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Abstract: In pre-hospital settings, efficient cardiopulmonary resuscitation (CPR) is challenging;
therefore, the application of mechanical CPR devices continues to increase. However, the evidence
of the benefits of using mechanical CPR devices in pre-hospital settings for adult out-of-hospital
cardiac arrest (OHCA) is controversial. This meta-analysis compared the effects of mechanical and
manual CPR applied in the pre-hospital stage on clinical outcomes after OHCA. Cochrane Library,
PubMed, Embase, and ClinicalTrials.gov were searched from inception until October 2021. Studies
comparing mechanical and manual CPR applied in the pre-hospital stage for survival outcomes
of adult OHCA were eligible. Data abstraction, quality assessment, meta-analysis, trial sequential
analysis (TSA), and grading of recommendations, assessment, development, and evaluation were
conducted. Seven randomized controlled and 15 observational studies were included. Compared
to manual CPR, pre-hospital use of mechanical CPR showed a positive effect in achieving return of
spontaneous circulation (ROSC) and survival to admission. No difference was found in survival
to discharge and discharge with favorable neurological status, with inconclusive results in TSA.
In conclusion, pre-hospital use of mechanical CPR devices may benefit adult OHCA in achieving
ROSC and survival to admission. With low certainty of evidence, more well-designed large-scale
randomized controlled trials are needed to validate these findings.

Keywords: cardiac arrest; resuscitation; cardiopulmonary resuscitation; mechanical; pre-hospital;
out of hospital cardiac arrest

1. Introduction

Out-of-hospital cardiac arrest (OHCA) is a universal concern [1]. The global incidence
is approximately 30–97 individuals per 100,000 person-years [2,3]. Although the man-
agement of OHCA has progressed, the survival rate remains poor, around 3.1% to 20.4%
across the world [2,4]. Achieving survival from OHCA relies on implementing the integral
chain of survival [5]. It includes early activation of the emergency medical services (EMS)
system, provision of high-quality cardiopulmonary resuscitation (CPR), early defibrillation,
advanced resuscitation, post-cardiac arrest care, and recovery [5]. Early administration of
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high-quality CPR plays an important role in achieving return of spontaneous circulation
(ROSC) and preserving brain perfusion following ROSC [5]. However, efficient CPR in pre-
hospital settings is challenging, especially when moving patients and during ambulance
transport. The safety of EMS crews is also an issue when performing CPR, such as in a
moving ambulance or resuscitating patients with coronavirus disease 2019 (COVID-19).
Hence, the use of mechanical CPR devices in prehospital settings continues to increase and
is recommended by professional societies in resuscitating COVID-19 patients [6,7].

However, the effect of mechanical CPR devices on the clinical outcomes of OHCA
remains controversial and lacks evidence regarding the benefits of mechanical CPR for
OHCA patients compared to manual CPR [8–12]. Zhu et al. conducted a meta-analysis in
2019, including nine randomized controlled trials (RCTs) and six non-RCTs, and found no
significant differences in the resuscitative effects between mechanical and manual CPR in
OHCA patients [8]. Similar result was found in Liu et al. in 2019 comparing manual CPR
and mechanical CPR with the Lund University Cardiac Assist System (LUCAS) device [11].
Previous meta-analyses pooled the studies with “in-hospital” and “pre-hospital” use of
mechanical CPR devices and concluded that mechanical CPR is not superior to manual CPR
for OHCA. However, the resources in in-hospital settings are likely to be better than those in
the pre-hospital stage, e.g., more personnel for maintaining the good quality of CPR, and a
more spacious environment, and better equipment and medication. Hence, it is reasonable
that studies investigating the “in-hospital” use of mechanical CPR for OHCA patients did
not show benefits compared to manual CPR [13–16]. A further issue is whether previous
meta-analyses had sufficient statistical power. Recently, increasing evidence including
large-scale cohort and RCTs has shown the benefit of prehospital use of mechanical CPR
devices [17–19]. Hence, a new Systemic Review and Meta-Analysis (SRMA) is needed to
analyze the benefit between the use of manual CPR and mechanical CPR applied specifically
in a “pre-hospital” setting. The aim of this study was to conduct a systematic review, meta-
analysis, and trial sequential analysis of the published literature on the “prehospital” use
of mechanical CPR devices compared to manual CPR for adult OHCA.

2. Materials and Methods

This SRMA was conducted according to the latest statement of the Preferred Reporting
Items for Systemic Reviews and Meta-Analysis (PRISMA) [20]. Our protocol was registered
on PROSPERO (CRD42021286570).

