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Background: Despite the growing adoption of novel teaching strategies in ortho-
paedics education, their comparative effectiveness remains unclear. This network
meta-analysis (NMA) evaluates and ranks the efficacy of problem-based learn-
ing (PBL), virtual reality (VR), Video, three dimensions (3D) simulations, flipped
classrooms (FC), 3D combined PBL, FC combined team based learning (TBL), and
traditional lecture-based learning (LBL) in orthopaedic education.

Methods: A systematic search of PubMed, Web of Science, Embase, and
Cochrane Library was conducted up to December 31, 2024. Randomized con-
trolled trials (RCTs) comparing teaching strategies in orthopaedics education
were included. Specific criteria were utilized to identify relevant studies, and data
extraction was subsequently carried out. Outcomes included theoretical knowl-
edge, procedural or clinical skills, and learner satisfaction. Pairwise and network
meta-analyses were performed using R software.

Results: After screening 893 studies, 11 RCTs involving 690 medical students or
residents were included in the NMA. VR was more effective than LBL for proce-
dural or clinical skills (SMD = 6.88, 95% ClI: 1.05-12.13), while FC + TBL improved
theoretical test scores with the highest SUCRA probability (81.73%). FC + TBL also
enhanced student satisfaction (SMD = 1.42, 95% ClI: 0.04-2.79), with PBL having
the highest SUCRA probability (61.53%) for this outcome.

Conclusion: Our NMA found FC + TBL and VR to be the most effective novel
teaching strategies in orthopaedics education for improving theoretical and clini-
cal skill scores, respectively. However, differences among strategies were minor.
Future studies with larger samples, diverse populations, and more outcome mea-
sures are needed for a comprehensive evaluation.
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Background

Orthopedics, a field deeply rooted in anatomical mastery, biome-
chanical logic, and dynamic surgical decision-making, faces persistent
challenges in fostering well-rounded competencies. Traditional lec-
ture-based learning (LBL), which emphasizes rote memorization of
concepts like fracture classifications or implant protocols, struggles to
bridge the gap between theory and real-world application. Studies
have revealed that under LBL, orthopedic residents exhibit a 31%
error rate in biomechanical analysis of complex cases and significantly
lag in managing postoperative complications compared to active
learning approaches (1). In China’s current system, the fourth year of
medical school focuses on theory, while the fifth shifts to clinical prac-
tice, yet both phases rely heavily on standardized curricula. This rigid
structure stifles critical thinking and teamwork skills—72% of trainees
report limited exposure to real surgical challenges during internships,
as lessons remain textbook-bound (2). This “theory-practice divide”
contributes to burnout (affecting 18% of students) and skill gaps: only
43% of graduates from top Chinese medical schools meet competency
standards in emerging technologies like robot-assisted surgery (3), far
below global benchmarks. Thus, reforming orthopedic education to
integrate active learning, dynamic feedback, and adaptability to new
technologies has become urgent.

To address these limitations, innovative strategies like virtual reality
(VR), 3D interactive systems, and flipped classrooms (FC) are trans-
forming training. VR simulations replicate real surgical environments,
boosting skill transfer efficiency. Vallée et al. (1) found VR-trained resi-
dents completed arthroscopic procedures 42% faster, with 14% higher
accuracy in tissue identification than traditional apprenticeship trainees.
Xue et al. (3) developed a 3D Training System that integrates real imag-
ing with live anatomical guides, tripling femoral neck fracture classifica-
tion accuracy while reducing cognitive load by 28%. Meanwhile, FC
combined with team-based learning (TBL) redefines roles: pre-class
self-study, in-case debates, and post-surgery debriefs raised clinical
decision-making scores by 9.2% and complication prediction accuracy
t0 72.3% (4). A study of 130 students found that podcast/videos users
significantly outperformed text users in posttests and knowledge gain,
with higher approval ratings for podcasts/videos (5). Recent quasi-
experimental work further supports the efficacy of integrated digital
approaches; for instance, massive open online course (MOOC)-virtual
simulation combinations have demonstrated significant improvements
in surgical skill acquisition, including wound debridement and basic
operative techniques (6, 7). Beyond building muscle memory for pro-
cedures, these tools provide visual data and instant feedback to correct
errors—opportunities missing in traditional teaching.

