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Abstract
Background  High-quality cardiopulmonary resuscitation (CPR) is critical to cardiac arrest patients. Extended Reality 
(XR) technologies, including Augmented Reality (AR), Virtual Reality (VR), and Mixed Reality (MR), provide immersive 
and interactive training, potentially enhancing CPR outcomes. This network meta-analysis compared the effectiveness 
of XR-based CPR training to traditional face-to-face methods.

Methods  A Bayesian network meta-analysis was conducted following PRISMA guidelines. We systematically searched 
PubMed, Cochrane Library, Web of Science, EMBASE, and CNKI for randomized controlled trials (RCTs) comparing 
XR-based and traditional CPR training. Primary outcomes included chest compression depth and rate; secondary 
outcomes assessed full chest wall recoil. The CINeMA tool (GRADE framework) was used to assess evidence quality. 
Statistical analyses were performed using Stata 15 SE and ADDIS software with random-effects models.

Results  11 RCTs (1,190 participants) were included. MR showed the improvement in chest compression depth 
(SMD = 10.96; 95% CI, 0.95 to 20.82) compared to VR and traditional methods. For full chest wall recoil, AR 
outperformed VR (SMD = 48.57; 95% CI, 19.56 to 79.75) and traditional methods (SMD = 52.95; 95% CI, 25.94 to 80.48). 
However, no significant differences were observed for chest compression rate. SUCRA rankings placed MR as most 
effective for compression depth (87.4%) and AR for full chest wall recoil (99.1%). Evidence quality was moderate to 
high, with minor downgrades for imprecision. No publication bias was detected.

Conclusions  XR technologies, particularly MR and AR, significantly improve chest compression depth and full chest 
wall recoil in comparing with face to face CRP training, offering a flexible and engaging approach to CPR training. 
Further studies are needed to evaluate long-term skill retention and real-world impact.

Clinical trial number  Not applicable.
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Background
The high quality of cardiopulmonary resuscitation (CPR) 
is essential for improving recovery outcomes in cardiac 
arrest patients, both in cases of in-hospital cardiac arrest 
(IHCA) and out-of-hospital cardiac arrest (OHCA) [1, 2]. 
Improving the CPR training methods is a critical compo-
nent of Basic Life Support (BLS) and plays a significant 
role in increasing the return of spontaneous circulation 
(ROSC). Traditional BLS training methods, which often 
combine in-person instruction with video-based teaching 
have several limitations. These include constraints such 
as trainer availability, venue scheduling, and logistical 
challenges [3, 4]. Additionally, in large-scale training ses-
sions, limited interaction between participants and train-
ers will hinder the effectiveness of skill acquisition and 
retention [5]. To address these challenges, the integration 
of advanced and immersive simulation technologies is 
enhancing CPR training within BLS education, offering 
more effective and engaging learning experiences.

Extended Reality (XR), such as Augmented Reality 
(AR), Virtual Reality (VR), and Mixed Reality (MR) are 
transformative technologies through immersive and 
interactive learning [6, 7]. These advanced tools provide 
a highly interactive and realistic training environment, 
enhance skill retention rates, and improve the overall 
effectiveness of CPR training programs. AR overlays digi-
tal content, like graphics or data, onto the physical world 
using devices like smart glasses, enriching real-world 
experiences without direct interaction with physical 
objects. VR immerses users in fully digital, three-dimen-
sional environments via head-mounted displays (HMDs), 
offering realistic simulations or fictional worlds enhanced 
by spatial audio and haptic feedback [8]. MR combines 
the strengths of both, merging virtual and real environ-
ments seamlessly. Using advanced devices like holo-
graphic displays, MR enables users to interact naturally 
with digital content, such as manipulating holograms 
or integrating real-world actions into virtual workflows 
[9]. Leveraging the unique features of XR, this technol-
ogy can address the limitations of traditional CPR train-
ing by enabling the training of more individuals with 
improved quality, even under resource constraints. XR 
also enhances accessibility and flexibility, allowing par-
ticipants to engage in training more conveniently [10]. 
Moreover, its innovative and immersive approach adds 
a sense of novelty, making the learning process more 
enjoyable and satisfying for participants, and boosting 
engagement and motivation.