2.1. Inclusion Criteria

Studies were included if the participants were adult patients with OHCA, the interven-
tion was the use of an automated mechanical CPR device in the prehospital stage (including
at the scene of cardiac arrest or during ambulance transport), the comparison was with man-
ual CPR, and the outcome indicators were survival-related outcomes. Primary outcomes
were rates of ROSC and survival to hospital admission, which most directly reflect the effect
and quality of CPR performed in the prehospital stage. The secondary outcomes, such as
survival to discharge or 30 days, and survival to discharge with favorable neurological
status (defined as Cerebral Performance Category: 1–2, Modified Rankin Scale: 0–2, or
Glasgow coma scale ≥ 13), were likely influenced by post-resuscitation care. Any study
with at least one of the aforementioned outcome measurements was included, comprising
RCTs and non-RCTs.

2.2. Exclusion Criteria

Excluded studies: Studies that recruited patients with in-hospital cardiac arrest (IHCA)
or OHCA who received mechanical CPR after arriving at the emergency department
(ED) but not in the pre-hospital stage; studies including OHCA younger than 18 years,
animal studies, simulation studies, or cardiac arrest caused by hypothermia, drowning,
trauma, and toxic substances with a unique pathophysiology; studies using non-automated
mechanical CPR devices, such as non-powered active devices; studies evaluating the
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harm, cost-effectiveness, or user ability as outcomes; and studies that were not the full-
length article or without detailed description in the methodology. Articles with related
studies, such as subgroup analysis that were published from the same institutions or
individuals were excluded, but the most comprehensive one was retained. We also excluded
studies designed to cross-over the implementation of manual CPR and mechanical CPR in
individual participants.

2.3. Search Methods

We searched the PubMed, Embase, Cochrane Library, and ClinicalTrials.gov with
the keywords of “cardiac arrest,” “heart arrest,” “cardiopulmonary resuscitation,” “CPR,”
“chest compression,” “mechanical,” “Lucas,” “Autopulse,” and “Load distributing band”
from inception until 27 October 2021. No language restrictions were imposed. The detailed
search strategy is presented in Supplementary Table S1. We reviewed the references of
eligible papers, similar articles recommended by the PubMed algorithm, and published
systematic reviews to identify candidate trials that were not listed in the original database.

2.4. Selection of Studies

Two investigators independently screened the titles and abstracts of the studies identi-
fied from the database searches. We obtained the full-text articles for the review for more
thorough screening and eligibility assessment using the same inclusion and exclusion crite-
ria. Disagreements were resolved through consensus, and a third reviewer was involved if
there was no agreement.

2.5. Data Extraction

Two investigators extracted data in an independent, consistent fashion using a pre-
formed format. Data extraction included the name of the first author, year of publication,
country where the study was conducted, study design, sample size, type of mechanical
CPR device, total number of participants per treatment arm, and number of participants
achieving the set primary and secondary outcomes. For RCTs, the data from the intention-
to-treat analysis were chosen for data extraction. For non-RCTs, matched case-control data
were extracted, if applicable.

2.6. Literature Quality Evaluation

Two authors independently assessed the risk of bias (RoB) for included studies by
using a revised Cochrane risk of bias tool for randomized trials (RoB 2.0) for RCTs [21] and
risk of bias in non-randomized studies of interventions (ROBINS-I) tool for non-RCTs [22].

2.7. Statistical Analysis

We performed a meta-analysis of the data using Review Manager version 5.41 (Cochrane
Collaboration). A random-effects model was used to calculate summary statistics due to
anticipated heterogeneity. Forest plots with odds ratios (ORs) and 95% confidence intervals
(CIs) were analyzed using the Mantel-Haenszel (M-H) method for dichotomous data.
Statistical significance was set at p < 0.05. Heterogeneity among studies was measured
using I2 statistics. If I2 was higher than 50%, substantial heterogeneity was indicated.
Sensitivity analyses of fixed-effect model, different study designs, studies with low RoB
and subgroup analyses of different types of mechanical CPR devices and geographic
locations where the study was conducted were performed.

