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Abstract

Background Medical imaging related knowledge and skills are widely used in clinical practice. However, radiology
teaching methods and resultant knowledge among medical students and junior doctors is variable. A systematic
review and meta-analysis was performed to compare the impact of different components of radiology teaching
methods (active versus passive teaching, eLearning versus traditional face-to-face teaching) on radiology knowledge
/ skills of medical students.

Methods PubMed and Scopus databases were searched for articles published in English over a 15-year period
ending in June 2021 quantitatively comparing the effectiveness of undergraduate medical radiology education
programs regarding acquisition of knowledge and/or skills. Study quality was appraised by the Medical Education
Research Study Quality Instrument (MERSQI) scoring and analyses performed to assess for risk of bias. A random
effects meta-analysis was performed to pool weighted effect sizes across studies and I? statistics quantified
heterogeneity. A meta-regression analysis was performed to assess for sources of heterogeneity.

Results From 3,052 articles, 40 articles involving 6,242 medical students met inclusion criteria. Median MERSQI score
of the included articles was 13 out of 18 possible with moderate degree of heterogeneity (I>=93.42%). Thematic
analysis suggests trends toward synergisms between radiology and anatomy teaching, active learning producing
superior knowledge gains compared with passive learning and elLearning producing equivalent learning gains

to face-to-face teaching. No significant differences were detected in the effectiveness of methods of radiology
education. However, when considered with the thematic analysis, eLearning is at least equivalent to traditional face-
to-face teaching and could be synergistic.

Conclusions Studies of educational interventions are inherently heterogeneous and contextual, typically tailored
to specific groups of students. Thus, we could not draw definitive conclusion about effectiveness of the various
radiology education interventions based on the currently available data. Better standardisation in the design and
implementation of radiology educational interventions and design of radiology education research are needed to
understand aspects of educational design and delivery that are optimal for learning.
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Background

Diagnostic imaging interpretation is an essential skill
for medical graduates, as imaging is frequently utilised
in medical practice. However, radiology is often under-
represented in medical curricula [1, 2]. Exposure to radi-
ology education in medical school could result in better
understanding of the role of imaging, leading to benefits
such as enhanced selection of imaging, timely diagnosis
and, subsequently, improved patient care [1]. There is no
consensus as to how radiology should be taught in under-
graduate medical programs, and methods vary widely
across the globe [3-6]. Great diversity exists in radiology
topics taught, the stage of learning at which radiology is
introduced to students, and the training of those teaching
radiology [7, 8]. In addition to traditional lectures, small
group tutorials, case conferences or clerkship models,
many newer methods of delivering radiology education
have been described [1, 5, 9, 10]. These include eLearn-
ing, flipped classrooms and in diagnostic reasoning simu-
lator programs [1, 11].

Radiology is particularly suited to eLearning, given the
digitisation of medical imaging and its ease of incorpora-
tion into eLearning resources [1]. eLearning can provide
easy access to radiology education, regardless of students’
location and has been increasingly utilized, particularly
following the onset of the COVID-19 pandemic [10, 12—
14]. In addition to delivery methods, other factors may
influence effectiveness of radiology education, including
active or passive method of instruction, instructor exper-
tise and content complexity.

Many studies looked at individual educational interven-
tions, typically confined to a single cohort with limited
sample size, making it difficult to make recommendations
on how radiology education should be delivered. Thus,
we conducted a systematic review and meta-analysis to
determine the factors associated with effective radiology
knowledge or skill acquisition by undergraduate medical
students. We analysed teaching methods, modes of deliv-
ery, instructor expertise, content taught, medical student

Table 1 Databases searched and search terms utilised

Database Search terms

PubMed ("medical students“[All Fields] OR undergraduate
[All Fields]) AND (“radiology“[All Fields] OR “medical
imaging“[All Fields]) AND (“education”[All Fields]
OR “teaching[All Fields] OR elearning[All Fields])

Scopus (Medical student OR undergraduate) AND (Radiol-

ogy OR medical imaging) AND (education OR
teaching OR elearning)
- (Limited to original articles only)

experience / seniority, and the methods of assessment as
outlined in Supplementary Material 1.

Methods

This study utilised a prospectively designed protocol
which is in concordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement [15]. Ethics approval was not
required as this is a systematic review and meta-analysis.

Search identification

A systematic search strategy was designed to identify
articles evaluating knowledge and / or skill acquisition
following radiology education interventions for medi-
cal students. With the assistance of a university librar-
ian, PubMed and Scopus databases were searched for
articles dating from January 2006 to the time of review in
June 2021 using the search terms listed in Table 1. Initial
screening was performed by a single reviewer (SW), lim-
iting the studies to articles written in English. Abstracts
were screened and where ambiguity existed, the full
articles were reviewed. Where full text articles were not
available, the corresponding authors were contacted for a
copy. Duplicate articles and those where full text versions
could not be obtained were removed.