Currently, Sun et al. have compared the effectiveness 
of VR and AR to traditional CPR training [6]. However, 
their study lacks the granularity to distinguish between 
AR and VR and does not include MR methods. Addition-
ally, no direct comparisons currently exist between tra-
ditional CPR training methods and the three XR-based 

approaches (AR, VR, and MR) in terms of training 
effectiveness. To address this gap, this study employs a 
network meta-analysis to evaluate the effectiveness of 
various CPR training methods. The findings aim to pro-
vide robust evidence supporting the integration of XR 
technologies into CPR training.

Methods
Study design
In this Bayesian network meta-analysis, we compared the 
effectiveness of XR-based CPR training with traditional 
face-to-face CPR training.

Data sources and search strategy
This network meta-analysis (NMA) protocol was reg-
istered in the prospective register of systematic reviews 
(CRD42024609853). The NMA was following the guide-
lines outlined in the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) extension 
for network meta-analyses [11]. A comprehensive search 
was performed in PubMed, the Cochrane Library, Web 
of Science, EMBASE, and CNKI to identify cluster ran-
domized controlled trials comparing the effectiveness of 
XR (Extended Reality) and face-to-face CPR training. The 
search period spanned from January 1, 1970, to Decem-
ber 1, 2024. Additionally, manual searches of references 
from included studies and relevant systematic reviews 
were conducted to supplement and gather related litera-
ture. The following search strategy was employed: “(vir-
tual reality OR augmented reality OR mixed reality) AND 
(Cardiopulmonary Resuscitation OR Heart Arrest OR 
Sudden Cardiac Arrest OR CPR OR basic life support OR 
chest compression)”. No restrictions were placed on the 
language of publication.

Study selection and eligibility criteria
The inclusion criteria were cluster randomized controlled 
trials (RCTs) comparing the effectiveness of XR-based 
CPR training with traditional face-to-face CPR train-
ing. The outcomes assessed CPR performance, including 
chest compression depth, rate and full chest wall recoil. 
(Table 1). Exclusion criteria included studies focused on 
pediatric or neonatal CPR training, those that did not 
report CPR performance outcomes, non-RCT experi-
ments, incomplete or duplicate publications of relevant 
data, non-human studies, and reviews or study protocols.

Data extraction and quality assessment
Two reviewers (X.Y. and X.W.) independently extracted 
relevant data parameters. In case of disagreement, the 
arbitration was conducted by a third reviewer. The follow-
ing information was extracted: author, publication year, 
study location, sample size, background of the partici-
pants, XR used in the intervention group, and outcomes 
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of interest. To ensure comprehensive and accurate data 
extraction, we developed a standardized extraction form 
based on the Cochrane Handbook guidelines. For stud-
ies reporting multiple time points, we extracted data 
from the most immediate post-intervention assessment. 
When studies reported both unadjusted and adjusted 
analyses, we prioritized the adjusted data. For outcomes 
reported as medians with ranges or interquartile ranges, 
we converted these to means and standard deviations 
using established statistical methods. All extracted data 
underwent double verification, with any discrepancies 
resolved through consensus meetings. The study quality 
was assessed by two authors (G.H. and X.W.) according 
to Cochrane Collaboration’s tool. It includes six aspects: 
sequence generation, allocation consideration, blinding, 
incomplete outcome data, no selective outcome report-
ing, and other sources. RevMan software (v 5.3) was only 
used for the risk of bias summary. In case of disagree-
ment, the arbitration will be conducted by the corre-
sponding author.