2.8. Trial Sequential Analysis

Trial sequential analysis (TSA) was applied to quantify the statistical reliability of data
by repetitive and cumulative testing for meta-analyses [23]. We conducted this analysis
using TSA software version 0.9.5.10 Beta (Copenhagen Trial Unit, Center for Clinical
Intervention Research, Copenhagen, Denmark). We applied a two-sided test, set Type I
error of 5% and power of 80% and assumed a 10% relative risk reduction for mechanical
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CPR. The O’Brien–Fleming monitoring boundaries were applied for hypothesis testing,
and a random-effects model with the Biggerstaff-Tweedie method was used [24]. The
incidence of the control arm was filled in the “overall events/total cases” of the measured
outcome in the manual CPR group of the enrolled studies. A Z-curve was constructed using
cumulative evidence of trials over time. Either the Z-curve crossed the O’Brien-Fleming
boundaries before the estimated required information size (RIS) was reached or the Z-curve
was higher than 1.96 when the accumulated size was larger than RIS were considered true
positives. Otherwise, a true negative was considered if the Z-curve entered the futility area.
A total sample size that did not reach the RIS was defined as underpower.

2.9. Grading of the Certainty of Evidence

The quality of the overall certainty of evidence (CoE) was assessed using the Grading
of Recommendations Assessment, Development, and Evaluation (GRADE) methodology
for each outcome [25]. The level of CoE was high, moderate, low, or very low. GRADEpro
software (https://gradepro.org) was used.

3. Results
3.1. Results of the Literature Search

In total, 3350 articles were identified: from PubMed, 1106; EMBASE, 1970; Cochrane
Library, 233; ClinicalTrials.gov, 41, and 835 articles were excluded because of duplication.
A total of 2515 articles were screened by reading titles and abstracts. In total, 2454 articles
were excluded that did not meet the inclusion criteria, and 61 articles were retrieved for
full-text screening. Among them, 14 articles were excluded because they were not full
articles. Of 47 articles assessed for eligibility, 21 articles were included, after excluding
articles investigating different populations (IHCA and aircraft rescue) (n = 14), in-hospital
use of mechanical CPR device (n = 3), different outcomes (n = 6), crossover study (n = 1), and
no raw data for retrieval (n = 2). In addition, from grey literature, five articles were identified
from citation searching, and one article was included in the review. In total, 22 studies were
included. A flowchart according to the PRISMA statement [20] is shown in Figure 1.
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Table 1 summarizes the characteristics of the included studies. Seven RCTs and 15 non-
RCTs with a total of 85,975 OHCAs were included in the meta-analysis. It included studies
published between 2006 and 2021, conducted in 16 countries across the continents of North
America, Asia, Oceania, and Europe. In terms of automatic CPR devices, LUCAS was
applied in 12 studies [18,19,26–35], AutoPulse was applied in seven studies [36–42], and
three studies involved both devices [17,43,44].

3.2. Risk of Bias Assessment

For the seven enrolled RCTs including three individual RCTs and four cluster-RCTs,
the overall RoB were judged as “low” in four trials [33–36], “some concerns” in two
trials [19,37], and “high” in 1 trial [38] (Supplementary Table S2). The majority of RoBs
arose from the domain of the randomization process. In this domain, one trial was judged
as “high” because the allocation sequence concealment was not clear and with baseline
difference between intervention groups [38]; two trials were judged as “some concerns”
because of baseline differences between intervention groups [19,37]. From the timing of
identification or recruitment of participants in a cluster-randomized trial, one cluster RCT
was judged as “high,” because the participants were recruited after sending to the hospital
(not before randomization of clusters) [38]. For the 15 included non-RCTs, the overall
RoB were judged as “moderate” in 10 studies [17,18,26,27,29,31,39–41,44] and “serious”
in 5 studies [28,30,32,42,43] (Supplementary Table S3). The majority of RoB arose from
bias due to confounding factors (Domain 1 in ROBINS-I). However, this was inevitable
because of non-randomized settings. In this case, ten non-RCTs that used appropriate
analysis to control the important confounding factors were judged as “moderate” in this
domain [17,18,26,27,29,31,39–41,44], but the other five non-RCTs did not and were judged
as “serious [28,30,32,42,43]”. One study was judged as “no information” for no detailed
information on the selection of participants, deviations from intended interventions, and
the treatment of missing data [28].

3.3. Outcomes
3.3.1. Primary Outcome: Return of Spontaneous Circulation

In this case, 18 of the included studies reported the outcomes of ROSC in patients with
OHCA. There were 7 RCTs and 11 non-RCTs, with a total of 39,675 participants (Figure 2).
The pooled estimates from both RCTs and non-RCTs revealed benefits of mechanical CPR
over manual CPR in the ROSC outcome (OR = 1.32, 95% CI: 1.11–1.58). Heterogeneity
among the studies was high (I2 = 88%) (Figure 2A). In the subgroup analyses of RCTs and
non-RCTs, a statistical difference between the prehospital use of mechanical CPR device
and manual CPR was found in the non-RCTs (OR = 1.48; 95% CI: 1.12–1.97) but not in the
RCTs (OR = 1.04; 95% CI: 0.90–1.20). The heterogeneity among the RCTs and non-RCTs was
high (I2 = 61% and 89%, respectively) (Figure 2A). We performed TSA to examine the results.
However, the cumulative Z-curve crossed the O’Brien-Fleming boundaries before the RIS
(41686 participants for required power) was reached (Figure 2B). A true-positive result
indicated that the cumulative power from the available literature supports the association
between ROSC achievement and prehospital use of mechanical CPR devices.
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Table 1. Summary of the included studies.