Despite their clear benefits, debates persist regarding the best strate-
gies. A key issue is the lack of direct comparisons between methods.
Moreover, conflicting conclusions across meta-analyses could limit the
scalable implementation of innovative teaching methods in educational
and clinical environments (8-11). Despite the suggestion that specific

Abbreviations: NMA, network meta-analysis; PBL, problem-based learning; VR,
virtual reality; 3D, three dimensions; FC, flipped classrooms; TBL, team-based
learning; LBL, lecture-based learning; RCTs, randomized controlled trials; SMD,
standard mean difference; Cl, confidence interval; PRISMA, preferred reporting
items for systematic reviews and meta-analyses; SUCRA, surface under the cumu-
lative ranking probabilities analysis; PICO, population, intervention, comparison,

and outcome; RoB2, version 2 of risk of bias tool.
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teaching environments should undergo thorough evaluation when intro-
ducing new teaching strategies (12), there remains a dearth of research
to substantiate this notion. Here, systematic reviews and network meta-
analysis (NMA)—considered the highest level of evidence—can help by
comparing multiple methods at once. In this study, we employ NMA
integrated with statistical ranking to systematically evaluate eight main-
stream educational approaches (LBL, problem-based learning (PBL),
video, VR, 3D, 3D + PBL, FC and FC + TBL) in fostering theoretical
knowledge assimilation and clinical skill proficiency. The findings aim
to establish a data-driven decision-making framework for optimizing
resource allocation across diverse educational and clinical contexts.

Methods

The systematic review and NMA adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) extension statement (13), with the objective of assessing
and comparing the efficacy of eight individual teaching strategies in
enhancing orthopedic education by examining three specific indica-
tors (14). This review did not require ethical approval as it utilized data
from published studies, and no detailed participant information was
made public.

Literature retrieval strategy

Two authors (Jiao G and Cao H) conducted a thorough literature
review by employing both database searches and manual search meth-
ods. The electronic databases listed below were searched through
December 2024: PubMed, Web of Science, Embase, and Cochrane
library. The search strategies, designed for reproducibility, were con-
ducted based on the Population, Intervention, Comparison, and
Outcome (PICO) framework, as detailed in Supplementary Appendix 1.
Moreover, pertinent randomized controlled trials (RCTs) were located
through manual searches of the reference lists in relevant meta-anal-
yses and prominent medical education journals. In cases of disagree-
ment between the two pairs of authors (e.g., during literature
screening, data extraction, or quality assessment), the discrepancies
were first resolved through joint discussion. If consensus could not be
reached, a third independent senior researcher (Chen Y) with exper-
tise in orthopaedic education and systematic reviews was consulted to
provide an objective judgment. The final decision was made based on
the third researcher’s recommendations, and all resolution processes
were documented in detail to ensure transparency and minimize bias.

Inclusion and exclusion criteria
Inclusion criteria

Two authors (Ji Z and Song L) independently screened all retrieved
studies using Zotero (version 7.0.11) literature management software,
developed by the Corporation for Digital Scholarship, USA, based on
predetermined inclusion and exclusion criteria. Studies that satisfied the
following inclusion criteria were included: (1) participants were medical
students, interns, or resident doctors, without regard to gender, age,
grade, ethnicity, nationality, or educational background; (2) the focus
was on orthopedic-related education; (3) comparisons were made
between eight novel teaching methods and LBL method; (4) outcomes
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were assessed using: knowledge scores to gauge theoretical understand-
ing; procedural skill scores for operational skills like fracture reduction
and trauma management; clinical skill scores for practical clinical prob-
lem-solving abilities, including history taking, examination, diagnosis,
and treatment planning; total scores combining the above to evaluate
overall abilities; and questionnaire surveys to assess teaching methods,
including interest, satisfaction, problem-solving ability, learning time/
pressure, independence, teamwork, communication, and clinical reason-
ing; (5) RCTs were included; and (6) the publications were in English.

Exclusion criteria

Studies were excluded if: (1) full-text data were unavailable after
attempts to retrieve from authors or institutional repositories; (2) no
quantifiable outcome measures (e.g., knowledge scores, skill perfor-
mance, satisfaction ratings) were reported; (3) they were retracted, or
published as abstracts only.