Outcomes
The primary outcomes focused on CPR performance 
metrics, such as chest compression depth and rate. Sec-
ondary outcomes assessed the proportion of partici-
pants meeting CPR guideline quality criteria, including 
full chest recoil rate (also referred to as complete re-
expansion or adequate recoil rate), Risk ratios (RRs) were 
calculated with 95% confidence intervals (CIs) for dichot-
omous data. Continuous data that had the same measure 
unit (i.e. depth and rate of chest compressions) were cal-
culated as mean differences (MDs) with 95% CIs.

Methodological quality assessment
The Cochrane Risk of Bias Tool for RCTs (RoB 2.0) 
was used to evaluate the methodological quality of the 
included studies. Two reviewers independently assessed 
the studies, with any disagreements resolved through 
discussion with a corresponding author. The RoB 2.0 
tool evaluates bias across several domains, including 
bias from the randomization process, deviations from 
intended interventions, missing outcome data, outcome 
measurement, and selection of reported results. Based on 
these assessments, studies were classified as having low 
risk, some concerns, or high risk of bias.

Statistical analysis
Stata 15 SE was used to generate network diagrams, 
while ADDIS software (version 1.16.8) was employed 
for network meta-analysis, with all analyses defaulting 
to a random-effects model. Node-split analysis was con-
ducted to assess the consistency between direct and indi-
rect comparisons. A P-value > 0.05 indicated consistency, 
and a consistency model was used; otherwise, an incon-
sistency model was applied [12]. If node-split analysis 
was not feasible, results from both models were reported. 
The potential scale reduction factor (PSRF) was used to 
assess model convergence, with a PSRF value of 1 indi-
cating approximate convergence [13]. Effect sizes were 
expressed as network OR values with 95% credible inter-
vals (CrIs), along with output rankings and the surface 
under the cumulative ranking curve (SUCRA).

In our Bayesian models, we employed minimally infor-
mative priors to minimize undue influence on posterior 
distributions while maintaining computational stability. 

Table 1  Descriptive details of studies that were included in the network meta-analysis
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Specifically, we used normal distributions with mean 0 
and variance 10,000 for effect parameters, allowing the 
observed data to primarily drive our results. For vari-
ance parameters, we employed half-normal priors with 
scale parameter 5, permitting reasonable between-study 
heterogeneity without allowing extreme values that could 
destabilize the model. Model convergence was carefully 
monitored throughout the analysis process using stan-
dard diagnostic approaches [13].

R software (version 3.6.1) was used for heterogene-
ity and sensitivity analyses. Following the guidelines in 
the Cochrane Handbook, heterogeneity was considered 
insignificant if Q-values were less than the degrees of 
freedom, P-values were greater than 0.10, and I² values 
ranged from 0 to 40%. Conversely, data were deemed het-
erogeneous if Q-values exceeded the DF, P-values were 
below 0.10, and I² values ranged from 75 to 100%. Sen-
sitivity analysis was performed by switching from a ran-
dom-effects model to a fixed-effects model; if the results 
remained consistent, sensitivity was considered low, indi-
cating that the findings were stable and reliable [14]. The 
datasets, R scripts and detailed package version informa-
tion are provided in the Supplementary Material.

Assessment of publication bias
To assess the presence of publication bias, Egger’s regres-
sion test was employed. This test evaluates the asymme-
try of the funnel plot by performing a linear regression 
of the effect sizes on their standard errors. A significant 
intercept in the regression model indicates potential 
publication bias. In addition, a funnel plot was created 
to visually inspect the symmetry of the included studies. 
The test was conducted using the metabias function from 
the R meta package, with a significance threshold set at 
p < 0.05.

Evidence quality in network meta-analysis
The Confidence in Network Meta-Analysis (CINeMA) 
tool was used to systematically evaluate the quality of evi-
dence in the network meta-analysis. CINeMA is based on 
the GRADE framework and assesses evidence across six 
domains: within-study bias, reporting bias, indirectness, 
imprecision, heterogeneity, and incoherence. Specifi-
cally, the results of the network meta-analysis (including 
direct and indirect comparisons) were imported into the 
CINeMA tool. For each comparison, CINeMA provides 
an overall confidence rating based on the six domains, 
categorizing evidence quality into four levels: high, mod-
erate, low, and very low. All ratings were independently 
performed by two reviewers, and disagreements were 
resolved through discussion.