Author Year of Publication Country N Study Period Definite Study
Design

Nationwide
Study

Type of
Mechanical
Device

CPR Guideline Witnessed Arrest Shockable Rhythm

Randomized studies

Anantharaman 2017 Singapore 1191 2011–2012 Cluster RCT No LUCAS 2010 ILCOR 52% man, 62% mech 17% man, 23% mech

Gao 2016 China 133 2011–2012 Cluster RCT No Autopulse 2010 AHA 59% man, 67% mech 13% man, 13% mech

Hallstrom 2006 USA and Canada 767 2004–2005 Cluster RCT No Autopulse 2000 AHA 49% man, 44% mech 32% man, 31% mech

Perkins 2015 UK 4471 2010–2013 Cluster RCT No LUCAS 2005/2010 ERC 62% man, 61% mech 22% man, 23% mech

Rubertsson 2014 Sweden, UK, The
Netherlands 2589 2008–2013 Individually RCT No LUCAS 2005 ERC 72% man, 73% mech 30% man, 29% mech

Smekal 2011 Sweden 148 2005–2007 Individually RCT No LUCAS 2000 ERC 74% man, 68% mech 27% man, 27% mech

Wik 2014 Norway 4231 2009–2011 Individually RCT No Autopulse 2005 ERC/AHA 48% man, 47% mech 24% man, 21% mech

Non-randomized studies

Axelsson 2006 Sweden 210 2003–2005 Prospective cohort No LUCAS 2000 AHA 100% man, 100%
mech 32% man, 30% mech

Axelsson 2013 Sweden 1165 2007–2011 Retrospective cohort No LUCAS Not reported 72%man, 73% mech 25% man, 26% mech

Casner 2005 USA 162 2003 Retrospective cohort No Autopulse Not reported Not reported 28% man, 33% mech

Chen 2021 Taiwan 552 2018–2020 Retrospective cohort No LUCAS 2015 AHA 53% man, 48% mech 21% man, 26% mech

Jennings 2012 Australia 286 2006–2010 Retrospective cohort No Autopulse Not reported 72% man, 71% mech 36% man, 30% mech

Jung 2019 Korea 30,921 2016–2017 Prospective cohort Yes LUCAS/Autopulse Not reported 47% man, 47% mech 14% man, 14% mech

Maule 2007 België 290 2004–2006 Retrospective cohort No LUCAS Not reported Not reported Not reported

Newberry 2018 USA 2999 2013–2015 Retrospective cohort No LUCAS Not reported 43% man, 37% mech 14% man, 12% mech

Ong 2006 USA 783 2001–2005 Prospective cohort No Autopulse Not reported 47% man, 52% mech 20% man, 23% mech

Satterlee 2013 USA 572 2008–2010 Retrospective cohort No LUCAS Not reported 61% man, 53% mech 18% man, 21% mech

Savastano 2019 Italy 1401 2015–2017 Prospective cohort No Autopulse Not reported 70% man, 86% mech 14% man, 43% mech

Schmidbauer 2017 Sweden 13,922 2011–2015 Prospective cohort Yes LUCAS 2010 ERC 66% man, 67% mech 22% man, 23% mech

Seewald 2019 Germany 17,957 2007–2014 Retrospective cohort Yes LUCAS/Autopulse Not reported 56% man, 62% mech 25% man, 33% mech

Ujvárosy 2018 Hungary 287 2010–2013 Retrospective cohort No LUCAS Not reported Not reported Not reported

Zeiner 2015 Austria 938 2013–2014 Prospective cohort No LUCAS/Autopulse Not reported 54% man, 56% mech 22% man, 34% mech

RCT: randomised controlled trial; AHA: American Heart Association; ERC: European Resuscitation Council; ILCOR: International Liaison Committee on Resuscitation Guidelines, man:
manual; mech: mechanical; CPR: cardiopulmonary resuscitation.
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Figure 2. Forest plot (A) and trial sequential analysis (B) for return of spontaneous circulation between
mechanical CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence
interval; RCT: randomized controlled trial; RIS: required information size.

