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Abstract
The purpose of this review was to (1) analyze the effectiveness of immersive 
virtual reality (iVR) and augmented reality (AR) as teaching/learning resources 
(collectively called XR-technologies) for gaining anatomy knowledge compared to 
traditional approaches and (2) gauge students' perceptions of the usefulness of these 
technologies as learning tools. This meta-analysis, previously registered in PROSPERO 
(CRD42023423017), followed PRISMA guidelines. A systematic bibliographical 
search, without time parameters, was conducted through four databases until June 
2023. A meta-analytic approach investigated knowledge gains and XR's usefulness 
for learning. Pooled effect sizes were estimated using Cohen's standardized mean 
difference (SMD) and 95% confidence intervals (95% CI). A single-group proportional 
meta-analysis was conducted to quantify the percentage of students who considered 
XR devices useful for their learning. Twenty-seven experimental studies, reporting 
data from 2199 health sciences students, were included for analysis. XR-technologies 
yielded higher knowledge gains than traditional approaches (SMD = 0.40; 95% 
CI = 0.22 to 0.60), especially when used as supplemental/complementary learning 
resources (SMD = 0.52; 95% CI = 0.40 to 0.63). Specifically, knowledge performance 
using XR devices outperformed textbooks and atlases (SMD = 0.32; 95% CI = 0.10 
to 0.54) and didactic lectures (SMD = 1.00; 95% CI = 0.57 to 1.42), especially among 
undergraduate students (SMD = 0.41; 95% CI = 0.20 to 0.62). XR devices were 
perceived to be more useful for learning than traditional approaches (SMD = 0.54; 
95% CI = 0.04 to 1), and 80% of all students who used XR devices reported these 
devices as useful for learning anatomy. Learners using XR technologies demonstrated 
increased anatomy knowledge gains and considered these technologies useful for 
learning anatomy.
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INTRODUC TION

Health sciences students must acquire a wide variety of skills and 
knowledge in their university studies and/or residency programs to 
become competent healthcare professionals. In particular, learning 
human anatomy is essential for health professions training1,2 and has 
traditionally been a foundational starting point for many health pro-
fessions courses. Classic anatomy pedagogies are rooted primarily 
in donor dissections and plastic models, as well as displaying two-
dimensional images in didactic lectures, textbooks, and anatomy at-
lases.3,4 With the advent of extended reality (XR) technologies and 
the recent plethora of investigations on their comparative efficacy, it 
is timely to consider how the use of XR technologies within anatomy 
curricula is affecting learners' acquisition of anatomical knowledge. 
The expanding popularity of XR technologies, partly motivated by 
the COVID-19 pandemic,5 necessitates that educators be updated 
on their usefulness and efficacy as tools for teaching and learning in 
visual disciplines.

Learning limitations and challenges of classic 
educational approaches

In isolation, classic educational approaches have certain 
limitations, such as reduced recall from passive learning (e.g., 
didactic lectures),6,7 which could foster student disinterest 
and a disconnection with the subject matter. For example, 
after receiving traditional didactic instruction, students often 
only reproduce 20%–30% of the learned content immediately 
following a session, and 2 weeks later it is estimated that learners 
have forgotten 90% of the information.8 For anatomy specifically, 
the three-dimensional organization of anatomical structures 
makes it difficult to understand their spatial relationships, which 
depends on students' abilities to mentally visualize, rotate, and 
transform flat images into three-dimensional constructs, thus, 
making anatomy learning a challenging cognitive process.9 The 
limitations of classic educational approaches combined with 
content complexity could stifle students' motivation for learning. 
Self-determined motivation is intrinsically linked with academic 
performance whereby it drives higher study effort, deeper 
learning, and better study strategies.10,11 Educational approaches 
that promote active participation and interactions among students 
and between students and educators are also thought to be more 
effective in knowledge acquisition.12,13 XR technologies, which 
offer hardware and software with interactive and game-like 
components, have been known to increase students' motivation 
and adherence to learning across subjects, promote knowledge 
acquisition, and help learners navigate difficult concepts, such as 
human anatomy.14 As such, strategically exploring the efficacy of 
XR technologies across studies and time, through meta-analysis, 
is necessary for summarizing the educational potential of these 
devices among health sciences students.