Study eligibility and inclusion

The shortlisted articles were reviewed by two authors
(SW, NT) according to the inclusion and exclusion cri-
teria which are summarised in outlined in Table 2. The
articles were discussed by the authors and where ambigu-
ity existed, consensus was achieved following discussion
with a third author (MM).Where missing data precluded
calculation of the effect size of an educational interven-
tion, several attempts were made to contact correspond-
ing authors via email. If no response was received, the
article was excluded. Cohen’s D effect sizes were calcu-
lated from available data, then independently reviewed
by a statistician.

Quality assessment

The methodological quality of all articles meeting the
inclusion criteria were quantitatively assessed using
the Medical Education Research Study Quality Instru-
ment (MERSQI) [16]. Risk of bias was assessed accord-
ing to the Cochrane collaboration risk of bias assessment
tools: Revised Cochrane risk-of-bias for randomized
trials (RoB 2) [17] and Risk of Bias in Non-randomized
Studies of Interventions (ROBINS-1) [18]. Tabulated
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Table 2 Inclusion and exclusion criteria for undergraduate
medical student radiology education intervention research
Criteria

Inclusion Exclusion

Population Radiology education
involving undergraduate

medical students.

Radiology education
in non-medical profes-
sions or post graduate
doctors only.

Intervention Original research of exist-
ing educational programs
where objective assess-
ment of radiology knowl-  tors and or students’
edge has occurred. perspectives.
Medical imaging education Original research
programs addressing indi-  without comparison to
cations, risks, contraindica-  a control group.
tions and interpretation of ~ Original research
imaging in humans only. focusing on nuclear
Medical imaging education medicine, interven-
as part of anatomy or surgi- tional radiology, cardiac
cal education where radio-  ultrasound or dental
logical components are radiology teaching or
taught and/ or examined.  physics of imaging.
Programs where data
required to calculate
effect sizes was not
available in the original
publication and after
attempts to contact the
corresponding authors.

Original research with
subjective assessment
only such as educa-

Comparison Comparison between methods of delivery of radiol-
ogy education and their effectiveness on radiology
knowledge and or skill acquisition.

Outcome The primary outcome measure is a comparison

of calculated effect sizes based on results in post
intervention tests of radiology knowledge and or
skills assessments.

representations were constructed using the Risk-of-bias
visualization (robvis) [19] package.

Data extraction

Data extracted included publication details, sample sizes,
medical students’ seniority, instructor expertise, educa-
tional delivery methods, radiology content and methods
of assessment. A more comprehensive description can
be found in Supplementary Material (1) Extracted data
points are defined in Supplementary Material (2) Cohen’s
D effect sizes were recorded when published or calcu-
lated from available data.

Many studies employed several methods of educational
delivery. If the intervention group received an educa-
tional resource (e.g. eLearning) in addition to an educa-
tional activity shared by both intervention and control
groups (e.g. lecture), then only the additional activity
(i.e. eLearning) was included in the comparison analy-
sis. When two reviewers were undecided about how to
classify data extracted from a study, the outcome would
be resolved by consensus after review by a third author
(MM). If disagreement remained, attempts to contact the
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authors for additional information were made. If a final
determination was unable to be made, the study was
excluded.

Data synthesis
A random effects meta-analysis model was used to obtain
the pooled estimate of the standardised mean differ-
ence (SMD) based on Cohen’s D effect size calculations.
Heterogeneity was quantified by I” statistics, which esti-
mate the percentage of variability across studies not due
to chance. Evidence of publication bias was assessed by
visual inspection of funnel plots and regression tests. A
meta-regression analysis was performed to examine the
possible sources of heterogeneity and the association
between study factors and the intervention effect (SMD).
All statistical analyses were performed with R version
4.1.2 (R Foundation for Statistical Computing Vienna
Austria) using the R package metafor 2010.

All effect sizes were expressed as Cohen’s D which were
interpreted as 0.2 for small, 0.5 for moderate and >0.8 as
a large effect size.

Results

The search terms yielded 3052 articles. Initial screen-
ing of titles and abstracts excluded 2684 articles due to
irrelevance, leaving 368 for further screening. Of these
articles, 82 were removed as 74 were duplicates and 8
were unavailable in our library and unable to be obtained
via interlibrary loans, resulting in 286 articles for review.
Of these, 246 articles were excluded as 238 did not meet
inclusion criteria and 8 had insufficient information to
calculate effect sizes despite attempts to contact the cor-
responding authors. A majority of studies were excluded
as they did not address undergraduate medical student
populations, measured subjective measures (e.g., student
opinions) or involved research interventions without a
control group. In many cases, studies were excluded due
to a combination of factors not meeting inclusion crite-
ria. In total, 40 articles were included for final review. A
summary of the process is outlined in Fig. 1.