Transitivity and network meta-analysis assumptions
Our network meta-analysis assumes transitivity across 
the compared interventions, meaning that participants 
receiving different interventions across studies would be 
eligible to receive any of the interventions being com-
pared. To ensure this assumption holds, we carefully 
selected studies with similar participant characteristics 
(age ranges, professional backgrounds) and standardized 
outcome measurements. We evaluated potential effect 
modifiers across studies, including training duration, 
participant experience levels, and technological speci-
fications of XR devices. While some variation exists, we 
determined that these differences were not substantial 
enough to violate the transitivity assumption.

For intervention comparability, we ensured all CPR 
training protocols adhered to standard guidelines 
(American Heart Association or European Resuscita-
tion Council) regardless of delivery method, maintaining 
fundamental skill components across traditional and XR-
based approaches. This approach helped maintain the 
validity of both direct and indirect comparisons within 
our network.

Results
Study selection and characteristics of the included studies
Our search strategy identified a total of 1525 citations. 
After removing duplicates and screening titles and 
abstracts, the full texts of 150 studies were reviewed for 
eligibility. Finally, 11 studies were included in meta-anal-
yses [7, 15–24]. Figure  1 illustrates the study flowchart 
and selection process. In total, 1190 participants were 
analyzed with a network meta-analysis, including 10 
two-arm studies and 1 three-arm study (Table 1). In the 
included literature, we studied three kinds of interven-
tions (AR, VR, MR) and the fact-to-face Control group. 
The included participants had varying levels of medi-
cal knowledge. Most studies recruited individuals from 
the general public without formal medical education, 
while others included medical students with basic medi-
cal knowledge and students majoring in health sciences. 
According to the descriptions in the included studies, 
none had prior experience in CPR training.

Risk of bias and quality of evidence assessment
The research included in this study used RevMan soft-
ware (version 5.3) for the risk of bias summary. All 
included RCTs appeared to exhibit an acceptable level of 
methodological rigor based on standard criteria. Specifi-
cally, most trials provided clear details regarding random 
sequence generation and allocation concealment (e.g., 
sealed envelopes, random number tables, or computer-
generated sequences). Funnel plots did not indicate any 
prominent publication bias across the included studies. 
Figure 2 summarizes the risk of bias assessments.
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Depth of chest compression
Ten studies [7, 15, 17–24] (with 1208 participants) 
reported the depth of chest compression during CPR 
examination. Heterogeneity analysis indicated high het-
erogeneity (I² = 87.2%, P < 0.0001), prompting the use 
of a random-effects model for analysis. As consistency 

analysis could not be conducted, both consistency and 
inconsistency models were applied. After 50,000 itera-
tions, the Potential Scale Reduction Factor (PSRF) val-
ues approached 1, indicating good model convergence. 
A visual inspection of the results showed that the effect 
sizes and confidence intervals were consistent across 

Fig. 2  Detailed analysis of the risk of bias for each included study using the cochrane collaboration’s Tool

 

Fig. 1  Flow chart for study selection
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the consistency and inconsistency models, suggesting 
good consistency. A total of 4 nodes were included in 
this NMA, with each node representing a different CPR 
training method (AR, VR, MR, and traditional training as 
CONTROL). The width of each line represents the num-
ber of direct comparisons between interventions; the 
analysis results are shown in Fig. 3.

The results indicated that both MR and CONTROL 
outperformed VR (MR: SMD = 10.96, 95% CI: 0.95 to 
20.82; Control: SMD = 4.38, 95% CI: 0.45 to 8.31), while 
no statistically significant differences were observed 
among the other comparisons. According to SUCRA 
rankings, MR (87.4%) was the highest, followed by AR 
(10.2%), Control (2.3%), and VR (0.2%).