Immersive virtual reality versus augmented reality

In the last two decades, technological advancements have fostered 
the development of many digital tools for education, which in turn 
have popularized teaching through digital technologies.15 Mobility 
restrictions imposed by the COVID-19 pandemic, that broke out 
in December 2019 in Wuhan (Hubei, China),16 also accelerated 
the use of distance education technologies and related online 
resources.17 For educators, learning digital skills and capitalizing on 
digital solutions have become practical mechanisms for enhancing 
students' motivation, maintaining their attention, and increasing 
their knowledge base.18

Currently, immersive virtual reality (iVR) and augmented reality 
(AR) are widely employed to teach anatomy across health sciences 
courses. These interactive XR technologies (iVR and AR) permit the 
three-dimensional visualization of anatomical structures and their 
spatial relationships in virtual environments that resemble the real 
world.19 Virtual structures rendered through specialized software 
are similar to real structures; though, in the virtual environment, stu-
dents interact with the anatomy using a joystick or through hand 
motions.20 VR headsets enable the recreation of immersive experi-
ences (including motion tracking, interaction with digital elements, 
a wider range of vision, and stereoscopy21), which allows students 
to visualize virtual anatomical objects as if they were real.22 Two 
characteristics of iVR are presence and immersion.20 Presence is 
defined as the psychological sensation/desire to stay within the 
virtual environment that the subject feels is real. Immersion is the 
capability to interact with virtual objects.23 Therefore, depending 
on the level of presence and immersion, VR can be either immersive 
or non-immersive.24 iVR allows viewing a virtual scenario through a 
head-mounted display in 360 degrees whereby subjects can inter-
act with the virtual environment and its objects using their hands 
as controllers.25 Conversely, AR superimposes virtual elements onto 
the real world allowing individuals to interact with real and virtual 
elements, simultaneously.26

Study purpose

Between 2020 and 2022, eight reviews have evaluated the effects 
of VR and AR interventions on performance outcomes in health sci-
ences education.1,2,4,8,26–29 Six of these reviews were qualitative, 
non-meta-analytic, reviews. Three of these six thematic reviews as-
sessed the effectiveness of XR interventions on anatomy education 
with data from 25,8 20,2 and 12 studies,1 respectively. In the remain-
ing three reviews, anatomy education was not the primary focus as 
very few studies provided data on the effects of XR interventions 
on anatomy learning outcomes (11,28 4,27 and 3 studies,4 respec-
tively). These six qualitative reviews had language restrictions and 
included studies with variable methodologies and/or studies that 
only evaluated a single group. To date, two meta-analyses have as-
sessed the effectiveness of XR technologies on anatomy knowledge 
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gains.26,29 One meta-analysis reported that VR was effective in 
increasing knowledge gains compared to traditional learning ap-
proaches.29 However, the second meta-analysis reported that XR 
technologies were no better than traditional methods (e.g., didactic 
lectures, textbooks, anatomy atlases, plastic models, and/or dissec-
tions).26 This early meta-analysis included data from only 8 stud-
ies and reported low evidence and statistical power.26 The present 
work expands upon prior studies by including newer studies not yet 
meta-analyzed, thus, increasing the statistical power of the analysis. 
For this meta-analysis exploring anatomy knowledge gains through 
XR exposure, five research questions were asked including: How do 
anatomy performance outcomes compare between (1) students who 
used iVR versus AR; (2) XR interventions that were complementary 
to educational resources versus those that replaced educational re-
sources; (3) the use of XR versus individual educational resources 
(e.g., textbooks or atlases, didactic lectures); (4) undergraduate and 
post-graduate (i.e., medical residents and graduate students) health 
sciences students using XR technologies; and (5) specific anatomical 
regions learned using XR technologies. This work will help educa-
tors make informed decisions about the pedagogies they employ 
and represents the most current and robust evidence to date spe-
cific to the use of XR in anatomy education.

METHODS

Protocol review

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA),30 the Cochrane Handbook for Systematic Reviews 
of Interventions,31 and the AMSTAR 2 (A Measurement Tool to Assess 
Systematic Reviews) checklist,32 were followed to undertake the 
present meta-analysis. The protocol of this review was previously 
published in PROSPERO (CRD42023423017).

Literature search and databases

The literature search was carried out by two authors who 
independently searched studies published in PubMed Medline, 
SCOPUS, Web of Science, and CINAHL Complete, since inception 
to June 2023. Hand searching for references in related studies, 
conference proceedings, the grey literature, and document excerpts 
was undertaken to identify references not retrieved from the 
electronic search. The PICOS framework was followed to establish 
study eligibility criteria33: population (university students of health 
sciences disciplines), intervention (iVR-based and/or AR-based 
interventions), comparator (traditional educational approaches, 
such as didactic lectures, textbooks, atlases, plastic models, and/or 
dissections), outcomes (knowledge gains and students' perception 
of the usefulness of XR for learning anatomy), and study design 
(randomized and non-randomized controlled trials [RCTs]). The 
keywords used in the search strategy corresponded to PubMed 

Subject Headings (MeSH) and included, but were not limited 
to, “virtual reality,” “augmented reality,” “teaching,” “learning,” and 
“anatomy.” Entry terms (i.e., synonyms) related to each keyword were 
also used. Language and publication date filters were not employed 
in the search. Table S1 in Supplemental Material Appendix 1 shows 
the literature search strategy by database.