Data extraction

Two independent reviewers (Cao H and Song L) extracted data
from the included studies, adhering to the guidelines set forth by the
Cochrane Collaboration for Systematic Reviews. They each indepen-
dently reviewed the full texts of studies that potentially met the inclu-
sion and exclusion criteria, and subsequently extracted the relevant
data as followed: name of the first author, year of publication, partici-
pants characteristics, number of participants, intervention, compari-
son, study duration, outcome assessment measures and study
design type.

Quality assessment

Utilizing the Cochrane Collaboration’s Risk of Bias 2.0 tool
(RoB2) (15), two independent investigators (Ji Z and Song L) system-
atically evaluated six following biases of the included articles: (1) bias
arising from the randomization process; (2) bias due to deviations
from intended interventions; (3) bias due to missing outcome data; (4)
bias in the measurement of the outcome; (5) bias in selection of the
reported result and (6) overall bias (16). Each item was classified as
high risk, low risk or some concern.

Statistical analyses
Pairwise meta-analysis

The pairwise meta-analyses were performed using a random-
effects model in R 4.3.3 software (R Core Team) with the “meta,” “net-
meta,” “gemtc,” and “ggplot2” packages to examine the direct evidence.
Because all outcome measures were continuous, we opted to use stan-
dardized mean differences (SMDs) as the measure of effect size, along
with 95% confidence intervals (Cls), to account for the variety of
rating scales employed in the studies included (17). To assess statistical
heterogeneity in each pairwise comparison, we utilized the p-value of
the Q-test, the I* statistic, and the between-study variance (7).

Network meta-analysis

This NMA was conducted to assess and rank seven innovative
teaching strategies in orthopaedics education by integrating both
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direct and indirect comparative analyses. The three outcome measures
were presented as SMDs with accompanying 95% ClIs, and each was
analyzed separately. To ensure more cautious conclusions, irrespective
of heterogeneity, a random-effects model was adopted (18). The net-
work plots were created using R 4.3.3 software. Furthermore, league
tables and forest plots were constructed to showcase the effectiveness
of all pairwise comparisons of teaching strategies in terms of effect
sizes. The surface under the cumulative ranking curve (SUCRA) was
used to rank the relative effectiveness of the teaching strategies.
SUCRA is a key metric in NMA that quantifies the probability of an
intervention (here, a teaching strategy) being the best, second-best, or
worst among all compared options. It ranges from 0 to 100%, where a
higher SUCRA value indicates a greater likelihood of being the most
effective strategy. Unlike traditional pairwise meta-analysis, SUCRA
integrates both direct and indirect comparative evidence from the
network, providing a comprehensive and intuitive ranking of multiple
interventions. We used SUCRA because it addresses the limitation of
pairwise comparisons by synthesizing all available evidence, making
it particularly valuable for our study—where we compared eight dis-
tinct teaching strategies—to identify the most promising approaches
for orthopaedic education. A bar graph was also used to visually
depict the SUCRA probabilities for each teaching strategy, aiding in a
comparative examination of their influence on the three outcome
indicators. To identify any discrepancies between direct and indirect
comparisons, the node-splitting approach was utilized (19, 20).

Results
Characteristics of included studies

After conducting thorough searches and removing duplicates, we
identified 893 potential studies for further evaluation. These studies
were then screened for eligibility based on their titles and abstracts,
leading to the exclusion of 860 studies, leaving 33 for further consid-
eration. Following a full-text assessment, 22 articles were excluded for
various reasons. Ultimately, 11 articles (1-5, 21-26) met the pre-
defined inclusion and exclusion criteria and were chosen for inclusion
in the NMA, as illustrated in Figure 1.

Table 1 presents an overview of the key features of the 11 RCTs
involving 690 medical education students or residents. Among these
studies, three reported that 54.20% (374 out of 690) of the participants
were undergraduate students. The outcome measures differed across
the trials: 7 concentrated on theoretical exam scores, 7 on practical or
experimental exam scores, and 4 assessed student satisfaction levels.