Study characteristics

From the 40 articles reviewed, 30 consisted of ran-
domised controlled trials (RCTs) and 10 were non-ran-
domised studies. Most were published in 2014 or later,
with the greatest number of articles published in 2019
(n=7, 18%). A large proportion of the studies were con-
ducted in Europe (n=18, 45%) followed by North Amer-
ica (n=14, 35%) with USA being the single country with
the most studies (n=11, 28%), see Fig. 2. More stud-
ies focused on senior medical students (n=17, 42.5%),
rather than junior medical students (n=16, 40%). Of the
remaining studies, 4 had combined populations of senior
and junior medical students (10%) while 3 did not specify
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Records identified from
databases (n=3052):

PubMed (n = 1112)
Scopus..(n = 1940)

Identification

v

Records screened (n = 368)
PubMed (n=197)

Scopus. (n=171)

A 4

Reports sought for retrieval
(n =286)

v

Screening

Reports assessed for eligibility
(n = 286)

Studies included in review
(n=40)
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Records excluded on initial
screening of titles and abstracts
due to irrelevance (n = 2684)

Reports not retrieved (n = 82)
Duplicates (n=74)
Inaccessible articles (n=8)

Reports excluded on full text
screening:
Not meeting inclusion criteria
(n=238)
Insufficient information to
calculate effect sizes (n = 8)

Fig. 1 Flowchart of the systematic literature search. The search terms yielded 3052 articles where 2684 were excluded on review of titles and abstracts
due to lack of relevance leaving 368 articles. 82 of these articles were not retrieved as 74 were duplicates and 8 were inaccessible in our library or via
interlibrary loans. Of the remaining 286 articles, 246 were excluded as 238 did not meet inclusion criteria and 8 had insufficient information to calculate
effect sizes despite attempting to contact the corresponding authors. The remaining 40 articles were included for final review.

the seniority of the cohort (7.5%). The combined studies
involved a total of 6242 medical students where popu-
lation sizes ranged from 17 to 845 (median 101.5; IQR
125.5).

Other extracted study parameters included: active ver-
sus passive education delivery; whether eLearning was
employed; the imaging modalities taught; and radiology
training of the teacher (Supplementary Material 1). Dis-
tinctions between the content subgroups of radiologic
anatomy, radiation protection and indications for imag-
ing and imaging interpretation were abandoned due to
considerable overlap between articles. Many articles
did not provide sufficient detail regarding methods of
assessment, so that parameter was also omitted from the
meta-analysis.

The studies meeting inclusion criteria were generally of
good quality with MERSQI scores ranging from 10.5 to
15.5 out of 18, the median score being 13. However, half
of the included studies (n=20) were judged to be at seri-
ous risk of bias while 16 were judged to be at low risk of
bias (40%) and 4 at moderate risk of bias (10%). Among
the included randomised control trials, missing data
resulted in a serious risk of bias in 10 of 12 studies and
some concerns in 1 study. This was a feature of all three
randomized cross over control trials. The main contrib-
utor was missing data due to attrition in study groups
between phases of these trials. In the non-randomised
trials, bias was predominantly due to confounding vari-
ables. This featured in all 8 studies deemed at serious
risk of bias and contributed to moderate risk in 1 study.
A summary of the risk of bias assessments is shown in
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Fig. 2 Publication year (A) and location of studies (B) The majority of the 40 shortlisted studies were published from 2014 onwards (n=32) with the high-
est number published in 2019 (n=7). Most studies were conducted in Europe (n=18, 45%), followed by North America (n=14, 35%) with USA being the

single country with the most studies (n=11, 28%).

Fig. 3. A full breakdown of the risk of bias assessment
for each included article can be found in Supplementary
Material 3 and 4.

A funnel plot analysis demonstrated that studies with
high variability and effect sizes near 0 are not present,
with multiple studies lying outside the funnel (Fig. 4). In
particular, small studies that have been published showed
relatively large effect sizes. When overlayed with the
p-values of the included studies, only those with p>0.1
were larger studies. Eggers Test indicated there was evi-
dence of publication bias (Intercept = -0.2841, p<0.05).A
summary of the included articles study characteristics
and educational interventions is outlined in Tables 3 and

4 respectively. Brief descriptions of included studies can
be found in Supplementary Material 5.