Study selection criteria and screening procedures

Included studies had to report data related to the PICOS model as 
described above and at least one of the outcomes of interest (i.e., 
anatomy knowledge gains in post-evaluation between intervention 
and control groups; and/or students' perceptions of the usefulness 
of XR for learning anatomy). Studies were excluded if they were 
editorials, commentaries, abstracts only, dissertations/theses, 
or were purely qualitative in design. Two authors independently 
screened the titles and abstracts of the retrieved references. In 
order to assess the agreement of inclusion judgments between the 
two authors Cohen's kappa coefficient (κ) was used.34 The values of 
this coefficient are interpreted as degrees of agreement according 
to Landis and Koch35: non-existent if κ < 0, non-significant when 
0 ≤ κ ≤ 0.2, discrete when 0.2 < κ ≤ 0.4, moderate if 0.4 < κ ≤ 0.6, 
substantial if 0.6 < κ ≤ 0.8, and excellent if 0.8 < κ ≤ 1.0. Each author 
reviewed in detail all potential inclusion records screened by the 
other author, with the aim of ensuring that all ineligible studies were 
correctly excluded. Decision conflicts regarding study inclusion 
were arbitrated by a third author.

Data extraction

Two authors independently collected data from each included study 
using a standardized locally developed data collection template. A 
third author resolved data extraction disagreements.

The following data points were collected: (1) Study character-
istics (i.e., authorship, country, year of publication, and funding 
source); (2) Participant characteristics (i.e., number of participants 
per study, and in each group, age, gender, health science disci-
pline, and course level); (3) Intervention group characteristics (i.e., 
whether students received an iVR or AR intervention, whether XR 
was applied as a supplemental/complementary or replacement in-
tervention, the administration protocol, and the anatomical region 
studied); (4) Comparison group characteristics (i.e., type of tradi-
tional educational approaches, such as lectures, textbooks, anat-
omy atlases, plastic models, and/or dissections); and (5) Outcomes 
data (i.e., variables assessed, intervention type, assessment instru-
ments used, sample sizes, means, and standard deviations (SD) of 
post-intervention outcomes of each variable in each group). All as-
sessment instruments measured anatomical knowledge gains in a 
comparable manner. Students' knowledge performance scores were 
meta-analyzed using Cohen's standardized mean difference (SMD). 
When a study provided the standard error, the range, or interquartile 
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range from non-skewed distributions, it was transformed into a 
standard deviation value.31,36 Studies with missing data or those re-
porting non-meta-analyzable data were excluded. No attempt was 
made to retrieve missing data from corresponding authors.

Variables

The primary variable of interest was anatomy knowledge acquisition 
or knowledge gains. Secondarily, students' perceptions of the 
usefulness of these technologies as learning tools were also explored.

Risk of bias and quality of evidence assessment

The risk of bias present in the included studies was analyzed using 
the Cochrane Risk of Bias (CRoB) tool.37 This scale is comprised of 
seven items: sequence generation and allocation concealment for 
selection bias; blinding of participants and staff for performance 
bias, evaluators for detection bias; incomplete outcomes data for 
attrition bias; selective outcomes reporting for reporting bias; and 
others. For each item, risk is scored as low (“+”), high (“-”), and unclear 
(“?”).

To assess the quality of study designs and their findings, we em-
ployed the Grading of Recommendations Assessment, Development, 
and Evaluation (GRADE) tool38; the GRADE checklist of Meader.39 
The quality of evidence was determined according to five items: risk 
of bias in each study, imprecision, inconsistency, indirect evidence, 
and publication bias. Inconsistency was analyzed estimating the het-
erogeneity of the findings. Imprecision was assessed by the number 
of studies included, the number of participants in each meta-analysis, 
and the number of participants per study (large imprecision = <100 
participants or <5 studies; moderate imprecision = 100–300 partic-
ipants and 5–10 studies; and low imprecision = >300 participants 
or >10 studies). Indirect evidence appears in studies in which the 
results were measured indirectly. Combining these items allows for 
findings to be evaluated at four different levels of evidence: high 
(if findings are robust), moderate (when a future study can change 
the current findings), low (poor level of confidence), and very low (if 
four or more items are not met). The quality of evidence was down-
graded to one level for each item that did not meet the specified 
criteria. The risk of bias and quality of evidence assessments were 
carried out by two authors, and disagreements were resolved by a 
third author.