Quality of included studies

Using the RoB2 tool for quality evaluation, Figure 2 presents an
overview of the results assessed from the 11 RCTs included. Among
these studies, one study (9%) was determined to have a high risk of
bias, two (18%) raised some concerns, and eight (73%) were consid-
ered to have a low risk of bias.

When assessing the randomization process, it was found that 8
studies (73%) were deemed to have a low risk of bias due to the proper
use of random sequence generation methods. Two article (18%) raised
some concerns in this regard. Furthermore, all studies reported out-
comes for every participant, leading to a low risk of bias assessment
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s Records identified through database searching:
® PubMed (n=14) Additional records identified through
5.% Web of Science (n=574) other sources:
k= Embase (n=16) Reference list (n=23)
3 The Cochrane Library (n=266)
.
| S—
- »  Duplicated removed(n=846)
£ \ 4
@
[ Records for titles and abstracts screening (n=47)
5]
(%) e A
Records removed (n=14), with reasons:
»| Study topic does not match (n=9);
) Systematic reviews and comments (n=3)
Conference papers (n=2)
:é., \ 4 \_ Y
s} Full-text article assessed for eligibility (n=33)
2
T} » N
Records removed (n=22), with reasons:
S _| Study type/participant/intervention does
"1 not match (n=19)
No available data (n=3)
PR v \_ )
Studies included in network meta-analysis (n=11)
_5 1 evaluated 3D; 2 evaluated video;
é 1 evaluated FC; 1 evaluated FC+TBL;
£ 5 evaluated VR; 1 evaluated 3D+ PBL;
1 evaluated PBL;
FIGURE 1
The flowchart of the study.

concerning missing outcome data in all cases (Supplementary
Appendix 2). Given that preregistration and protocols are not
mandatory in medical education research trials (27), the
risk of bias related to selective reporting of results is not applicable in
this context.

Heterogeneity assessment

We conducted a heterogeneity analysis for each variable and
observed significant heterogeneity (I* > 50%) in the comparison of
Video versus LBL (77.6%) in theoretical test scores and VR versus LBL
(67.9%) in procedural or clinical skill scores (Supplementary
Appendix 4A,B). Regarding the students’ satisfaction score, since only
a single study was included for each teaching method, heterogeneity
test could not be performed. Consequently, the certainty of evidence
for this outcome is very low. Future research should employ standard-
ized, psychometrically validated tools to enable meaningful cross-
intervention comparisons.

Pairwise meta-analyses

When it comes to the impact of theoretical test results, seven
innovative teaching methods—namely 3D, video, VR, FC, FC
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combined with TBL, PBL, and PBL integrated with 3D—did not show
any significant advantage over the traditional LBL approach
(Supplementary Appendix 3A). However, in terms of procedural or
clinical skill assessments, VR emerged as a more effective method
compared to LBL (SMD = 6.88, 95% CI: 1.05-12.13; Supplementary
Appendix 3B). Additionally, student satisfaction ratings indicated that
FC paired with TBL was more effective than LBL (SMD = 1.42, 95%
CI: 0.04-2.79; Supplementary Appendix 3C).

Network meta-analyses
The theoretical test scores

Out of the 11 studies conducted, 7 involving 608 students and
residents provided data on theoretical test scores (2-5, 21, 22, 26). This
NMA comprehensively assessed the impact of various teaching meth-
ods, including video (2 studies), 3D (1 study), FC (1 study), PBL (1
study), FC combined with TBL (1 study), VR (1 study), and 3D inte-
grated with PBL (1 study). A detailed network diagram illustrating all
comparisons is shown in Figure 3A.

The SMD values and 95% CI derived from NMA are shown in
Figure 4A. The 95% CI for the comparisons of these teaching strate-
gies included zero, indicating that there was no statistically significant
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TABLE 1 Basic characteristics of the included literature.

