for TT chest compressions (Online Table 4). Feedback
coincided with a significant improvement (p <0.001) in the quality
of TF chest compressions, increasing from 21% to 97% (Online Table
4). During the experimental phase 33% of TT, and 12% of TF, chest
compressions exceeded the proposed thoracic over-compression
criterion in the ‘no feedback’ group, whilst only 1% of TT and
TF technique chest compressions exceeded this in the ‘feedback’
group.

3.2.2. Release force

Providers consistently achieved the required RF (i.e. <2.5kg)
across both compression techniques, with and without feedback
(Online Table 4). The complete release of the chest (i.e. <0.5Kkg),
however, was significantly improved for the TT technique with the
provision of feedback (47-99%; p <0.001).

3.2.3. Chest compression rate

Chest compression rate was consistently performed too quickly
without feedback. The mean and median value for both TT and TF
chest compression techniques exceeded the internationally recom-
mended targets (Online Table 4), whilst some providers performed
chest compressions at approximately twice the recommended rate
(Fig. 4). The provision of feedback coincided with a significant
reduction in the CR of both TT and TF (p < 0.001); hence, the CR qual-
ity (Online Table 4) increased significantly (each: p < 0.001) from 20%
to 92% (TT) and 34% to 87% (TF).

3.2.4. Compression duty cycle

Chest compression duty cycles were prolonged when providers
compressed without feedback, thereby recording a DC that
exceeded the internationally recommended targets. The DC
quality improved significantly (p<0.001) from 18% to 93%
(TT) and 72% to 93% (TF) on the provision of feedback
(Online Table 4).

4. Discussion

This study is unique in demonstrating how ‘real-time’ feedback
during simulated infant CPR leads to a dramatic improvement in
quality, with 75% (TF) and 80% (TT) of chest compressions simulta-
neously achieving the four, internationally recommended targets.
This compares to an overall quality <1% when performing chest
compressions without feedback.

Providers achieved relatively high CD quality (~20%) versus
other data when performing chest compressions without feed-
back (Online Table 4),'* although this is likely to have been due
to the greater compression depths achievable through using the
“physiological” manikin.'# Real-time feedback encouraged the per-
formance of TT and TF chest compressions to a consistent depth,
whilst also improving the accuracy of the TF technique (the TT tech-
nique was performed accurately without feedback). The improved
CD quality achieved with feedback reduced the extent of exces-
sive chest compressive, thus almost negating the theoretical risk
of iatrogenic heart and great vessel injury.'® Improved quality was
also demonstrated by deeper compressions, which are recognised
to achieve improved haemodynamics.!7-20 Subsequently, the pro-
vision of feedback appears vital in ensuring that providers achieve
the very narrow therapeutic window between under and over-
compression (i.e. <1cm) and, as noted elsewhere, provides CPR
providers with an ability to retain this performance despite the
effects of fatigue.2!

Excessive chest compression rates have been widely reported
during the performance of TT and TF simulated infant CPR.141522
The results of the chest compressions performed by the ‘no-
feedback’ group correlate with this trend, with only 20% (TT) and
42% (TF) of compressions meeting the target and compression
rates exceeding 200 min~! recorded in some instances. Provision
of the flashing and audible metronome on the feedback software
coincided with a highly statistical improvement and providers
delivering chest compressions within the target range. This
reduction in rate, if transferable to clinical CPR scenarios,
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could allow for optimal venous return in to the heart prior
to recirculation, which the International Liaison Committee
for Resuscitation (ILCOR) has previously stipulated is a cri-
terion for maximising the likelihood of a successful clinical
outcome.?3

A successful duty cycle is also important in ensuring sufficient
opportunity for cardiac refill prior to the next compression. Infant-
focussed manikin studies have previously reported duty cycles
exceeding the 50% upper threshold,'#1> which was consistent
with the no-feedback TT compressions reported in this study
(DC quality =18%); however, no-feedback performance of TF CPR
was accurate (DC quality = 72%). Whilst the feedback software did
not provide any information specific to enhancing the duty cycle
performance, significant improvements (TT and TF: p<0.001) in
DC quality were achieved in the delivery of both chest compression
techniques (i.e. TT and TF increased to 93%).