3.3.2. Primary Outcome: Survival to Hospital Admission

Six RCTs, and 10 non-RCTs reported survival to hospital admission, with a total of
38,829 patients (Figure 3A). A statistically significant difference indicated that the use of a
mechanical CPR device was associated with survival to hospital admission in comparison
with manual CPR (OR = 1.23, 95% CI: 1.04–1.47; I2 = 84%). The subgroup analysis showed
a significant difference between the two groups in non-RCTs (OR = 1.35; 95% CI: 1.03–1.76,
I2 = 85%) but not in RCTs (OR = 1.00; 95% CI: 0.86–1.16, I2 = 55%). The TSA showed that
the Z-curve crossed into the futility area after the first 13 articles (Figure 3B, arrow). After
enrolling the last three articles, the cumulative Z-curve finally crossed the O’Brien-Fleming
boundaries before the RIS (sample size = 38942) was reached (Figure 3B). A true-positive
result supported the association between achievement of survival to hospital admission
and prehospital use of mechanical CPR devices.
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3.3.3. Secondary Outcome: Survival to Discharge

Seven RCTs and nine non-RCTs with 66,133 OHCAs were enrolled for analysis
(Figure 4A). No significant benefit for survival to discharge was found when applying the
mechanical CPR device compared to manual CPR (OR = 0.87; 95% CI: 0.87–1.06). There
was high heterogeneity among the enrolled studies (I2 = 78%). The subgroup analysis
revealed consistent results in both RCTs (OR = 0.91; 95% CI: 0.75–1.10, I2 = 38%) and
non-RCTs (OR = 0.83; 95% CI: 0.59–1.16, I2 = 86%). TSA assessment showed that the RIS of
261,712 participants could not be acquired from the pooled studies (Figure 4B). In addition,
the accumulative Z-curve neither crossed the O’Brien-Fleming monitoring boundary nor
entered the inner border of the futility boundary. An inconclusive result was indicated.

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 9 of 19 
 

 

3.3.3. Secondary Outcome: Survival to Discharge 
Seven RCTs and nine non-RCTs with 66,133 OHCAs were enrolled for analysis (Figure 

4A). No significant benefit for survival to discharge was found when applying the mechan-
ical CPR device compared to manual CPR (OR = 0.87; 95% CI: 0.87–1.06). There was high 
heterogeneity among the enrolled studies (I2 = 78%). The subgroup analysis revealed con-
sistent results in both RCTs (OR = 0.91; 95% CI: 0.75–1.10, I2 = 38%) and non-RCTs (OR = 
0.83; 95% CI: 0.59–1.16, I2 = 86%). TSA assessment showed that the RIS of 261,712 participants 
could not be acquired from the pooled studies (Figure 4B). In addition, the accumulative Z-
curve neither crossed the O’Brien-Fleming monitoring boundary nor entered the inner bor-
der of the futility boundary. An inconclusive result was indicated. 

 
Figure 4. Forest plot (A) and trial sequential analysis (B) for survival to discharge between mechan-
ical CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence interval; 
RCT: randomized controlled trial; RIS: required information size. 

3.3.4. Secondary Outcome: Survival to Discharge with Favorable Neurologic Status 
The pooled results did not show a significant difference for discharge with favorable 

neurologic status between the use of mechanical CPR device and manual CPR. The pooled 
OR was 0.82 (95% CI: 0.64–1.07) (Figure 5A). The heterogeneity was high (I2 = 68%). Sub-
group analysis showed similar results in both RCTs (OR = 0.81; 95% CI: 0.61–1.08; I2 = 60%) 
and non-RCTs (OR = 0.91; 95% CI: 0.54–1.52; I2 = 78%). The estimated RIS was 303,182 in 
TSA (Figure 5B). The Z-curve showed similar trends as that for survival to discharge, in-
dicating an inconclusive result. 

Figure 4. Forest plot (A) and trial sequential analysis (B) for survival to discharge between mechanical
CPR device and manual CPR. CPR: cardiopulmonary resuscitation; CI: confidence interval; RCT:
randomized controlled trial; RIS: required information size.