Study ID  Nation Participants Intervention Control Number Outcome Teaching
(Interv./ measurements  subjects
Ctl)
Proximal
Xue et al.
China Resident 3D LBL 30/30 o]e) humerus
(2024) (3)
fractures
Proximal
Xue et al.
China Resident Video LBL 29/30 (00 humerus
(2024) (3)
fractures
Proximal
Xue et al.
China Resident 3D Video 30/29 o]e) humerus
(2024) (3)
fractures
Wang et al.
China Undergraduate EC LBL 69/69 e Basic theory
(2024) (2)
Vallée et al. Orthopaedic Rotator cuff
France VR LBL 13/13 @
(2024) (1) residents repair
Capitani et al. Orthopaedic
Italy VR LBL 3/3 @ Kyphoplasty
(2024) (21) residents
Shuai et al. Clinical internship
China FC + TBL LBL 55/54 (0J©)] Basic theory
(2023) (4) students
Spinal anatomy,
5-year
Sun etal. basic steps of
China undergraduate 3D + PBL LBL 53/53 [0J©)]
(2022) (22) common spinal
students
surgery
Lohre et al. Orthopaedic Reverse shoulder
Canada VR LBL 9/9 @
(2020) (23) residents arthroplasty
Logishetty et United Orthopaedic Total hip
VR LBL 12/12 @
al. (2019) (24) | Kingdom residents arthroplasty
Hooper et al. Orthopaedic Total hip
United States VR LBL 717 @
(2019) (25) residents arthroplasty
Cong et al. Orthopaedic Spine surgical
China PBL LBL 15/15 [0]e©)]
(2017) (26) residents skills
Back et al.
Germany Medical students Video LBL 75/55 @ Basic theory
(2017) (5)

@ Theoretical test scores; @ procedural or clinical skill scores; @ students’ satisfaction scores. PBL, problem-based learning; VR, virtual reality; 3D, three dimensions; FC, flipped classrooms;
TBL, team-based learning; LBL, lecture-based learning; FC + TBL, flipped classrooms combined with team-based learning.

Overall Bias [

Selection of the reported result

Measurement of the outcome
Missing outcome data

Deviations from intended interventions

Randomization process [ |
T T T T 1
0.00 25% 50% 75% 100%
Not applicable Low risk of bias Unclear risk of bias [ High risk of bias

FIGURE 2
Risk assessment of bias using the RoB2. Risk of bias items of all included studies are indicated as the percentages.
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w @ - @

VR LBL FC

FC+TBL PBL

l 3D+PBL . VR

FIGURE 3

A network diagram of comparable studies for each outcome in the Bayesian network meta-analysis. (A) Theoretical test scores; (B) procedural or
clinical skill scores; (C) students’ satisfaction scores. PBL, problem-based learning; VR, virtual reality; 3D, three dimensions; FC, flipped classrooms; TBL,
team-based learning; LBL, lecture-based learning; FC + TBL, flipped classrooms combined with team-based learning.

video C FC

FC+TBL
TC/TT . LBL
3D+PBL
PBL PBL

FIGURE 4

learning.

Pooled estimates of the network meta-analysis. (A) Standard mean differences (SMDs) (95% ClI) of the theoretical test scores; (B) SMDs (95% Cl) of the
procedural or clinical skill scores; (C) SMDs (95% Cl) of the students’ satisfaction scores. SMDs greater than zero indicate preference for the method
defined by the column. Significant findings are emphasized in bold with background shading. PBL, problem-based learning; VR, virtual reality; 3D, three
dimensions; FC, flipped classrooms; TBL, team-based learning; LBL, lecture-based learning; FC + TBL, flipped classrooms combined with team-based

difference among the seven innovative teaching approaches. The
SUCRA rankings and probability values presented in Figure 5A indi-
cate that FC + TBL has the highest likelihood of improving theoretical
test scores in orthopedic education, with a probability of 81.73%.
FC + TBL ranked first for theoretical performance; however, its esti-
mated effect versus LBL was not statistically significant (SMD = 14.16,
95% CI: —1.5 to 29.24).

Procedural or clinical skill scores

Seven studies, encompassing 337 students or residents, reported
on this indicator (1-3, 23-26). The NMA included various methods:
video (n=1),3D (n=1),FC(n=1),PBL (n=4),and VR (n =4). The
specifics of other comparisons can be found in the network diagram
presented in Figure 3B.