Meta-analysis

Considerable heterogeneity between studies (I>=93.42%)
limited the capacity to draw conclusions in this analysis.
In subgroup analyses, including comparing eLearning vs.
other methods, senior vs. junior medical students, pas-
sive vs. active learning, cross-sectional imaging vs. other
imaging, radiology-trained vs. non-radiology-trained
teaching staff and RCT vs. non-randomised studies, het-
erogeneity remained high. This suggests none of these
were significant contributors to the heterogeneity. A for-
est plot of the included studies reveals a majority of the
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Fig. 3 Risk of bias assessment summary for randomised control trials (A) and non-randomised trials (B)In the randomised trials, there was a serious risk of
bias in 12 of 30 randomised studies and moderate risk in 3 of 30 studies. This was predominantly due to missing outcome data and issues from randomisa-
tion. In non-randomised trials, 8 of 10 studies were considered at serious risk and 1 study was considered at moderate risk of bias. This was predominantly
due to confounding variables followed by missing data and bias in participant selection.

educational interventions increased medical students’
radiology knowledge and or skills evidenced by a major-
ity demonstrating a shift to the right. This is displayed in
Fig. 5. This is a trend also demonstrated in all forest plots
of subgroup analyses which can be found in Supplemen-
tary Material 6-11. However, there were no significant
differences encountered in the subgroup analyses. It is
worthwhile to note a greater proportion studies utilis-
ing active learning had a shift to the right in Supplemen-
tary Material 6. This resulted in a higher standard mean
difference of 0.57 vs. 0.51 however was not statistically
significant.

Thematic analysis

The meta-analysis demonstrated high heterogeneity with
no statistically significant differences encountered in the
subgroup analyses to account for this. This would suggest
educational interventions were highly contextual and
thematic analysis was performed to further explore this.

Active vs. passive learning
Active learning has been shown to produce superior
gains in knowledge acquisition than passive learning

[20-25]. In particular, active learning utilising interac-
tive eLearning in several student cohorts demonstrated
superior knowledge gains compared with passive meth-
ods of instruction [20, 22, 23, 25]. Three of these studies
were judged to be at potential serious risk of bias due to
missing outcome data. This was as a result of partici-
pants dropping out between phases of the study which
was likely an inherent risk with all studies involving ran-
domised cross-over control trials [20, 22, 23]. Otherwise
these studies were judged to have a low risk of bias in
the remaining domains. This attrition could be in part
explained by active / interactive learning being associ-
ated with greater levels of student satisfaction or intrinsic
motivation [22, 23, 26].

elearning vs. face-to-face learning

Multiple studies demonstrated eLearning is at least
equivalent to ‘traditional’ face-to-face education [12, 22,
23, 27-30]. Blending eLearning with ‘traditional’ learn-
ing pedagogies was reported to have a synergistic effect
[31, 32]. Moreover, guided interactive eLearning has been
shown to be effective in radiology education and is well
accepted by participants [20, 22, 23, 25, 33]. The use of



Wade et al. BMC Medical Education (2024) 24:51

Page 7 of 17

© []0.10<p<1.00
Il 0.05<p<0.10
. 0 0.01<p<0.05
. O 0.00 <p<0.01
o | ® Studies
S
..
S
L
T o™
S o
©
c [ ]
3
n
Yo}
<
o [
O [ ]
S : O
I I I I I I
_2 -1 0 1 2 3

Standardized Mean Difference

Fig. 4 Assessment for publication bias of included studiesThe funnel plot shows the relationship between the effect size and the sample size of the stud-
ies included in the systematic review. Studies with high variability and effect sizes near 0 are missing and there are a number of studies which lie outside
the expected funnel. In particular it is clear that small studies that have been published are those with relatively large effect sizes (those points on the

lower right of the plot). This funnel plot asymmetry suggests publication bias.

worked examples or clinical scenarios with feedback to
demonstrate imaging concepts was effective. However,
knowledge gains in these guided eLearning resources
appeared to diminish with increasing medical student
experience / seniority [22, 23, 33].

Specialist vs. non-specialist radiology educators

Most articles employing radiologists as teachers had top-
ics which varied and often overlapped (n=26, 65%). A
majority taught medical imaging indications or interpre-
tation component (n=21 of 26, 81%). In 6 articles educa-
tors were non imaging trained specialists (15%) and in 8
articles instructor training was unspecified (20%). Non-
imaging trained specialists were primarily involved in
anatomy teaching (n=3 of 6, 50%), [34—36] followed by
ultrasound scanning (n=2 of 6, 30%) [26, 37] and in one
article, interpreting orthopaedic imaging [38]. Consider-
ing the meta-analysis, this could suggest a trend toward
non-imaging trained teachers being equivalent to imag-
ing trained specialists in teaching basic imaging anatomy
and ultrasound scanning. However, there was heteroge-
neity in the student cohorts and topics taught. This sug-
gests these findings are likely contextual.