Statistical analysis

Comprehensive Meta-Analysis version 4.0 (Biostat, Englewood, NJ, 
USA)40 was used to perform the meta-analyses. The pooled effect 
size was estimated using Cohen's SMD with a 95% confidence 
interval (95% CI).31,41,42 In the presence of heterogeneity (I2 > 40%), 
a random-effects model was used, as proposed by DerSimonian 

and Laird,43 to improve the generalization of the findings. Two 
types of meta-analyses were conducted in this systematic review. 
To investigate knowledge gains and the perceived usefulness of 
XR technologies for learning, a meta-analysis with two groups was 
performed with XR technology users serving as the intervention 
group and learners exposed to traditional approaches serving as 
the comparison group. This meta-analysis required sample sizes, 
means, and standard deviations from post-intervention knowledge 
assessments to compute the summary effect. The assessment 
instruments for measuring anatomy knowledge acquisition were 
inclusive of multiple choice questions (MCQs), matching items, 
and open-ended free-response questions. To compare students' 
perceptions of the usefulness of educational resources (i.e., learners 
exposed to XR technologies versus learners exposed to traditional 
resources), we used the sample size, mean, and standard deviation 
of 5-point Likert scale outcomes where higher scores represented 
more usefulness. Examples of questions to assess the usability for 
learning anatomy are “VR is useful for learning” or “VR is an effective 
learning tool.” Although the survey instruments measuring students' 
perceptions were not exactly the same in all studies, they all 
measured the same conceptual construct (i.e., students' perceptions) 
and were comparable. In these meta-analyses, the summary effect 
sizes were expressed as SMD values and were interpreted as follows: 
large (SMD > 0.8), medium (SMD 0.4–0.7), small (SMD 0.1–0.3), and 
no effect (SMD 0).44 Forest plots were used to graphically visualize 
the findings of each meta-analysis.45

Additionally, the proportion of students who reported XR tech-
nologies as useful for learning anatomy was summarized through 
a proportional meta-analysis of treatment group participants who 
used XR technologies.46 The data employed in this meta-analysis 
included the total sample size of students who were asked about 
the usefulness of XR and the number of students who responded 
satisfactorily/positively about its use.

Heterogeneity (i.e., the variation in study outcomes between 
studies) was calculated using the degree of inconsistency (I2), and 
a p-value for the Q-test (p < 0.05 indicates heterogeneity).47,48 
According to I2, heterogeneity can be null (I2 = 0), low (I2 < 25%), me-
dium (I2 25%–50%), and large (I2 > 50%).49,50

The risk of publication bias was assessed through the visualiza-
tion of the funnel plots, with asymmetric funnel plots indicating a 
risk of publication bias,51 and the p-value of the Egger test (present 
if p < 0.1).52 Additionally, the Trim-and-Fill method was used to esti-
mate the adjusted pooled effect size taking into account the presence 
of publication bias in meta-analysis with two groups.53,54 Variations 
>10% between the original and the adjusted effect size suggest 
a risk of publication bias and downgrade the quality of evidence 
one level, even if the funnel plot is symmetric.55 For proportional 
meta-analysis an estimation of publication bias was not performed 
because the assumption that positive results are published more fre-
quently is not necessarily true for proportional studies.46

A sensitivity analysis was performed using the leave-one-out 
method.31 After calculating the global effects of XR devices in compar-
ison to traditional learning resources, the following subgroup analyses 
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were also performed to determine the effect of knowledge gains: (1) 
iVR versus AR; (2) XR technologies implemented as replacements ver-
sus supplemental/complementary curricular tools; (3) XR technologies 
compared to individual resources (i.e., textbooks and atlases, didactic 
lectures); (4) XR technologies on different student populations (i.e., un-
dergraduate versus post-undergraduate students); and (5) XR technol-
ogies according to each anatomical system or region studied.

RESULTS

Study selection

In total, 2784 references were retrieved from the primary electronic 
database search (n = 2781) and other sources (n = 3). After remov-
ing duplicates, 1931 records underwent title and abstract screening, 
which excluded 1847 studies leaving 90 eligible for full-text review. 
Sixty-three studies were further excluded for not meeting the inclu-
sion criteria (Figure 1) leaving 27 studies for analysis.56–82 The Kappa 

value for inter-rater agreement was 0.89 indicating “excellent” agree-
ment, according to Landis and Koch, for the title and abstract screen-
ing phase. All 27 studies were included in the meta-analysis of anatomy 
knowledge gains and 14 of these 2758,61,62,65,66,70,72,75,77–79,81,82 were 
included in the meta-analysis of students' perceptions of the useful-
ness of XR technologies for learning anatomy. Figure 1 (PRISMA flow 
chart) summarizes the study selection phase.

Study characteristics

Included studies were published between 2013 and 2023 and most 
frequently originated in the following countries: United States and 
Australia (22.2% each),57,68,70,71,75,82 Germany (18.5%),56,62,67,74,78 and 
Canada58,65,81 and Australia59,66,72 (11.1% each). The included studies 
yielded data from 2199 students from across various health sciences 
disciplines (e.g., medicine, biomedicine, nursing, and physiotherapy). 
Students had a mean age of 21.43 ± 2.1 years and sex representa-
tion was nearly equally distributed (48% male and 52% female). Of all 

F I G U R E  1  PRISMA flow diagram.