Frontiers in Medicine

Figure 4B showcased the precise SMD figures along with their
95% CI derived from the NMA. Students utilizing VR strategies
attained markedly higher scores in procedural or clinical skill assess-
ments when compared to those employing LBL strategies, with an
SMD of 6.88 (95% CI: 1.05-12.13). It’s worth noting that no discern-
ible differences were found in the indirect comparisons between the
various novel teaching approaches. The SUCRA ranking and probabil-
ity values presented in Figure 5B suggested that VR (with a probability
of 62.07%) was the most probable approach to enhance scores in pro-
cedural or clinical skill tests.

The students’ satisfaction score

A thorough examination of four studies (2, 4, 22, 26) involving
383 students presented their satisfaction ratings, which reflect the
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students’ subjective assessments and perspectives on diverse teaching
approaches. The teaching methods examined in this NMA included
FC (n = 1), FC combined with TBL (n = 1), 3D integrated with PBL
(n=1), and PBL alone (n = 1). Figure 3C presents the network dia-
gram illustrating all the comparisons made.

As depicted in Figure 4C, students who learned using the
FC + TBL strategy exhibited significantly higher satisfaction scores
compared to those who learned using LBL (1.42, with a 95% CI rang-
ing from 0.04 to 2.79). These results consistent with the findings from
the pairwise meta-analyses. Furthermore, the SUCRA analyses pre-
sented in Figure 5C indicated a high likelihood (61.53%) that PBL
would be the most effective in boosting student satisfaction scores and
subjective evaluations.

Discussion

Recently, progress in computer technology and changes in the
healthcare service system have made it challenging for medical stu-
dents trained in traditional settings to fully adapt to the growing needs
of public healthcare (28). Numerous innovative teaching methods
have gained widespread adoption worldwide and shown promising
results in improving teaching efficacy. However, there is uncertainty
regarding the most effective teaching strategy for enhancing orthope-
dic teaching effectiveness due to the lack of direct comparative evi-
dence. Compared to traditional pairwise meta-analysis, the NMA
approach offers a more straightforward method and yields more
insightful information (29). Consequently, we undertook this NMA
to assess the impact of various teaching methods on student perfor-
mance and satisfaction, considering theoretical exam scores, practical
or clinical skill assessments, and student satisfaction ratings. By syn-
thesizing all available evidence from 11 RCTs involving 690 medical
students or residents in orthopaedics, our findings revealed that VR
stands out as the most effective method for enhancing the practical or
clinical skills of medical students or residents, whereas PBL has proven
to offer a more effective overall learning experience throughout the
educational journey.

The training of orthopedic interns has shifted from a primary
focus on theoretical mastery to an emphasis on clinical application.
Traditional LBL teaching tends to concentrate on imparting
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theoretical knowledge, which can hinder the development of students’
creativity and individual traits, and overlooks their subjective initiative
and potential (30). Previous meta-analyses have found that PBL can
improve knowledge scores compared to LBL. However, due to the
relatively limited research on orthopedic education, no meta-analysis
has been conducted to compare the effects of FC combined with TBL
(FC + TBL) versus LBL on orthopedic teaching outcomes. While
research indicates that both TBL and FC are more effective in enhanc-
ing student learning compared to traditional LBL, each method has
its limitations (31, 32). Some students have provided feedback indicat-
ing that although the FC offers high-quality instructional resources, it
demands strong self-learning abilities and offers limited opportunities
for student interaction, potentially hindering the learning effective-
ness of certain students (33, 34). Others have highlighted that TBL
requires a substantial amount of time to master and necessitates a
consistent schedule among team members (15). However, when these
two approaches are integrated, they compensate for each other’s short-
comings, enabling students to engage with one another, acquire a
broad range of knowledge in a brief period, and allocate more time to
preparing for in-class problem discussions. More crucially, this com-
bination fosters group discussions and critical thinking, enhances
active communication abilities, and promotes a more relaxed atmo-
sphere in the classroom (35). The apparent advantage of FC + TBL
may arise from synergistic pedagogical mechanisms. The FC fosters
self-directed cognitive preparation, while TBL promotes collaborative
knowledge application through structured problem-solving. This
combination aligns with constructivist theory—where learners
actively construct knowledge through experience—and social inter-
dependence theory, which posits that positive group interdependence
enhances motivation, accountability, and deep learning. In our study,
when assessing the impact of orthopedic teaching on exam scores, we
also found that FC + TBL is the most effective teaching method, with
an 81.73% likelihood of effectiveness. This is consistent with the find-
ings of previous study (36).