Our data showed no differences in quality between the two
provider groups at the baseline stage; however, designing this
study as a randomised controlled trial ensures that the differences
in chest compression performance during the experimental phase
are not due to biasing of the two experimental cohorts. As all
providers were EPLS and/or APLS instructors, it can be inferred that
our base-line data represents a ‘best-case’ scenario versus chest
compression quality delivered by a non-expert. It is also possible,
however, that the expertise of these providers may have hindered
their performance, by perceiving our experimental setup to be
too contrived, although this was mitigated as far as possible by
embedding our investigation within the formal EPLS/APLS training
sessions.

Real-time feedback has previously been successfully trans-
ferred to adult clinical practice, enhancing CPR performance. Whilst
results typically report a significant improvement in chest com-
pression quality, this appears not to influence the likelihood of
ROSC or discharge.23-25 Closer investigation, however, indicates
that this adult datais typically supported by relatively weak statisti-
cal significance (i.e. that there is relatively little difference between
the baseline and feedback data) versus those reported in this
study.2123-25 Hence, it is anticipated that the dramatic improve-
ments in chest compression quality reported in infant simulated
CPR - which were typically significant to p<0.001, have a greater
potential to influence clinical outcome should they be transferable
to a clinical scenario.

Our baseline data provides a strong indication that even
APLS/EPLS trained CPR providers are currently unable to per-
form chest compressions in the manner prescribed by bodies such
as the International Liaison Committee for Resuscitation (ILCOR)
and the European Resuscitation Council. Given that neurologi-
cally intact survival following infant CPR remains poor despite
the publication of multiple guidelines, it is proposed that only
when the majority of resuscitators are actually achieving these
prescribed targets will publication of further guidelines have a
significant impact on survival. Hence, there is an obvious need
for the introduction of technology such as that presented in our
study.

5. Conclusion

The study demonstrated that the provision of real-time feedback
during simulated infant CPR coincided with a dramatic improve-
ment in overall infant chest compression quality (from 1% to
75-80%). Should these result transfer to clinical practice, then this
technology will enable CPR providers to perform the vast majority
of chest compressions to within the targets of internationally rec-
ommended parameters, thereby having great potential to influence
survival following infant cardiac arrest.
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M CHEST COMPRESSION PERFORMANCE DURING
INFANT CPR

PSMartin', PSTheobald', AMKemp?, S 0'Brien®, S AMaguire?, MD Jones' 'Institue
of Medical Engineering and Medical Physics, Cardiff University, Cardiff, UK;
2Department of Child Health, Cardiff School of Medicine, Cardiff. UK *Resuscitation
Services, University Hospital of Wales, Cardiff, UK

10.1136/adc.2011.212563.200

Aims The 2010 International Liaison Committee of
Resuscitation (ILCOR) guidelines highlighted the need to per-
form quality chest compressions during paediatric cardiopulmo-
nary resuscitation to improve current outcomes. The guidelines
emphasised infant chest compression target rates of 100-120
cpm, depths of 4cm and complete release. This study aims to
determine the performance of two-thumb (TT) and two-finger
(TEF) chest compressions against these guideline targets.

Methodology A randomised, cross-over study was designed
to investigate rescuer performance during TT and TF chest
compressions. 12 certified advanced paediatric life support
instructors performed each technique for 2 min on a com-
mercially available infant CPR training manikin. The manikin
was instrumented with a linear potentiometer, allowing the
measurement of anteroposterior chest deflections. Participants
were instructed to perform continuous compressions, without
ventilations, and neither technique was refreshed or coached.
Chest compression rates (CR), depths (CD) and residual leaning
depths (remaining depth during chest release phase; LD) were
recorded. Normalised performance scores were developed
quantifying how accurately (Ag, Acp, A;p) and consistently
(Ceps Cepy C,p) individuals performed each target relative to
the ILCOR guidelines. Overall individual performance scores
(Acprs Cepr) were averaged from their respective scores, and