 19359780, 2024, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ase.2397 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [28/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    | 519GARCÍA-­ROBLES et al.

students included, 1023 learned using XR technologies (420 students 
iVR60,61,64–66,73,74,79–82 and 603 AR56–59,62,63,66–69,71,72,75–78) and 1176 
learned using traditional methods (i.e., textbooks, cadaveric dissec-
tions, atlases, didactic lectures, anatomical physical models, and/or 
images displayed in PowerPoint). The anatomical systems/regions 
that were studied with XR technologies included: musculoskeletal 
system,64,68,71,75–77,79 neuroanatomy,62,63,66,69,70,73,81 inner ear,58,74 
cardiac system,65,72 skin,67 digestive system,61 pelvic floor,59 and 
breast.57 Studies collected knowledge performance data on XR effec-
tiveness immediately following the interventions. The length of the in-
terventions ranged from 1 day in 25 studies (93% of all studies) to 580 
and 671 days in two other studies. Regarding the types of assessments 
used to quantify knowledge gains, 18 studies56,58–67,69,70,72,74,78,81 used 
tests comprised of multiple-choice questions (MCQ), 3 studies68,76,77 
used open-ended free-response questions or matching labels, and 
the remaining studies used a combination of assessment item types 
(MCQ, matching, true or false questions, fill-in-the-blank, landmark 
questions, and open-ended free-response such as short answer or 
essays).57,70,71,73,75,79,80 For students' perceptions of the usefulness 
of XR technologies, the included studies provided outcomes of self-
reported questionnaires that utilized 5-point Likert scales with ques-
tions such as “VR is useful for my learning,” “It is an effective learning tool,” 
or “My knowledge about anatomy improved after studying with…[XR].” 
Finally, 12 studies received external funding.59–61,65,68,70,72,74,78–81 In 
two studies, participants received compensation for study participa-
tion.76,77 Table 1 presents the characteristics of the studies included 
in the meta-analysis.

Risk of bias assessment

Some studies reported a probable or unclear risk of selection 
bias because random sequence generation and allocation 
concealment were not met or were unclear in 11 studies (40.7%; 
11/27).56–58,60,61,65,67,69,70,73,78 The impossibility of blinding the 
participants and the staff who carried out the interventions was 
responsible for the risk of performance bias (100%; 27/27). However, 
in four studies (14.8%; 4/27),64,65,67,81 where the evaluators were 
blinded, a high risk of detection bias was present. Finally, the risk 
of attrition, reporting, and other biases was low in all studies. These 
results are detailed in Table S2.

Effects of XR technologies on learners' anatomy 
knowledge gains

Twenty-seven studies (k) with 33 independent comparisons (c) 
provided data from 2199 participants (n) to analyze the effect of 
XR technologies compared to traditional resources for improving 
knowledge after interventions.56–82 A medium effect (k = 27; c = 33; 
n = 2199; SMD = 0.40; 95% CI = 0.22 to 0.60; p < 0.001) was observed 
in favor of XR interventions (Figure  2) with low heterogeneity 
(I2 = 17.1%; Q = 39.7; df = 32; p = 0.160). The Trim-and-fill estimation 

yielded an adjusted effect of 0.45 (95% CI = 0.26 to 0.65), suggesting 
that the risk of publication bias was underestimating 12% of the 
original effect (Figure S1).

Per a subgroup analysis, learners' who utilized either iVR 
(k = 12; c = 15; n = 927; SMD = 0.57; 95% CI = 0.29 to 0.85; p < 0.001; 
I2 = 19.7%; Q = 16.8; df = 14; p = 0.260) or AR technologies (k = 16; 
c = 18; n = 1331; SMD = 0.27; 95% CI = 0.01 to 0.52; p = 0.042; 
I2 = 11.3%; Q = 19.6; df = 17; p = 0.300) outperformed control group 
participants who had access to only traditional anatomy learning re-
sources (Figure 2).

Secondly, we compared the effectiveness of XR technolo-
gies when they were used as a unique solitary educational tool 
(i.e., replacements for other educational resources) versus sup-
plementary/complementary resources. XR technologies used as a 
complement to existing resources demonstrated a medium effect 
size56–62,70,71,73–75,79,82 for knowledge gain (k = 15; c = 18; n = 1195; 
SMD = 0.52; 95% CI = 0.40 to 0.63; p < 0.001; I2 = 34.1%; Q = 24.3; 
df = 17; p = 0.110). Conversely, XR technologies used as replacement 
tools demonstrated a small effect size63,64,66–69,72,76–78,80,81 (k = 12; 
c = 15; n = 1004; SMD = 0.13; 95% CI = 0.10 to 0.25; p = 0.039; 
I2 = 0.0%; Q = 13.2; df = 14; p = 0.510; Figure S2).