3.3.4. Secondary Outcome: Survival to Discharge with Favorable Neurologic Status

The pooled results did not show a significant difference for discharge with favorable
neurologic status between the use of mechanical CPR device and manual CPR. The pooled
OR was 0.82 (95% CI: 0.64–1.07) (Figure 5A). The heterogeneity was high (I2 = 68%).
Subgroup analysis showed similar results in both RCTs (OR = 0.81; 95% CI: 0.61–1.08;
I2 = 60%) and non-RCTs (OR = 0.91; 95% CI: 0.54–1.52; I2 = 78%). The estimated RIS was
303,182 in TSA (Figure 5B). The Z-curve showed similar trends as that for survival to
discharge, indicating an inconclusive result.

3.4. Subgroup and Sensitivity Analysis

Subgroup analysis of primary outcomes found that mechanical CPR devices were
significantly associated with achievement of ROSC in European studies. Mechanical CPR
device was significantly associated with achievement of survival to hospital admission in
Asian studies. In secondary outcomes, the subgroups that were significantly associated
with lower OR in achieving survival to discharge were LUCAS and the location subgroup
of Europe (Table 2). Sensitivity analyses of primary and secondary outcomes are shown
in Supplementary Table S4. In terms of ROSC, sensitivity analyses of fixed-effect model,
non-RCTs, and studies with low RoB showed findings consistent with those of our primary
analysis. In terms of survival to hospital admission, analyses of fixed-effect model and
non-RCTs showed results similar to those of the primary analysis.
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Table 2. Subgroup analyses of pooled odds ratios of primary and secondary survival outcomes of OHCA.

ROSC Survival to Hospital Admission Survival to Discharge Survival to Discharge with Favorable
Neurologic Status

Subgroups No. of
Studies

Pooled OR
(95% CI) p I2

(%)
No. of

Studies
Pooled OR

(95% CI) p I2

(%)
No. of

Studies
Pooled OR

(95% CI) p I2

(%)
No. of

Studies
Pooled OR

(95% CI) p I2 (%)

Type of mechanical
CPR device
LUCAS 10 1.19 (0.99–1.43) 0.06 74% 9 1.00 (0.88–1.13) 0.94 43% 8 0.74 (0.57–0.97) 0.03 78% 4 0.86 (0.67–1.12) 0.27 48%
Autopulse 6 1.65 (0.97–2.79) 0.06 94% 6 1.67 (0.97–2.84) 0.06 91% 6 1.24 (0.71–2.18) 0.45 83% 4 1.13 (0.47–2.73) 0.79 83%
LUCAS + Autopulse 2 1.15 (0.64–2.04) 0.65 92% 1 1.43 (1.25–1.64) <0.001 NA 2 0.83 (0.60–1.15) 0.26 52% 2 0.61 (0.42–0.88) 0.009 27%
Geographic location
Europe 10 1.37 (1.06–1.78) 0.02 92% 8 1.12 (0.88–1.42) 0.36 90% 9 0.77 (0.61–0.97) 0.02 79% 4 0.79 (0.61–1.02) 0.07 62%
North America 5 1.16 (0.85–1.60) 0.34 76% 4 1.33 (0.84–2.11) 0.22 79% 3 1.13 (0.45–2.84) 0.79 90% 3 0.93 (0.32–2.73) 0.89 88%
Asia 3 1.46 (0.97–2.20) 0.07 63% 3 1.51 (1.10–2.09) 0.01 23% 3 1.26 (0.72–2.18) 0.42 59% 3 0.95 (0.55–1.64) 0.86 35%
Oceania 0 NA NA NA 1 1.43 (0.75–2.72) 0.28 NA 1 0.43 (0.10–1.92) 0.27 NA 0 NA NA NA

CPR: cardiopulmonary resuscitation, OR: odds ratio, OHCA: out-of-hospital cardiac arrest, NA: not applicable, ROSC: return of spontaneous circulation.
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3.5. GRADE Assessment

The GRADE assessment demonstrated an overall very low CoE in the four survival
outcomes (Table 3). We downgraded the overall CoE in the RoB, inconsistency, and
imprecision domains. In the overall RoB, we judged as “very serious” the four outcomes
because non-RCTs were enrolled with a “Moderate” overall RoB. We rated down the
CoE in the domain of inconsistency in the four outcomes because high heterogeneity
was consistently found. We did not rate down the CoE in the domain of indirectness
because each enrolled study faced the same direction in each endpoint and compared
mechanical CPR and manual CPR directly. We downgraded the domain of imprecision in
the outcomes of survival to discharge and survival to discharge with favorable neurologic
status because of inconclusive results and insufficient sample size in TSA. Publication bias
was not observed for all the endpoints (Supplementary Figure S1).

Table 3. GRADE assessment.