Medical student seniority

There were 17 studies involving senior medical students,
16 studies involving junior medical students, 4 in a com-
bined group of medical students and 3 were unspeci-
fied. Junior students were mostly taught basic imaging

interpretation (n=12/16, 75%), followed by anatomy
(n=8/16, 50%). Imaging as part of anatomy teaching to
senior students was relatively less common (n=7/17,
41%), however more content covering imaging indica-
tions was taught to that cohort. Risks and radiation
protection were only specified in 4 of 17 studies (24%)
involving exclusively senior students and 1 study with a
combination of senior and junior students. An overview
is provided in Supplementary Material 9.

Imaging modalities

Imaging modalities employed were divided into cross
sectional imaging (CT and MRI) or non-cross-sectional
imaging (x-ray and ultrasound). In 4 studies it was inde-
terminate whether cross-sectional imaging was taught.
Most studies utilised multiple imaging modalities to
teach (n=17/37, 46%) where cross sectional imaging fea-
tured in 23 of 36 studies (64%). Cross sectional imaging
teaching was employed proportionately more in studies
with only senior students (n=11/14, 79%) compared to
studies with only junior students (n=6/15, 40%).

Learning anatomy using imaging

Cross-sectional imaging was frequently used to teach
anatomy, however the method in which the anatomy
was displayed affects learning [39-41]. 3D representa-
tions have been shown to produce significantly superior
knowledge gains compared to 2D [39-41]. The use of
augmented reality, e.g., 3D CT hologram displays to teach
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Table 3 Characteristics of included studies

Imaging modalities** Sample Sizes Effect
Size****
Article Year of Location Study Type Medical School Modality Cross Intervention Control Cohens
publication Experience* Sectional D
Imaging***

Alamer 2021 Saudi Arabia RCT S N/S N/S 12 66 1.5867
A.and
Alharbi F
[12].
Beermann 2010 Germany RCT S C Y 103 57 14813
J.etal.
[40]
Burbridge 2015 Canada Non-randomised  J M Y 84 83 04796
B.etal
[33]
CourtierJ. 2016 us Non-randomised S M N/S 25 23 -0.4504
etal. [75]
Di Salvo 2014 us Non-randomised S M Y 23 30 0.2578
DN.etal.
[76]
Ebert 2019 Switzerland RCT N/S u N 21 30 0.0232
J.and and Germany
Tutschek B
[24].
van Geel 2019 Netherlands RCT J X N 43 60 -0.0947
KV.etal.
[47]
Gibney B. 2020 Canada RCT S M Y 26 23 0.9485
etal. [77]
James HK. 2019 UK RCT S R Y 28 25 0.7234
etal. [34]
Knudsen L. 2018 Germany RCT J u N 22 21 0.1826
etal. [26]
Kok EM.et 2015 Netherlands RCT J X N 61 20 -0.3607
al. [46]
Kok EM.et 2017 Netherlands RCT S X N 20 20 03711
al. [78]
leCK et 2019 Canada RCT S U N 10 7 1.9951
al. [37]
Lorenzo- 2019 Spain RCT J X N 53 103 0.1359
Alvarez R.
etal. [79]
Lydon S.et 2021 Ireland RCT S M Y 17 14 27221
al. [38]
Mahnken 2011 Germany RCT S M Y 32 32 0.7234
AH.etal.
[32]
Nickel F.et 2016 Germany RCT S C Y 253 157 1.0237
al. [41]
Petersson 2009 Sweden Non-randomised  N/S M Y 92 75 0.1377
H.etal
[39]
PolandS. 2018 us RCT J u N 16 17 0.052
etal. [28]
Pusic MV. 2007 Canada RCT S X N 69 70 0
etal. [45]
Rajprasath 2020 India RCT J M Y 75 75 09511
R.etal.

[35]
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Table 3 (continued)

Imaging modalities** Sample Sizes Effect

Size****
Article Year of Location Study Type Medical School Modality Cross Intervention Control Cohens
publication Experience* Sectional D
Imaging***