Thirdly, we compared the effectiveness of XR technologies 
against specific traditional methods. XR technology users demon-
strated significantly higher knowledge gains than learners who 
studied using textbooks and atlases56,58,63,65–68,70,72,73,76–78,80–82 
(k = 16; c = 20; n = 1004; SMD = 0.32; 95% CI = 0.10 to 0.54; 
p = 0.004; I2 = 25.4%; Q = 24.5; df = 19; p = 0.140) and didactic lec-
tures58,59,61,62,64 (k = 5; c = 5; n = 363; SMD = 1.00; 95% CI = 0.57 to 
1.42; p < 0.001; I2 = 35.1%; Q = 6.5; df = 4; p = 0.170; Figure S3).

Upon assessing the effectiveness of XR technologies be-
tween different students populations (i.e., undergraduate ver-
sus post-undergraduate students), undergraduate students who 
used XR interventions demonstrated higher knowledge gains than 
controls56–72,74–78,80,81 (k = 24, c = 28; n = 1931; SMD = 0.41; 95% 
CI = 0.20 to 0.62; p < 0.001; I2 = 23.1%; Q = 37.1; df = 27; p = 0.100). 
No effect was identified among post-undergraduate students73,79,82 
(k = 3; c = 5; n = 268; SMD = 0.38; 95% CI = -0.1 to 0.86; p = 0.110; 
I2 = 0.0%; Q = 2.8; df = 4; p = 0.600; Figure S4).

Finally, the musculoskeletal system and neuroanatomy were 
the anatomical areas most commonly studied using XR. XR inter-
ventions increased learners' knowledge gains irrespective of the 
anatomical area studied:57,64,66,68,71,75–77,79,80 musculoskeletal anat-
omy (k = 10; c = 13; n = 932; SMD = 0.20; 95% CI = 0.06 to 0.32; 
p = 0.003; I2 = 0.0%; Q = 10.3; df = 12; p = 0.580) and neuroanat-
omy62,63,69,70,73,81 (k = 6; c = 7; n = 596; SMD = 0.50; 95% CI = 0.33 to 
0.64; p < 0.001; I2 = 22.1%; Q = 6.4; df = 6; p = 0.370; Figure S5).

Students' perception of the usefulness of XR 
technologies as learning tool

Fourteen studies58,61,62,65,66,70,72,75–79,81,82 provided data from 943 
students providing perceptions on whether XR technologies were 
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useful for learning anatomy. For this variable, two meta-analyses 
were performed. On the one hand, 10 studies61,66,70,72,75–79,81 with 
14 independent comparisons compared usefulness or perceived ef-
fectiveness metrics between learners exposed to XR versus those 
exposed to traditional educational resources and showed a medium 
effect (k = 10; c = 14; SMD = 0.54; 95% CI = 0.04 to 1; p = 0.035) 
in favor of XR (Figure  3) with medium heterogeneity (I2 = 31.2%; 
Q = 20.3; df = 13; p = 0.080). The risk of publication bias was likely 
among these studies (Trim-and-fill estimated an adjusted effect of 
1; 95% CI = 0.51 to 1.48; Figure  S6). Subgroup analysis revealed 
that students perceived that XR technologies were more useful for 
learning anatomy when they were used as complement61,70,75,79 
(k = 4; c = 5; n = 309; SMD = 1.0; 95% CI = 0.13 to 1.86; p = 0.03; 
I2 = 66%; Q = 16.9; df = 4; p = 0.01) rather than as replacement re-
source66,72,76–78,81 (k = 6; c = 9; n = 634; SMD = 0.29; 95% CI = -0.36 
to 0.93; p = 0.384; I2 = 0%; Q = 0.4; df = 8; p = 0.99). Specifically, XR 
technologies were considered more useful for learning anatomy 
than textbooks and atlases66,70,76–78,81 (k = 6; c = 9; SMD = 0.36; 95% 
CI = 0.17 to 0.55; p < 0.001; I2 = 0%; Q = 6.9; df = 8; p = 0.54).

To complement this meta-analysis, we performed a meta-
analysis of proportions using only one group (i.e., students exposed 
to XR interventions) with data from 233 students who used XR 
across 7 studies.58,62,65,66,75,81,82 A proportional meta-analysis was 
conducted to estimate the aggregated proportion of students who 
favored the usefulness of XR technologies across studies and com-
parisons. Outcomes revealed that 80% of survey participants (95% 
CI = 70 to 88; p < 0.001; I2 = 15.9%; Q = 7.1; df = 6; p = 0.32) consid-
ered XR technologies useful for learning anatomy.