Mechanical CPR Compared to Manual CPR for Out-of-Hospital Cardiac Arrest

Certainty Assessment Summary of Findings

No. of Participants
(Studies) Risk of Bias Inconsistency Indirectness Imprecision Publication

Bias
Overall
Certainty of
Evidence

Anticipated Absolute
Effects Risk Difference

ROSC
39,675 very serious a serious b not serious not serious none ⊕### 67 more per 1000

(7 RCTs, 11 non-RCTs) Very Low (from 25 more to
112 more)

Survival to hospital admission
38,829 very serious a serious b not serious not serious none ⊕### 47 more per 1000
(6 RCTs, 10 non-RCTs) Very Low (from 9 fewer to 90 more)

Survival to discharge
66,133 very serious a serious b not serious serious c none ⊕### 7 fewer per 1000
(7 RCTs, 9 non-RCTs) Very Low (from 15 fewer to 3 more)

Survival to discharge with favorable neurologic status
48,384 very serious a serious b not serious serious c none ⊕### 5 fewer per 1000
(5 RCTs, 5 non-RCTs) Very Low (from 10 fewer to 2 more)

a Non-RCTs enrolled with moderate overall risk of bias and RCTs enrolled with some concern overall risk of
bias. b High heterogeneity (I2 > 50%) between studies was found. c Insufficient sample size or inconclusive
result, analyzed by trial sequential analysis. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous
circulation; ED: emergency department.

4. Discussion

To date, 10 systematic reviews have been published to compare the effects of manual
CPR and mechanical CPR on cardiac arrest [8–12,45–49]. Among them, five systematic
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reviews focused on OHCA [8,10,11,45,48], four systematic reviews, including one Cochrane
review, enrolled both OHCA and IHCA [9,12,46,49], and one review involved in IHCA [47].
Among the five systematic reviews involving pure OHCA, only one systematic review
(in 2011) focused on the prehospital use of mechanical CPR, suggesting that there was
insufficient evidence to support mechanical CPR device use in OHCA in prehospital
settings [48]. Considering the differences in medical support, etiology of cardiac arrest,
survival probability between OHCA and IHCA, and diversity in the environment and
medical and personnel resources between prehospital and in-hospital settings, a new SRMA
is needed to provide updated evidence for the effects of mechanical CPR devices for adult
OHCA in prehospital settings. In this SRMA with 85,975 OHCAs from seven RCTs and
15 non-RCTs, we first applied TSA and GRADE assessments which have not been assessed
in previous SRMA. We found that mechanical CPR use in prehospital settings had higher
odds of achieving ROSC (OR = 1.32; 95% CI: 1.11–1.58) and survival to hospital admission
(OR = 1.23; 95% CI: 1.04–1.47) than manual CPR. TSA showed that although the RIS was
not reached, there was a true statistical significance. However, because of the inclusion of
non-RCTs and the inconsistency between studies, the overall CoE was very low. Moreover,
according to the current evidence, we did not have enough power to assess the outcomes
of survival to discharge and discharge with favorable neurologic status.

In the prehospital setting, lack of personnel, competing resuscitation tasks, fatigue,
and the challenge of continuing CPR while moving the patient to the ambulance or in
a moving ambulance posed obstacles. The median CPR pause time during extrication
was shorter when mechanical CPR was applied (39 s, interquartile range [IQR] 29–47 s)
than manual CPR (270 s, IQR 201–387 s) [50]. Safety concerns for both the patient and the
rescuer have also been explored in the delivery of manual CPR in a moving vehicle [51,52].
Moreover, acceleration forces during ambulance transport affect the quality of the manual
CPR [53]. Theoretically, the application of mechanical CPR in prehospital settings should
improve CPR quality. This difference compared to manual CPR is not reflected in the
survival outcome of OHCA [8,45]. Since 2019, several observational studies have eval-
uated the resuscitative effects of mechanical and manual CPR on OHCA in prehospital
settings [17,18,39,44]. Three of them reported that short-term outcomes such as ROSC or
survival to admission were associated with the use of mechanical CPR [17,18,39]. These
findings were not included in the previous SRMA. In our TSA (Figures 2B and 3B), after
accumulating recent cohort studies, we found that the cumulative Z-curve finally crossed
into the O’Brien-Fleming boundaries and showed the true-positive effects of mechanical
CPR. This overturns the conclusion of no benefit for short-term survival outcomes in
the use of mechanical CPR in the recent SRMA [8,45]. For the outcomes of ROSC and
survival to hospital admission, the requirement of adequate sample size for statistical
power was not met. More studies, especially large-scale high-quality RCTs, are required for
any interpretation.