TT Technique /| TF Technique /| nterpretation
Measure | * \iean (S.0.) | Mean(s.D.) | Pvalue |l
CR Icpm 1261 (23.7) 1317(25.5) | 0.006° |CRr>CRr. both > CRimer
CD /mm 27.32 (2.48) 21.05(545) | 0.001* |CDr>CDrr; both < CDiager
LD /mm 381(257) 1.65(1.62) 0.019" [LDw>LDw; LD > CRusmet
Acr 2.38 (1.65) 2.65(1.75) 0.182" |[TT~TF; both poorAcr
Cer 1.38 (0.32) 1.75(063) | 0.009 |TT<TF. both poor Ccr
Aco 1.46 (0.38) 243(0.64) | 0.001* [TT<TF; both poor Aco
Ceo 0.33 (0.09) 0.64 (0.28) 0.004* (TT<TF; both good Cco
Aw 1.25 (0.70) 0.48(0.30) 0.003" |[TF<TT, TF only, good Aw
Cip 0.52 (0 26) 0.30 (0.20) 0.004" [TF<TT. both good Cio
Acer 1.70 (0.53) 1.85(0.83) 0.209" ([TT<TF. both poor Acer
Cerr 0.74 (0.15) 0.90(0.28) 0.041" [TT<TF, both good Ccer

* Paired Student's t-test
* Wilcoxon signed rank test

Abstract G186 Figure 1 Table of results comparing measures and
performance scores between two-thumb (TT) vs two-finger (TF)
techniques

A86

mean scores describe cohort performance. Scores <1 indicate
that chest compressions were more comparable to the guideline
targets. Shapiro-Wilk tests evaluated distribution normality
and results were statistically compared using paired paramet-
ric (paired Student’s t test) or non-parametric (Wilcoxon signed
rank test) tests.

Results Performance scores for each technique are presented
in figure 1. Relatively poor accuracy scores are demonstrated by
both techniques, with the exception of TF technique leaning
depths. While it can be observed that TT chest compressions
were performed with greater accuracy (Apg: 1.70 vs 1.85) and
consistency (Cepgp: 0.74 vs 0.90) than TF chest compressions,
neither technique was performed to ILCOR guidelines.
Conclusions The performance of the TT technique showed
a greater compliance with the 2010 ILCOR guidelines than
the TF technique; however, guideline targets were rarely met
by either technique. The results of this manikin-based study
indicate that there is a need to improve the accuracy of both
chest compression techniques during infant CPR, which could
potentially improve survivability.

Arch Dis Child 2011;96(Suppl 1):A1-A100
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THE USE OF COCHRANE REVIEWS IN CLINICAL GUIDELINES
FOR RESPIRATORY DISEASE IN CHILDREN IN THE UNITED
KINGDOM — A SYSTEMATIC REVIEW

doi:10.1136/archdischild-2013-304107.009

'THN Cox, 'AR Smyth, 'AP Prayle, DA Hughes, °J Rycroft-Malone, *K Thomas. 'Child
Health, University of Nottingham, Nottingham, UK; ?Centre for Health Economics &
Medicines Evaluation, Bangor University, Bangor, UK; *Health Services & Implementa-
tion Research, Bangor University, Bangor, UK; “Centre of Evidence Based Dermatology,
University of Nottingham, Nottingham, UK

Aims Cochrane reviews (CRs) summarise best evidence and should
be used for guideline recommendations. We assessed the use of CRs
in UK guidelines for lower respiratory disease in children and the
agreement between the guideline recommendations and the CRs.
Methods We searched Embase, Pubmed and the websites of guide-
line commissioning agencies for clinical guidelines. For each guide-
line recommendation, we identified relevant CRs in the Cochrane
Library. We noted whether the CRs were cited in the guidelines and
if they agreed with the guideline recommendations. Two investiga-
tors independently assessed CRs for relevance and agreement. We
investigated the influence of the guideline commissioning agency
and the topic, upon whether CRs were cited and whether their con-
clusions were followed. We investigated factors influencing the use
of CRs, using logistic regression.

Results We identified 21 guidelines which made 1025 recommen-
dations, of which 555 were recommendations for treatment of
lower respiratory disease in children. For 115 of these 555 recom-
mendations (21%) we identified a CR which could inform the rec-
ommendation. Approximately, one third of these recommendations
(40/115) did not use any of the available CRs or used only some.
The guideline commissioner had a significant influence on the use of
CRs (p =0.03), with BTS guidelines performing best. Guidelines on
some topics eg cystic fibrosis were significantly more likely to cite
CRs than others eg asthma (p = 0.007). In 20/115 guideline recom-
mendations there was not full agreement with the CR Conclusion
9 (8%) disagreed, 6 (5%) partial agreement and 5 (4%) the guideline
made a strong recommendation not supported by the CR.
Conclusion In spite of the work of the Cochrane collaboration,
there are still many treatment decisions where there is no system-
atic review to inform guideline recommendations. However, we
have shown that, even where a CR exists, guideline writers may not
make use of it or may make recommendations contrary to the find-
ings of the review. Guideline writers should describe their search
strategy and reasons for not including high quality evidence.