DISCUSSION

Human anatomy is studied across many health sciences disciplines 
and is often a difficult subject given its volume and conceptually 
challenging structural relationships in certain regions. As such, 
complementary tools, including interactive technologies, are being 
incorporated into the teaching and learning of Human Anatomy 
subjects.83,84 XR-based technologies, such as iVR and AR, have 
drawn more attention in recent years, especially motivated dur-
ing the COVID-19 pandemic.85 Between 2019 and 2022 several 
scoping and systematic reviews, without meta-analyses, were 
published and collectively suggested that XR-based interventions 
are effective for learning human anatomy.1,2,4,8,27,28 In 2021, how-
ever, Moro et al.'s systematic review and meta-analysis outcomes 
contradicted prior findings whereby they detected no statistically 
significant differences in anatomy knowledge gains between XR-
based interventions and traditional learning resources. Compared 
to prior reviews, this meta-analysis included the most studies to 
date (k = 27), surpassing previous meta-analyses with only fif-
teen29 and eight studies,26 and represents a comprehensive and 
up-to-date analysis of this topic providing additional evidence re-
lated to the efficacy of XR technologies. Additionally, this work 
is the first to analyze students' subjective perceptions about the St
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usefulness of XR technologies in Human Anatomy courses through 
a meta-analysis.

Knowledge gains

The use of XR-based interventions compared to traditional re-
sources improved anatomy knowledge gains with a medium effect 
(SMD = 0.4). This finding aligns with previous systematic reviews 
without meta-analyses whereby iVR and AR have been consid-
ered promising tools for promoting anatomy knowledge gains 
among health sciences students.1,2,27,28 and with Zhao et  al.'s 
meta-analysis.29 The present findings contradict Moro et  al.'s 
meta-analytic findings26 which did not show statistical differences 
between the efficacy of XR and traditional methods. Furthermore, 
Moro and colleagues did not perform subgroup analyses inves-
tigating the use of XR as a complementary versus replacement 
tool or comparing the effects of XR against specific traditional 
methods.

Further subgroup analysis suggests that iVR (SMD = 0.57) could 
be modestly more effective than AR (SMD = 0.27) at increasing anat-
omy knowledge. iVR is proving to be an effective and versatile tool 
in health sciences education, especially in gross anatomy learning, 

due to its customizable and “hands-on” capabilities.86 For some, iVR 
is an attractive option for learning anatomy outside of donor-based 
dissections because it facilitates a virtual realistic rendering of spa-
tial anatomical relationships and allows for interaction and manip-
ulation of 3D structures to facilitate remote “hands-on” learning.86 
Additionally, in recent years the cost of developing and acquiring iVR 
hardware/software has been substantially reduced87 making iVR 
more accessible to educational centers and universities.

An important consideration when applying these types of tech-
nologies is whether to implement them as a complement to traditional 
resources or to use them as a replacement for existing resources. 
While both modalities are effective, the greatest effect (SMD = 0.52) 
on anatomy knowledge gains was observed when XR was used as 
a complementary tool alongside traditional resources. Our findings 
are similar to Wilson et al.'s meta-analysis which showed a similar 
effect for computer-aided instructional tools.88 When implemented 
as a compliment to traditional didactic lectures, textbooks, and/
or atlases, the use of XR technologies may help to further solidify 
learners' spatial relationship, thus, promoting anatomy learning. In 
the present work, many studies compared the use of textbooks, 
atlases, and didactic lectures against hands-on XR technologies, 
which were found to be more effective than these passive learning 
approaches (SMD = 0.32 for XR versus textbooks and atlases, and 

F I G U R E  2  Forest plot of the meta-analysis for anatomy's knowledge gain.
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SMD = 1 for XR versus didactic lectures). Didactic lectures and self-
study using textbooks and atlases represent passive learning meth-
ods. Alternatively, XR technologies are a student-centered learning 
approach that promotes student interactions and more active par-
ticipation in the teaching-learning process.88,89 Our findings are in 
line with the meta-analyses of Zhao et al. and Wilson et al. in which 
greater knowledge gains were identified in students who received 
active and interactive methodologies.29,88 Our findings suggest XR 
may be a promising interactive and student-centered learning tool 
for helping students to become owners of their learning.90

Our findings also demonstrated that XR interventions are effec-
tive in undergraduate health sciences students but are not effective 
for post-undergraduate populations (i.e., mainly medical residents), 
likely because the anatomy knowledge in residents was acquired and 
integrated previously. These findings are consistent with the results 
of Zhao et al.'s meta-analysis which showed that VR was effective in 
promoting knowledge gains in medical students but did not show an 
influence on residents.29

Do health sciences students perceive XR technologies 
as being useful for learning?