Rozensh- 2016 USA RCT J X N 20 20 0.759
tein A. et
al. [80]
SaxenaV. 2008 USA Non-randomised  J M Y 141 141 -0.2509
etal. [36]
Sendra- 2013 Spain Non-randomised  J N/S N/S 71 43 0.4001
Portero F.
etal. [27]
ShafferK. 2009 USA RCT S M Y 38 205 0.206
etal. [81]
Smeby S.S. 2019 Norway RCT J M Y 105 105 0.0723
etal. [82]
Stein MW. 2016 USA RCT S N/S N/S 100 115 0.0483
et al. [44]
Tam 2010 UK RCT S C Y I 23 05142
M.D.BS. et
al. [30]
Thompson 2017 USA RCT J X N 14 15 2.0709
M. et al.
[83]
Tshibwab- 2016 Antigua and Non-randomised  J U N 378 385 14655
wa E. etal. Barbuda
[21]
Tshibwab- 2017 Antigua and Non-randomised  J M Y 473 372 1.1254
wa E. etal. Barbuda
31]
Velan GM. 2015 Australia RCT M M Y 158 155 0.2368
et al. [20]
Viteri 2021 Spain RCT S C Y 13 13 2.0734
Jusue A. et
al. [29]
Vollman A. 2014 USA RCT M M Y 15 16 -0.6884
et al. [84]
Wade 2019 Australia RCT S C Y 63 71 04328
SWT.etal.
[23]
Webb AL 2014 UK Non-randomised  J X N 72 28 0.2137
and Choi S
[43].
Weeks JK. 2021 USA RCT J C Y 15 15 0.8892
etal. [42]
Willis MH. 2020 USA Non-randomised M M Y 72 63 1.5765
etal. [25]
WongV.et 2015 Australia RCT M M Y 72 73 0915
al. [22]
Yuan Q.et 2021 China RCT N/S M Y 232 228 1.6007

al. [85]

*Medical school experience- Junior (J), Senior (S), Mixed (M)

“'Imaging modalities— X-ray (X), Computed Tomography / CT (C), Ultrasound (U), Magnetic resonance imaging (R), Multimodality / Combination (M)

""Cross sectional imaging- Yes (Y), No (N)

“"A positive effect size favours the intervention group while a negative effect size favours the control group

N/S- not specified
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Table 4 Overview of education delivery methods in included studies

Educational activity* eLearing** Teaching staff *** Delayed Assessment ****

Article Intervention Control Intervention Control

Alamer A. and Alharbi F [12]. C P A N/A | N
Beermann J. et al. [40] C C p p | N
Burbridge B. et al. [33] C p A N/A I N
Courtier J. et al. [75] A C A N/A | N
Di Salvo DN. et al. [76] C C N/A N/A I N
Ebert J. and Tutschek B [24]. A p A P N/S Y
Geel KV. et al. [47] C C P P I N
Gibney B. et al. [77] P P N/A N/A I N
James HK. et al. [34] A A N/A N/A 0] N
Knudsen L. et al. [26] A C N/A N/A (0] Y
Kok E.M. et al. [46] A A p p | N
Kok EM. et al. [78] C p N/A N/A I N
LeCK.etal [37] A A A N/A @) N
Lorenzo-Alvarez R. et al. [79] A A A N/A I N
Lydon S. et al. [38] C p N/A N/A 0 N
Mahnken AH. et al. [32] C p A N/A I N
Nickel F. et al. [41] C C p p N/S N
Petersson H. et al. [39] C p A N/A | N
Poland S. et al. [28] A A A N/A N/S N
Pusic M.V. et al. [45] A A A A N/S N
Rajprasath R. et al. [35] C p N/A N/A @) N
Rozenshtein A. et al. [80] p p P P I N
Saxena V. et al. [36] C A p N/A (0] N
Sendra-Portero F. et al. [27] p p p N/A N/S N
Shaffer K. et al. [81] C C A N/A | N
Smeby S.S. et al. [82] A p N/A N/A I N
Stein M\W. et al. [44] A p N/A N/A I Y
Tam M.D.BS. et al. [30] C C P P N/S N
Thompson M. et al. [83] p p N/A p I N
Tshibwabwa E. et al. [21] A p P P I N
Tshibwabwa E. et al. [31] A C A N/A | Y
Velan GM. et al. [20] A p A N/A I N
Viteri Jusue A. et al. [29] A C A N/A N/S N
Vollman A. et al. [84] p p P P I N
Wade SW.T. et al. [23] A p A p I N
Webb A.L.and Choi S [43]. C C A N/A I N
Weeks JK. et al. [42] p p P P I N
Willis M.H. et al. [25] A p A N/A | N
Wong V. et al. [22] A P A p | N
Yuan Q. et al. [85] p p p N/A N/S N

“Educational Activity— Active (A), Passive (P), Combined (C)

“eLearning- Active (A), Passive (P), Not applicable / eLearning not present (N/A).