The clinical skill test scores, which assess students’ competence in
essential surgical techniques, offer a direct indication of the efficacy of
hands-on training. Multiple systematic reviews have examined the
advantages of incorporating VR technology into orthopaedic training
programs. These reviews have consistently shown that VR notably
improves both the theoretical understanding and practical abilities of
learners, ranging from beginners to seasoned professionals like
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orthopaedists and neurosurgeons (37). Particularly, the integration of
VR into surgical training for spinal interventions marks a novel
approach to honing residents’ skills and enhancing their self-assurance
(21). Our NMA revealed that VR significantly outperforms traditional
LBL significantly (SMD = 6.88, 95% CI: 1.05 to 12.13), with a 62.07%
probability of being the most effective method for improving proce-
dural or clinical skill test scores. These results further highlight VR’s
potential as a highly efficient and cost-effective training tool, effec-
tively bridging the gap between theoretical knowledge and practical
application.

A crucial metric for assessing teaching methods is student satis-
faction. Prior systematic reviews have indicated that students in the
PBL group exhibit greater interest in and satisfaction with teaching
(38). Our analysis revealed that according to the SUCRA analysis,
there is a 61.53% probability that PBL is the most effective approach
for enhancing student satisfaction scores and subjective evaluations.
PBL encourages students’ proactive participation, fosters their learn-
ing abilities, and boosts their enthusiasm for learning. Norman et al.
(39) demonstrated that PBL enhances students’ learning interest, self-
learning capabilities, and sustains these interests over time. Another
study found that students in the PBL group outperformed those in the
traditional teaching group in terms of professional knowledge and
classroom satisfaction (p <0.05) (22). Likewise, Ren et al. (40)
reported that PBL significantly improved satisfaction among both stu-
dents and teachers, aligning with our meta-analysis findings.
Nevertheless, several pivotal factors, such as small group sizes and
realistic case scenarios, influence teaching satisfaction (41).

This research consolidates and strengthens the existing evidence
base in the academic literature on orthopedic education, advocating
for innovative teaching approaches. To our understanding, previous
systematic reviews and NMAs have assessed the impact of novel
teaching methods on particular majors and curricula, including medi-
cine (27), nursing (42), and pharmacology (43). However, our study
represents the inaugural systematic review and NMA to explore the
effects of innovative teaching strategies specifically in orthopaedics,
thereby addressing a gap in orthopedic education. Orthopaedics dif-
fers from other surgical specialties (e.g., neurosurgery, general sur-
gery) in several critical ways that shape educational needs: (1) it
emphasizes hands-on psychomotor skills (e.g., fracture reduction,
implant placement, arthroscopic manipulation) that require precise
spatial reasoning and muscle memory—skills that may respond dif-
ferently to instructional strategies than the cognitive or procedural
focus of other fields; (2) orthopaedic training covers a broad spectrum
of subspecialties (e.g., trauma, spine, sports medicine, joint replace-
ment), each with distinct technical and decision-making demands; (3)
orthopaedic trainees often balance high operative volume with didac-
tic learning, creating unique time constraints that influence the appli-
cability of teaching strategies (e.g., concise, simulation-based training
may be more feasible than lengthy group discussions). Additionally,
orthopaedic surgeons-in-training face distinct challenges, such as
adapting to rapidly evolving implant technologies and navigating the
physical demands of surgical procedures, which differ from the train-
ing priorities of other surgical specialists (e.g., neurosurgeons may
focus more on imaging interpretation and microsurgical precision).
By focusing exclusively on orthopaedics, our study provides targeted
evidence for educators in this specialty, who previously lacked a syn-
thesized overview of which innovative strategies align with their train-
ees’ unique needs. This specificity enhances the translatability of our
findings to clinical practice, making it a core strength of the study. The
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NMA findings offer a ranked order of eight teaching strategies based
on their effectiveness in mesh fixation, guiding curriculum designers
and educators in adopting these novel instructional techniques.
Furthermore, to ensure comprehensiveness and minimize selection
bias, two authors independently conducted the study selection, data
extraction, and quality assessment processes.