To evaluate potential publication bias, Egger’s regres-
sion test was performed. The test result showed no 
evidence of funnel plot asymmetry (t=-0.19, df = 9, 
p = 0.8515). The bias estimate was − 0.4300 with a stan-
dard error (SE) of 2.2321, which is close to zero, indi-
cating symmetry. These findings suggest that there is no 
significant publication bias in the included studies. Addi-
tionally, the visual inspection of the funnel plot further 
supported the absence of substantial asymmetry.

The evidence quality of the network meta-analysis was 
evaluated using the CINeMA tool. For the comparison 
between Control and AR (4 studies), most dimensions 
showed no significant concerns, although some impreci-
sion and incoherence were noted, leading to a high con-
fidence rating. For the comparison between Control and 
VR (6 studies), certain within-study bias, major heteroge-
neity, and minor incoherence resulted in a moderate con-
fidence rating. The comparison between Control and MR 
(1 study) was rated as moderate due to limited sample 
size and heterogeneity concerns. Comparisons involving 
AR vs. VR, AR vs. MR, and VR vs. MR lacked direct evi-
dence; while indirectness was not a major concern, issues 
with heterogeneity and incoherence limited the reliability 
of the evidence, leading to moderate or high confidence 
ratings. Overall, the results indicate high evidence qual-
ity for some comparisons, but the reliability of certain 
comparisons was constrained by limited sample sizes and 
indirectness.

Rate of chest compression
Nine studies [7, 15, 17–22, 24] (with 967 participants) 
reported the rate of chest compression during CPR 

Fig. 3  Network meta-analysis for chest compression depth. (A) The network plot shows the depth of chest compression during CPR examination be-
tween nodes (blue circles). Each node represents a XR training methods or Control. The size of each node represents the included trainees, and the width 
of each line represents the number of direct comparisons between training methods. The connecting line noted the number of trial-level comparisons 
between the two nodes. (B) Forest plot showing the standardized mean differences (SMD) for comparisons of interventions based on the compression 
depth outcome. The plot displays the SMD effect sizes and their 95% confidence intervals, with comparisons ordered by the probability of being the most 
effective: MR (87.4%) > AR (10.2%) > Control (2.3%) > VR (0.2%). The red squares represent the point estimates, scaled according to their precision, while 
the horizontal lines indicate the 95% confidence intervals. The vertical red line at 0 represents no difference between the compared interventions. (C) The 
funnel plot, showing all studies spreading nearly evenly on both sides of the average, indicated no obvious publication bias
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examination. Heterogeneity analysis indicated high het-
erogeneity (I² = 95.6%, P < 0.0001), prompting the use 
of a random-effects model for analysis. The consistency 
and inconsistency model analyses indicated good con-
vergence, with consistent effect sizes and confidence 
intervals, suggesting strong overall consistency. A total 
of 4 nodes were included in this NMA, with each node 
representing a different CPR training method (AR, VR, 
MR, and CONTROL). The width of each line represents 
the number of direct comparisons between interven-
tions; the analysis results are shown in Fig. 3. The width 
of each line represents the number of direct comparisons 
between interventions; the analysis results are shown in 
Fig. 4.

No significant differences were found among any of the 
comparisons. Based on SUCRA rankings, MR (51.1%) 
was the highest, followed by AR (14.7%), Control (25.3%), 
and VR (8.9%).

To assess the potential for publication bias, Egger’s 
regression test was conducted. The results showed 
no evidence of funnel plot asymmetry (t = 0.11, df = 8, 
p = 0.9189). The bias estimate was 0.3219 with a standard 
error (SE) of 3.0647, indicating that the intercept was 

close to zero. Additionally, visual inspection of the funnel 
plot revealed a symmetrical distribution of studies. These 
findings suggest that there is no significant publication 
bias, and the results of the meta-analysis are likely robust.