The present meta-analysis showed that students subjectively 
perceive XR technologies to be more useful for learning anatomy 
(SMD = 0.54) compared to the traditional methods previously men-
tioned; although this effect may be confounded by publication 
bias. In addition, a subgroup analysis showed that, compared to 
traditional interventions, the perceived usefulness of XR devices is 
higher when it is used as a complementary intervention (SMD = 1) 
versus a replacement intervention, especially when compared to 
textbooks or atlases.

A single-group proportional meta-analysis summarized the per-
centage of students favoring XR technologies as useful learning tools. 
Data from across 7 studies58,62,65,66,75,81,82 and 233 participants in-
dicated that 80% of all students that used XR devices perceived XR 
interventions as useful for learning anatomy, as either a complement 
or replacement for traditional methods. Other subjective outcomes, 
such as whether XR interventions or devices are enjoyable, easy 
to use, recommendable, and/or motivating were not assessed due 
to an inadequate number of studies. Future studies would benefit 
from further summarizing these data. It is important to consider the 
preferences, predispositions, and perceptions of students when new 
didactic tools are incorporated into curricula. Overall, prior reviews 
suggest that university health sciences students generally report 
high levels of satisfaction, adherence, and motivation when using 
VR and AR for anatomy and physiology learning.91–93

The virtual and hyper-realistic scenarios of human body parts 
that iVR and AR render likely to improve the acquisition of anat-
omy knowledge in health sciences education, especially when used 
as complementary resources.94 Although anatomical dissection is 
often considered the “gold standard” for anatomy education in the 
health sciences, not all universities or colleges have dissection facil-
ities. In the absence of donor tissues, XR-based interventions can 
augment the learning of Human Anatomy thanks to immersive 3D 
images.95 However, health sciences students often show cognitive 
and practical difficulties transferring anatomical knowledge from 
the classroom to professional practice; thought to be a consequence 
of the challenging spatial organization of anatomical structures and 
their relationships with adjacent structures.77 As such, some argue 
it is crucial to improve students' visual–spatial abilities by helping 
them to build and manipulate three-dimensional mental represen-
tations.96 XR-based interventions, compared to traditional anatom-
ical atlases or textbooks, allow digital anatomical structures to be 

F I G U R E  3  Forest plot of the meta-analysis for students' perception of the usefulness of these technologies as learning tool.
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visualized and manipulated in three dimensions so that structures 
can be studied individually or in relationship to other surrounding 
structures across all spatial planes.97 The ability of XR to improve 
the three-dimensional visualizations of anatomical structures ex-
plains its positive effects on knowledge acquisition.98,99 Finally, XR 
devices, which in many cases are available in low-resource settings, 
can promote the development of brain schemas for better long-term 
memory retention, internalization, and comprehension of relevant 
anatomical concepts.100

Limitations

Although meta-analysis is a powerful method for aggregating out-
comes across studies, some limitations must be acknowledged. 
Typical limitations of meta-analysis include publication bias, research 
bias, and dependence on existing, yet possibly imperfect, data.101,102 
Publication bias was explored in the meta-analyses of independent 
groups but was not recommended for proportional meta-analyses.46 
Sub analyses could not be performed for certain comparison (e.g., 
comparing students who used XR devices vs donor dissections or 
XR devices versus plastic models) as a result of too few studies. 
Another limitation was related to the risk of biases. The impossibil-
ity of blinding participants, blinding researchers who implemented 
or supervised the interventions, and blinding evaluators, primarily 
explains the presence of performance and detection biases, which 
can reduce the accuracy of interventions and outcomes generaliza-
tions.103 It was not feasible to evaluate the effectiveness of XR tech-
nologies longitudinally over time. All studies provided data about 
the effects of XR technologies immediately after the interventions. 
Too few studies provided data after long-term follow-up (k < 6) for 
proper analysis. Lastly, the presence of study heterogeneity was 
likely a consequence of different assessment strategies, unique 
learner populations, and different anatomy curricula.

CONCLUSION

The current meta-analysis showed that XR-based interventions 
are more effective than traditional passive learning resources as a 
teaching-learning resource for studying anatomy in health sciences 
students. Both XR technologies (iVR and AR) improved learners' 
anatomy knowledge gains compared to controls, especially when 
used alongside traditional resources as supplemental/complimen-
tary tools. A large effect favoring XR technologies was detected 
when compared against didactic lectures and anatomical images in 
atlases and/or textbooks. Overall, 80% of students who used XR 
technologies subjectively reported that XR technologies are useful 
for learning anatomy, especially when they are used as a supplemen-
tal resource in anatomy curricula. Future studies exploring combi-
nations of technology-based and traditional learning resources will 
help to elucidate the effectiveness of deliberately blended strategies 
on anatomy learning outcomes.
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