SURVEILLANCE OF HYPOCALCAEMIC SEIZURES
SECONDARY TO VITAMIN D DEFICIENCY IN CHILDREN IN
THE UK

doi:10.1136/archdischild-2013-304107.010

E Basatemur, A Sutcliffe. General & Adolescent Paediatrics Unit, UCL Institute of Child
Health, London, UK

Background Reports suggest that rickets is an increasing concern
among children in the UK, despite national recommendations for
vitamin D supplementation during pregnancy and early childhood.
However, there is limited epidemiological data to quantify these
concerns, existing studies being limited to regional case series.
Methods Prospective national surveillance of hypocalcaemic sei-
zures secondary to vitamin D deficiency in children aged 0-15 years,
across the UK and Ireland via the British Paediatric Surveillance
Unit (BPSU) system. We report results for the first 13 months of
surveillance (September 2011 to September 2012).

Results 70 case notifications were received; 44 were confirmed
cases, 6 probable cases, 17 reported in error or duplicates, and 3
unconfirmed cases for which details are pending. 90% of the 50

Arch Dis Child 2013;98(Suppl 1):A1-A117

confirmed and probable cases were infants (n = 45), with three cases
aged 1 year (6%) and two aged 14 years (4%). This equates to an
incidence of 5.2 per 100,000 in infants. There was a male predomi-
nance of 76% (n = 38). Ethnic distribution of cases is shown in the
figure 1. 60% of children (n=30) had multiple seizures, and 24%
(n=11) had seizures lasting > 10 minutes. 66% of cases did not
exhibit any other clinical features of vitamin D deficiency (n = 38),
26% had clinical rickets (n = 13), and 8% had failure to thrive (n = 4).
None of the children had fractures or intracranial haemorrhage. I.v.
calcium gluconate was given in 48% of cases (n=24) and anti-sei-
zure medication in 26% (n = 13), with 42% (n=21) not receiving
any acute treatment. There were no deaths, and only one child had
sequelae on discharge; an extravasation burn from iv. calcium
gluconate.

Ethnicity

[pakistani 34% (n=17)

EBlack African / Caribbean
26% (n=13)

BIndian 12% (n=6)

B Other Asian 8% (n=4)

[[IMixed 2% (n=1)

Mwhite 18% (n=9)

Abstract P10 Figure 1

Distribution of cases by ethnicity

Conclusions Although a relatively uncommon presentation of
vitamin D deficiency, between September 2011 to September 2012
approximately one child has a seizure secondary to vitamin D defi-
ciency per week in the UK. This suggests that current implementa-
tion of public health policy is not successful at preventing
complications of severe vitamin D deficiency in children. Further
studies are required to investigate the epidemiology of rickets more
broadly in the UK.

CAN REAL-TIME PERFORMANCE FEEDBACK IMPROVE
CHEST COMPRESSION QUALITY DURING SIMULATED
INFANT CPR? A RANDOMISED CONTROLLED TRIAL

doi:10.1136/archdischild-2013-304107.011

'PS Martin, 'PS Theobald, AM Kemp, 2SA Maguire, *IK Maconochie, 'MD Jones.
"Institute of Medical Engineering & Medical Physics, Cardiff University, Cardiff, UK;
?Institute of Primary Care & Public Health, Cardiff University, Cardiff, UK; 3Paediatric
Emergency Department, St Mary's Hospital, London, UK

Aims Current International Liaison Committee on Resuscita-
tion (ILCOR) guidelines emphasise the provision of high quality
chest compressions during infant cardiopulmonary resuscitation
(CPR). Recent research, however, reports that <1% of all chest
compressions achieve all four internationally recommended
quality targets during simulated infant CPR. This study aimed to
determine if ‘real-time performance feedback’ improved the
quality of chest compressions provided during simulated infant
CPR.