The evidence quality of the network meta-analysis was 
assessed using the CINeMA tool. For the comparison 
between Control and AR (4 studies), no significant con-
cerns were noted regarding within-study bias, report-
ing bias, indirectness, or heterogeneity; however, some 
imprecision and incoherence resulted in a moderate con-
fidence rating. The comparison between Control and VR 
(5 studies) also showed no major bias, and despite some 
imprecision and incoherence, the evidence quality was 
rated as high. For the comparison between Control and 
MR (1 study), limited sample size and concerns about 
imprecision and incoherence led to a moderate confi-
dence rating. The comparisons involving AR vs. VR, AR 
vs. MR, and VR vs. MR lacked direct evidence but were 
rated as either high or moderate due to low risk of bias 
and good indirectness, despite some imprecision and 
incoherence.

Fig. 4  Network meta-analysis for chest compression rate. (A) The network plot shows the chest compression rate during CPR examination between 
nodes (blue circles). Each node represents a XR training methods or Control. The size of each node represents the included trainees, and the width of each 
line represents the number of direct comparisons between training methods. The connecting line noted the number of trial-level comparisons between 
the two nodes. (B) Forest plot showing the standardized mean differences (SMD) for comparisons of interventions based on the compression rate out-
come. The plot displays the SMD effect sizes and their 95% confidence intervals. Comparisons are ordered by the probability of being the most effective 
(SUCRA ranking): MR (51.1%) > AR (14.7%) > Control (25.3%) > VR (8.9%). Red squares represent point estimates, scaled according to their precision, while 
horizontal lines indicate the 95% confidence intervals. The vertical red line at 0 represents no difference between the compared interventions. (C) The 
funnel plot, showing all studies spreading nearly evenly on both sides of the average, indicated no obvious publication bias
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Fully recoil rate of chest compression
Five studies [15, 16, 21–23] (with 724 participants) 
reported the fully recoil rate of chest compression dur-
ing CPR examination. Heterogeneity analysis indicated 
high heterogeneity (I² = 80.9%, P = 0.0013), prompting the 
use of a random-effects model for analysis. The consis-
tency and inconsistency model analyses indicated good 
convergence, with consistent effect sizes and confidence 
intervals, suggesting strong overall consistency. A total 
of 3 nodes were included in this NMA, with each node 
representing a different CPR training method (AR, VR, 
and CONTROL). The width of each line represents the 
number of direct comparisons between interventions; 
the analysis results are shown in Fig. 5.

The results indicated that AR was superior to both 
VR (SMD: 48.57, 95% CI: 19.56–79.75) and CONTROL 
(SMD: 52.95, 95% CI: 25.94–80.48). Based on the SUCRA 
rankings, AR ranked highest at 99.1%, followed by CON-
TROL at 0.07%, and VR at 0.02%.

Egger’s regression test showed no significant evidence 
of funnel plot asymmetry (t = 0.32, df = 3, p = 0.765). The 
bias estimate was 1.4532 with a standard error (SE) of 
4.532, indicating that the intercept was close to zero. 
Visual inspection of the funnel plot also revealed no 

apparent asymmetry. These findings suggest no strong 
evidence of publication bias.

The quality of evidence in the network meta-analysis 
was assessed using the CINeMA tool. For the compari-
son between Control and AR (1 study), no significant 
concerns were observed regarding within-study bias, 
reporting bias, indirectness, imprecision, or heteroge-
neity, with only minor incoherence noted, resulting in a 
high confidence rating. The comparison between Control 
and VR (4 studies) showed good performance in terms 
of bias and indirectness but concerns about heterogene-
ity and incoherence led to a moderate confidence rating. 
For the comparison between AR and VR (no direct evi-
dence available), good indirectness and low risk of bias 
were observed, with only minor incoherence, resulting in 
a high confidence rating.