""Teaching staff- Imaging professional (1), Other (O)

Delayed Assessment- Yes (Y), No (N)
N/S- not specified

head and neck anatomy, yielded a large effect size when
compared with 2D CT images [42]. Using x-rays to teach
radiological anatomy yielded only a relatively small effect
size in a study 2013 study by Webb and Choi; however,
this should be interpreted with caution due to potential
bias in this study [43]. In a single study by Knudsen et

al. there was no significant difference between the group
using ultrasound scanning (hands-on group) and a group
which utilized ultrasound images, 3D models and pro-
sections (hands-oftf group) for learning anatomy [26].
The ultrasound scanning group had significantly higher
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Fig. 5 Random effects meta-analysis of studies comparing radiology education interventionsThe majority of education interventions increased students’
radiology knowledge or skills evidenced by a majority demonstrating a shift to the right. However, in general studies with higher standard mean dif-
ferences had wider confidence intervals. High heterogeneity (I = 93.4) limited the capacity to draw conclusions from this analysis and a cause was not

found in the subgroup analyses).
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intrinsic motivation compared to the ‘hands-off’ group
which had a greater degree of didactic teaching [26].

Indications for imaging
Learning indications for imaging using face-to-face col-
laborative learning and didactic teaching was equally
effective in a cohort of 3rd year medical students [44].
However, collaborative learning was perceived as more
enjoyable [44].

eLearning has been successfully used to teach indica-
tions for imaging [20, 22, 23, 25, 29]. Engaging interactive
eLearning which utilised clinical scenarios and provided
feedback, has been showed to produce significantly
improved knowledge of imaging indications when com-
pared to non-interactive eLearning [20, 22, 23].

Imaging interpretation

Learning how to interpret imaging investigations enabled
students to detect suboptimal imaging and to identify
abnormalities [45]. However, following an eLearning
educational intervention using active learning, students
were less likely to detect normal imaging compared with
abnormal imaging [45]. This could be mitigated by pro-
viding comparisons between normal studies and studies
showing diseases, as demonstrated by Kok and colleagues
[46]. When instruction with the ratio of normal to
abnormal studies in imaging sets was varied, there was
a trade-off between sensitivity and specificity in imaging
interpretation by students [47].

Sequencing of educational interventions also had
implications for knowledge acquisition. In groups where
expert instruction was provided prior to practice (deduc-
tive learning), students demonstrated higher specificity
than those who were allowed to practice cases prior to
instruction (inductive learning) [47]. The type of learn-
ing did not significantly affect sensitivity for detecting
pathologies [47].

Mandatory vs. voluntary participation

There was a correlation between the number of educa-
tional sessions attended and performance on test scores
[12, 32]. Overall, students performed significantly bet-
ter when participation in educational interventions was
mandatory [32].

Assessment of learning

Most articles did not include a copy of the assessments
available and the type or a part of the assessment was not
specified in 9 of 40 articles (23%). Delayed testing several
months after the educational intervention was only pres-
ent in 4 of 40 studies (10%). The most common mode of
assessment was multiple choice questions (MCQ) fol-
lowed by short answer questions. Objective Structured
Clinical Exams (OSCE) featured in 3 studies, all involving
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senior medical students. ‘Drag and drop’ or identifying
features on imaging was present in one study of junior
medical students (6%) and 4 of 17 studies of senior medi-
cal students (24%). This suggests that assessments more
closely mirroring clinical practice are predominantly
used in senior years. An overview is provided in Supple-
mentary Material 5.

Discussion

There has been increasing interest in undergraduate
radiology education, as evidenced by the number of pub-
lished articles per annum. This review covered a wide
variety of educational delivery methods related to sev-
eral radiology-related topics. This is reflected in the high
degree of heterogeneity in the meta-analysis, which did
not reduce after subgroup analyses, suggesting these
were not significant contributors to heterogeneity.

Educational design aspects addressed in the meta-
analysis were active or passive learning and eLearning
vs. other forms of delivery. A more granular analysis
stratified according to delivery methods such as read-
ings, lectures, flipped or non-flipped classrooms was
not possible due to the insufficient number of articles
in each sub-category meeting the inclusion criteria for
this study. There were many examples in the literature
for both medical education in general, and radiology in
particular, where active learning has resulted in superior
outcomes for knowledge acquisition and/or engagement
by participants, compared with didactic approaches [5,
22, 23, 48, 49]. This finding is reinforced by our analy-
sis, where all articles directly comparing the outcomes of
active versus passive approaches had effect sizes favour-
ing active learning. Likewise, all studies which evaluated
combined active and passive approaches versus passive
learning only had effect sizes favouring groups utilizing
active learning. However, there was no significant differ-
ence between groups exposed to active learning versus
passive learning methods in subgroup analyses. This find-
ing could be related to the confounding effect of stud-
ies which compared a combination of active and passive
approaches with passive learning.