Methods Sixty-nine certified European and Advanced Paediatric Life
Support (EPLS and APLS) training course instructors were recruited
from seven EPLS/APLS training courses. Instructors were randomly

A5
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allocated to either a ‘no-feedback’ or ‘feedback’ group, and performed
60 seconds of two-thumb (TT) and two-finger (TF) chest compres-
sions on a “physiological” CPR manikin instrumented to measure
chest deflections. Baseline data were recorded for both groups with-
out feedback, before chest compressions were repeated in the experi-
mental phase with the ‘feedback’ group receiving real-time
performance feedback. Chest compression depths, chest release
forces, chest compression rates and compression duty cycles were
recorded for all participants. Quality indices were calculated to report
the proportion of chest compressions that achieved internationally
recommended quality targets for each measure, with an overall qual-
ity index calculated to report the proportion of chest compressions
that simultaneously achieved all four quality targets. Results were
compared between the ‘no-feedback’ and ‘feedback’ groups.

Results Baseline data were consistent with other studies, with < %
of chest compressions simultaneously achieving all four interna-
tionally recommended quality targets. During the experimental
stage (Table 1), the provision of real-time performance feedback
improved the quality of the chest compression depths, chest com-
pression rates and compression duty cycles provided by both tech-
niques (all measures: p < 0.001). This enabled the ‘feedback’ group
to simultaneously achieve all four quality targets in 75% of TF and
80% of TT technique chest compressions, whilst <1% of chest com-
pressions achieved this for the ‘no-feedback’ group.

Conclusions Real-time performance feedback considerably increa-
sed the quality of chest compressions provided during simulated
infant CPR. If these results transfer into clinical practise this tech-
nology could, for the first time, support resuscitators in performing
high quality chest compressions during infant CPR and thus poten-
tially improve future outcomes.

CHILD DEATHS DUE TO INJURY IN FOUR UK COUNTRIES:
1980 T0 2010

doi:10.1136/archdischild-2013-304107.012

P Hardelid, J Davey, N Dattani, R Gilbert. MRC Centre of Epidemiology for Child Health,
UCL Institute of Child Health, London, UK

Aims To examine trends in child deaths due to injury England,
Scotland, Wales and Northern Ireland between 1980 and 2010.
Methods Data from death certificates from children who died aged
28 days to 18 years between 1980 and 2010 were obtained from the
national statistics agencies in the four countries. Injury deaths,
including poisoning, was defined by an external cause code (from
the International Classification of Diseases) recorded as the under-
lying cause of death. We estimated rates of injury deaths per 100,000
resident children by sex, age group (28 days to nine years, and 10 to
18 years), time period, country of residence and type of injury (acci-
dental or non-accidental). Mortality rates were adjusted for report-
ing delay.

Results Child mortality due to injury has declined in all four coun-
tries of the UK. England consistently experienced the lowest mor-
tality rate throughout the study period. For children aged 28 days to
nine years, differences in mortality rates between England and the
other three countries declined over the study period, whereas for
children aged 10 to 18 years, differences in mortality rates increased.
Inter-country differences were largest for boys aged 10 to 18 years
with mortality rate ratios of 1.34 (95% confidence interval 1.13,
1.60) for Wales, 1.66 (1.46, 1.89) for Scotland and 1.83 (1.52, 2.21)
for Northern Ireland compared to England (the baseline). The
decline in mortality due to injury was accounted for by a decline in
accidental deaths; no declines were observed for any age groups for
non-accidental deaths, that is deaths caused by self-harm, assault or
from undetermined intent.

Conclusions Whilst child deaths from injury have declined in all
four UK countries, substantial differences in mortality rates remain
between countries, particularly for older boys. This group stands to

A

gain most from policy interventions to reduce deaths from injury
and poisoning in children.

"EFFORT OF BREATHING' IS NOT AN IMPORTANT
PARAMETER IN A PAEDIATRIC EARLY WARNING SCORING
SYSTEM

doi:10.1136/archdischild-2013-304107.013
LL Sinitsky, A Reece. Department of Paediatrics, Watford General Hospital, Watford, UK

Aims Across the UK there is diverse practise in the use of Paediatric
Early Warning Scores (PEWS). Many scoring systems are in use and
include different physiological parameters to identify children at
risk of life-threatening deterioration. Unlike adult practise, PEWS
often comprise of both objective and subjective criteria. ‘Effort of
breathing’ is a subjective parameter commonly included in paediat-
ric scoring systems. Determining a child’s effort of breathing is
influenced by factors including appropriate exposure of the patient
as well as clinical skill, experience and acumen of the scorer.