Discussion
This study systematically evaluated the effectiveness of 
three extended reality technologies—augmented Real-
ity, Virtual Reality, and Mixed Reality—in CPR training 
through a network meta-analysis, comparing them with 
traditional face-to-face training methods. Distinguish-
ing from previous studies, this study focused on the 

Fig. 5  Network meta-analysis for full chest wall recoil rate. (A) The network plot shows the rate of full chest wall recoil during CPR examination between 
nodes (blue circles). Each node represents a XR training methods or Control. The size of each node represents the included trainees, and the width of each 
line represents the number of direct comparisons between training methods. The connecting line noted the number of trial-level comparisons between 
the two nodes. (B) Forest plot showing the standardized mean differences (SMD) for comparisons of interventions based on the rate of full chest wall re-
coil outcome. The plot illustrates the SMD effect sizes and their 95% confidence intervals. Comparisons are ranked by probability of effectiveness (SUCRA 
ranking): AR (99.1%) > Control (0.07%) > VR (0.02%). The red squares represent the point estimates, scaled according to their precision, while the horizontal 
lines indicate the 95% confidence intervals. The vertical red line at 0 represents no difference between the compared interventions. (C) The funnel plot 
illustrating potential publication bias among the included studies
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comparative advantages and limitations of these three XR 
technologies against conventional training approaches, 
providing valuable insights for optimizing BLS educa-
tion and training strategies. In the CPR standards rec-
ommended by the AHA, key quality control indicators 
include compression depth (5–6  cm), compression rate 
(100–120/min), and full chest wall recoil [25, 26]. These 
indicators are strongly associated with the return of 
spontaneous circulation (ROSC) and represent the core 
training components in traditional BLS training [27]. The 
results demonstrate that XR technologies offer certain 
advantages in improving CPR performance, particularly 
in critical metrics such as compression depth and full 
chest wall recoil.

Recent systematic reviews and meta-analyses on 
extended reality in medical education often either focus 
on single XR modalities, such as AR or VR, or group 
them together without distinguishing among different 
extended reality forms [6]. Moreover, very few studies 
have included MR in comparative evaluations. In con-
trast, our network meta-analysis provides a more com-
prehensive perspective by assessing AR, VR, and MR 
side by side, along with traditional face-to-face methods. 
This broader approach highlights differences in perfor-
mance outcomes-most notably, the superior effect of MR 
on compression depth-which earlier reviews could not 
detect due to their narrower scope. Additionally, whereas 
some recent studies emphasize XR’s effectiveness for 
either theoretical learning (e.g., anatomical concepts 
[28]) or single-skill acquisition (e.g., surgical suturing) 
[29], our work underscores its potential across multiple 
key indicators of CPR quality. Consequently, the nuanced 
insights provided here not only align with the general 
consensus that XR-based interventions can enhance 
medical training but also extend the literature by delin-
eating the comparative advantages of each XR modality 
for improving CPR outcomes [30].

In this study, MR demonstrated a clear advantage in 
terms of chest compression depth, achieving the high-
est SUCRA ranking (87.1%), significantly outperforming 
AR, VR, and traditional training methods. This finding 
suggests that MR technology, by integrating virtual and 
real-world environments, provides a more realistic train-
ing experience and real-time feedback, enabling partici-
pants to better meet the depth requirements for chest 
compression [7, 31]. Additionally, MR allows learners to 
interact with both virtual content and their physical sur-
roundings, making skill acquisition more intuitive and 
natural. This aligns with existing research on the advan-
tages of MR in medical skills training. For example, Isidre 
et al. demonstrated that the use of MR in neurosurgi-
cal training improved medical students’ satisfaction and 
engagement [32]. Similarly, Sivananthan et al. and Minty 
et al. explored the application of MR in clinical bedside 

teaching and Objective Structured Clinical Examinations 
(OSCEs), both of which reported good usability and posi-
tive outcomes [33, 34].