For the long-term survival outcomes, survival to discharge or discharge with favorable
neurologic status, although not statistically significant and with insufficient statistical power
to draw conclusions, the results showed the opposite trend to the short-term outcomes
(Figures 4 and 5). Another study showed that the majority of OHCA patients who can
survive to discharge were patients with initial shockable rhythm [54]. For patients with
shockable rhythm, early defibrillation may be equal or more important than CPR. Our
previous study demonstrated that the benefit of mechanical CPR to achieve ROSC was more
evident in OHCA patients with non-shockable rhythm but not in shockable rhythm [18].
Savastano et al. also found that mechanical CPR devices positively affect survival to
discharge for witnessed cardiac arrests with non-shockable rhythm but with a neutral effect
for patients with shockable rhythm [39]. A possible explanation may be that, as found
in previous RCTs, the first shock delivery was delayed when applying a mechanical CPR
device. The AutoPulse Assisted Prehospital International Resuscitation trial conducted
by Hallstrom et al. found the mean time to first shock in ventricular fibrillation was
prolonged by 2.1 min in the mechanical CPR group [37]. In the LUCAS in Cardiac Arrest
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(LINC) trial and the Circulation Improving Resuscitation Care (CIRC) trial, the delay in
first shock delivery was 1–1.5 min longer with the device than with manual CPR [34,36].
In most RCTs, mechanical CPR administration was performed prior to cardiac rhythm
assessment or delivery of the first shock [19,34–37]. Whether the delay of the first shock
affects the survival outcome of OHCA with shockable rhythm needs to be further explored.
However, selective use of mechanical CPR devices for patients with non-shockable rhythm
or performing manual CPR first, and then switching to mechanical CPR after delivering
the first shock may be a direction for further research.

In the subgroup analysis, we found that heterogeneity comes from the different study
designs, and the survival benefit from mechanical CPR on short-term outcomes was from
non-RCTs. There were several reasons for the synthesis of RCTs and non-RCTs for analysis.
First, non-specific description of randomization sequence was noticed, and the baseline
difference between groups could be identified in most cluster-RCTs [19,37,38]. Second,
in individual RCTs, the randomization process was carried out once cardiac arrest was
identified at the scene by the rescuers. The delay in applying mechanical CPR device
may be present during the randomization and may influence the survival outcome in
patients who were allocated to the mechanical CPR group [33,34,36]. Third, it is impossible
for rescuers to blind the methods of CPR. Fourth, for the included non-RCTs, except for
the unavoidable confounding bias, almost all considered observational studies were of
high quality with low RoB (Supplementary Table S3). The above findings make the RCTs
and non-RCTs comparable. Moreover, the statistical power was inadequate if only the
RCTs were enrolled. Hence, we merged the evidence from both RCTs and non-RCTs and
conducted a subgroup analysis according to the different study designs. Moreover, in the
GRADE assessment, we downgraded the RoB and presented the faithful CoE accordingly
(Table 3) [55].

This SRMA has several limitations. First, as mentioned for sufficient statistical power,
we had to synthesize RCTs and non-RCTs for analysis. This also occurred in the previous
SRMA. Instead, we downgraded the RoB in the GRADE assessment to carefully interpret
the findings. Second, there was noticeable heterogeneity. However, the heterogeneity
could be partially explained by the different study designs. There was still unobservable
between-study heterogeneity, especially in terms of long-term survival outcomes. Third,
post-arrest care is associated with long-term outcome [54,56]. However, the lack of post-
arrest management characteristics in most studies precluded further analysis. Fourth, our
meta-analysis did not demonstrate an association between complications and different
manners of CPR. A network meta-analysis by Khan et al. in 2018 showed that, compared
with mechanical CPR, manual CPR led to less pneumothorax and hematoma [46]. Our
study cannot assess the impact of CPR-related complications on survival outcomes.

5. Conclusions

This SRMA suggests that prehospital use of mechanical CPR devices may benefit adult
OHCA patients to achieve ROSC and survival to hospital admission. However, long-term
outcomes such as survival to discharge or discharge with favorable neurological status
remain inconclusive. Our finding provides the evidence and echoes the recommendations
in the latest guideline of adult advanced life support, which suggest use of mechanical CPR
device when high-quality manual CPR is not practical or compromises provider safety,
such as during transportation to hospital in an ambulance [57]. Owing to the between-
study heterogeneity and the evidence that mainly came from non-RCTs, it is necessary to
conduct large-scale, high-quality randomized studies and investigate the different effects
of mechanical CPR on OHCA with shockable and non-shockable rhythms.
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