As part of a study assessing the validity of PEWS charts, a large
data set was collected. Analysis of the NHS Institute PEWS chart is
made here.

Method Physiological parameters were collected retrospectively
from a cohort of 1537 children aged 0-16 years attending a district
general hospital’s Children’s Emergency Department over a 5 week
period. Admission to Paediatric High Dependency or Intensive Care
were used as proxy outcome measures for serious and life-threatening
deterioration.

Results Data was complete for 967 records. At a best cut-off score
of 3, NHS Institute PEWS had a sensitivity of 64.3% (95% CI 35.6—
86.0), specificity of 96.5% (95% CI 95.1-97.6), positive predictive
value of 21.4% (95% CI 10.8-37.2) and negative predictive value of
99.5% (95% CI 98.7-99.8). The area under the Receiver Operating
Characteristic curve (AUC) (figure 1) was 0.86 (95% CI 0.74-0.98,
p < 0.01). If ‘effort of breathing’ was excluded from NHS Institute
PEWS the AUC was 0.85 (95% CI 0.74-0.97, p < 0.00).

ROC Curve
1.0
Source of the Curve
= Without_effort_of_breathing
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Abstract P13 Figure 1 Receiver operating characteristic curve for
NHS Institute PEWS with and without effort of breathing.

Conclusion The NHS Institute PEWS is a valid tool with good
diagnostic accuracy in recognising children at risk of serious and
life-threatening deterioration at triage in the Emergency Depart-
ment. The predictive power did not change when ‘effort of breath-
ing’ was excluded. It is reassuring that such a subjective parameter
does not undermine the value of the scoring system. However,
further work is needed to determine whether other subjective mea-
sures have any value in paediatric early warning tools.

Arch Dis Child 2013;98(Suppl 1):A1-A117
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RESUSCITATION

Letter to the Editor

Increased incidence of CPR-related rib fractures in infants - Is
it related to changes in CPR technique?

Sir,

The article entitled “Increased incidence of CPR-related rib frac-
tures in infants - Is it related to changes in CPR technique?”! is a
valuable addition to the clinical and forensic literature, assessing
the causes of infant rib fractures. We would value further clarifica-
tion of a number of points, however.

Clarification of the selection criteria is sought to adequately
identify the study cohort population. Including cases based on the
“characteristic locations” of CPR related rib fractures only (ante-
rior, antero-lateral and lateral rib fractures) may incur a negative
selection bias, possibly excluding CPR related cases of posterior
or postero-lateral rib fracture.2 Whilst the inclusion of acute rib
fracture cases only may result in a positive selection bias, possi-
bly including cases inflicted during fatal traumatic episodes, such
as non-accidental trauma3; indeed, the study appears to lack a
consensus-based classification of abusive and non-abusive trauma.
Within the described cohort, there were potentially two premature
infant cases (Case #8 and Case #12) and one case of birth trauma
(Case #9), both of which are recognised associations with rib frac-
tures that were not specified as excluded during cohort selection.*>
Hence, further clarification of the selection criteria is important in
ascertaining the validity of this cohort.

Our particular concern, however, is that confounding variables,
unintentionally concealed by this study, may be the cause behind
the increase in rib fracture incidence reported by the authors. In
our opinion, it is important to appreciate how these factors were
considered and whether they influenced the reported rib frac-
ture incidence. Such factors may include: changes in post-mortem
techniques, radiographic protocols or personnel over the study
period; the heightening in the awareness of rib fracture coexis-
tence with CPR; and the CPR technique performed. The latter factor
is especially pertinent, given that the 2005 ILCOR update of the
CPR guidelines recommended the use of either the two-finger (TF)
or two-thumb (TT) hand encircling technique during infant CPR.%
Whilst this study appears to assume that the TT technique was used
exclusively for all CPR episodes, clarifying the CPR techniques used
during each case is essential to determining whether this technique
significantly influences rib fracture incidence.

In conclusion, this article was presented as providing the poten-
tial to inform future resuscitation guidelines, forensic pathology
outcomes and legal proceedings in child abuse cases. We are of
the opinion, however, that further methodological clarifications are
essential before such conclusions be fully accepted.
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