In the comparison of full chest wall recoil rates, AR 
demonstrated a significant advantage, with a SUCRA 
ranking nearly reaching 99.1%, far surpassing other train-
ing methods. Full chest wall recoil is a critical component 
of high-quality CPR, as incomplete chest wall recoil may 
affect resuscitation outcomes by increasing intrathoracic 
pressure and reducing venous return, coronary perfu-
sion pressure, and myocardial blood flow [2]. By over-
laying digital information onto real-world scenarios, AR 
provides learners with immediate feedback and opera-
tional guidance, significantly enhancing performance on 
this key indicator [35]. This finding supports the poten-
tial value of AR as a tool for reinforcing critical details in 
CPR training.

It is worth noting that VR performed worse than AR 
and MR in this study across various outcomes. This may 
be due to the lack of real physical feedback in VR, which 
makes it difficult for participants to accurately gauge 
compression force, thereby affecting the quality of their 
performance [36]. Additionally, the current limitations 
in the realism of VR simulations, especially in complex 
scenarios, may impact the trainees’ attention and engage-
ment [37]. Future advancements in VR technology should 
focus on enhancing tactile feedback and improving the 
integration with real-world scenarios to further enhance 
its training effectiveness.

The CINeMA analysis provided additional insights into 
the quality of evidence across the comparisons. Most 
comparisons were rated as having high or moderate 
confidence. Moderate ratings were largely attributed to 
imprecision and heterogeneity, such as the limited sam-
ple size of MR studies and variability in training scenarios 
across included trials. The lack of direct evidence for cer-
tain comparisons, such as AR vs. VR, further underscores 
the need for higher-quality RCTs to address these gaps.

Overall, this study confirms the effectiveness of XR 
technologies, particularly MR and AR, in CPR training 
and highlights their promising potential in CPR educa-
tion. Compared to traditional face-to-face training, XR 
technologies not only offer more flexible and scalable 
training models but also improve learners’ skill mastery 
and performance quality through immersive experiences 
and real-time feedback.

Limitations
However, this study has some limitations. First, there 
is heterogeneity across the included studies in terms of 
sample characteristics, training scenarios, and assess-
ment methods, which may impact the robustness of 
the results. The high heterogeneity observed (I² > 80%) 
reflects the diversity in XR implementation approaches 
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and participant characteristics. Although we employed 
a Bayesian framework with minimally informative pri-
ors to allow the data to primarily drive our results, the 
substantial between-study variability necessitates caution 
in interpretation. Although we used a random-effects 
model and consistency analysis to minimize bias, fur-
ther high-quality RCTs are needed to validate these find-
ings. Second, this study primarily focused on short-term 
training effects and did not assess long-term skill reten-
tion or clinical outcomes, which are critical for evaluat-
ing the practical value of XR technologies in real-world 
emergency settings. Additionally, due to the differences 
in participant numbers and backgrounds across vari-
ous studies, it was challenging to conduct meaningful 
subgroup analyses based on participants’ training levels; 
while we recognize that training level could be an impor-
tant effect modifier, the limited number of studies in each 
potential subgroup prevented us from conducting for-
mal subgroup analyses to determine differential effects 
across training expertise levels. Moreover, only one study 
focused on MR, which may also limit the generalizability 
of its conclusions.

Future directions
The advancement of AI technology will open new ave-
nues for applying XR to CPR training. Existing devices, 
such as Ray-Ban Meta and RayNeo glasses, capture 
images via an onboard camera and integrate them with 
AI large language models, enabling the system to analyze 
visual input and deliver feedback through speakers in the 
glasses’ frames. This approach not only grants greater 
autonomy to CPR training but also holds potential for 
providing real-time feedback to rescuers during actual 
resuscitation, thereby improving CPR quality.

Conclusion
This study is the first to compare the effectiveness of 
three XR technologies with traditional CPR training 
methods. The results confirm the advantages of MR 
and AR in improving key CPR metrics like compression 
depth and full chest wall recoil rate. Further optimization 
of XR technology may improve its significant potential in 
enhancing CPR training outcomes and in practical appli-
cations within real-world emergency settings.
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