While FC + TBL and VR show promise, their real-world adoption
requires careful consideration of feasibility. VR implementation entails
significant costs for hardware, software licensing, and faculty training.
FC + TBL demands curriculum redesign and skilled facilitation. We
recommend phased integration—starting with pilot programs in well-
resourced institutions—and the development of open-access TBL
modules to support scalability in low-resource settings.

Despite its strengths, our study also has some limitations that
should be acknowledged. Firstly, this NMA assesses only seven dis-
tinct novel teaching strategies, excluding other modes and various
combinations of methodologies. Each teaching method incorpo-
rates a limited number of studies, with a maximum of five. The
intricacy stemming from the amalgamation of diverse teaching
approaches may impede the conduct of the NMA. Nonetheless, this
NMA can aid in pinpointing effective teaching strategies and opti-
mizing course arrangement. Secondly, the nature of the instruc-
tional approach precludes blinding of both students and instructors.
Consequently, students may modify their behavior when aware of
being studied under different teaching strategies, thereby affecting
the reliability of evidence in RCTs. This limitation is an inherent
and crucial shortcoming in all primary studies included in this
meta-analysis. Given that pre-registration of protocols is not man-
datory in educational research, the bias related to selective report-
ing of results does not apply when assessing literature quality, which
impacts the quality evaluation of the included studies. Thirdly, this
study is restricted to English-language publications, potentially
overlooking trials with negative outcomes that may exist in exten-
sive national databases, such as those in Chinese literature (44).
Fourthly, differences in baseline characteristics among students,
including residents and medical students in the included studies,
the broad design framework, and variations in teacher expertise
levels may introduce a certain degree of heterogeneity (45).
Moreover, NMA differs from direct comparison and carries an
additional risk of bias, particularly when few direct comparisons
exist between the novel teaching strategies in our NMA, potentially
leading to imprecision. Significant heterogeneity and imprecision
in the data substantially degrade the quality of evidence, reducing
the accuracy of results. A further limitation is the overrepresenta-
tion of Chinese orthopaedic residents, which may limit generaliz-
ability to Western or low-resource settings. Educational and
cultural differences may affect engagement with strategies like TBL
(46). Generational factors also matter: our predominantly Gen Z
cohort tends to favor technology-enhanced tools like VR, which
may not reflect preferences in other regions or age groups (47).
Gender disparities in orthopaedics (e.g., lower female representa-
tion in some settings) could further influence participation in col-
laborative methods (48). Moreover, promising interventions such
as VR and high-fidelity 3D simulations require resources often
unavailable in low- and middle-income countries. Future research
should test low-cost alternatives (e.g., free online modules, low-
fidelity simulations) and include more diverse international sam-
ples to improve external validity. These contextual factors likely
contributed to the modest effects observed for some innovative
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strategies, underscoring their context-dependent efficacy. In addi-
tion, our analysis included 11 RCTs involving 690 participants;
however, many comparisons—such as VR for theoretical knowl-
edge—were informed by a single study. This sparsity may reduce
the precision and stability of effect estimates for certain nodes.
Although sensitivity analyses excluding high-risk-of-bias studies
yielded consistent rankings, future large-scale, head-to-head ran-
domized trials are essential to validate these findings. Lastly, this
study does not comprehensively capture other vital qualities and
skills of orthopedic residents or students in the “outcomes” section,
such as case analysis ability, social and communication skills, prob-
lem-solving and self-learning capabilities, and subjective enthusi-
asm. Future research should involve direct comparisons among
novel teaching strategies to identify optimal educational approaches
for orthopedic education.

Conclusion

In conclusion, our NMA have provided valuable insights into the
effectiveness of novel teaching strategies in orthopaedics education.
Among the strategies evaluated, FC + TBL and VR emerged as the
most effective methods for improving theoretical test scores and pro-
cedural or clinical skill scores, respectively. However, it is important
to note that the differences among the teaching strategies were rela-
tively minor, and more research is needed to fully understand their
relative advantages and disadvantages. Future studies should focus on
larger sample sizes, diverse student populations, and a wider range of
outcome measures to provide a more comprehensive evaluation of
teaching strategies in orthopaedics education. Overall, our findings
have important implications for curriculum designers and educators
seeking to optimize the learning experience for orthopaedics students
or residents.
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