Another factor impacting these findings is the instruc-
tional design of educational interventions. In eLearning,
for example, effective strategies included use of multime-
dia learning principles, i.e., relevant graphics to accom-
pany text, arrows to direct attention in complex graphics
(signalling principle), using simple graphics to promote
understanding while avoiding irrelevant information to
maintain coherence and breaking down topics into small
logical segments [50]. Teaching of imaging concepts
prior to practical applications such as worked examples
which fade to full practice scenarios accompanied by
feedback is also effective [50]. These principles can all
be integrated into teaching anatomy or basic imaging
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interpretation, the two most commonly addressed topics
by articles included in this study.

There are conflicting findings in the literature com-
paring the efficacy of eLearning versus face-to-face
learning in healthcare education [51-57]. This study
demonstrated that eLearning is at least equivalent to
traditional face-to-face instruction and may be synergis-
tic with face-to-face teaching. However, several forms
of guided eLearning in this study appear to have dimin-
ishing effects with increasing medical student experi-
ence / seniority.®® In this scenario, worked examples
could impede learning in more experienced participants
through the ‘expertise reversal effect’ [58] Gradually fad-
ing ‘worked examples’ into ‘practice questions’ could
overcome this concern [58]. These findings are particu-
larly relevant with the massive expansion of eLearning
in medical education, including radiology, during the
COVID-19 pandemic. Furthermore, there are ongoing
barriers to engaging radiologists in education of medi-
cal students due to competing clinical demands, thereby
increasing the attractiveness of employing eLearning
for radiology education [59]. In designing an eLearning
intervention, interactivity, practice exercises, repetition
and feedback have been shown to improve learning out-
comes [22, 23, 52, 60].

This study included articles demonstrating synergies
can be achieved between radiology education and the
broader medical curriculum [21-23, 33]. For example,
there are many instances where cross sectional imaging
has been used to teach anatomy [39, 61-63].

Instructional design of e-learning materials influences
learning. An example of this includes the use of ‘worked
examples’ in e-learning tutorials which were designed
for a cohort of senior medical students [23]. This for-
mat highlighted relevant clinical information which
likely contributed to greater learning efficiency though
greater mean scores and/or less time spent interacting
with resources by the intervention group [22, 23, 58].
According to cognitive load theory, cognitive overload
can occur when information exceeds the learner’s capac-
ity for processing information in their working memory
[22, 23, 58, 64]. The result is incomplete or disorganised
information [22, 23, 58, 64]. The way information is pre-
sented can influence extraneous load imposed by instruc-
tional design [64]. To avoid cognitive overload in these
e-learning modules, information was concise, pitched at
the level of the learner and appropriately segmented [22,
23, 58, 64]. Participants favoured the concise, case-based
nature of the tutorials which promoted interactivity and
engagement [23, 58]. These studies provide evidence to
suggest that students’ learning would benefit from greater
integration of radiology into modern medical curricula in
a way which is relevant to clinical practice.
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Implications for radiology education and study design

The implications of this review for design of interven-
tions and evaluative studies of radiology education are
summarised in Table 5.

Study strengths

To the authors knowledge, this is the first systematic
review and meta-analysis aimed at quantitively compar-
ing the effectiveness of different methods of radiology
education for medical students. This review captured a
large quantity of articles and a large medical student pop-
ulation dating back 15 years.

Through the application of stringent search criteria,
only comparative effectiveness studies which were gen-
erally of high quality were shortlisted, as evidenced by
high MERSQI scores. This study also excluded qualitative
studies assessing perceived gains in knowledge or skills,
because perceptions can differ from objectively measured
attainment of knowledge or skills [65, 66].

Study limitations

The main limitation of this study is the high level of
heterogeneity between studies. Significant heterogene-
ity existed between the shortlisted articles regarding
the topics studied, study methods, data collection and
reporting. This is unsurprising, because medical curri-
cula vary widely, and educational interventions are typi-
cally contextual [3-5]. The interventions in many cases
were designed for specific populations to address specific
educational needs related to radiology. The high hetero-
geneity in this meta-analysis has also been demonstrated
in other medical and health sciences-related meta-analy-
ses of educational effectiveness [60, 67, 68].

Descriptions of interventions and reporting of data in
some studies were ambiguous which complicated data
extraction. This more commonly occurred in descrip-
tions of control groups. Frequently, critical aspects of
studies were reported in insufficient detail, which has
been encountered in other reviews [52, 57, 60, 68]. While
the authors tried to ensure categorisation was as accurate
as possible, in some instances their ability to do so was
limited due to the ambiguities in reporting of the data.

Moderate to high levels of bias and evidence of pub-
lication bias in the shortlisted articles is another limita-
tion which impacts on the ability to draw conclusions
from the meta-analysis. This suggests published literature
may be skewed towards studies reporting effectiveness of
the interventions and negative results being potentially
under-reported. Prevalent sources of bias such as miss-
ing data and confounding variables highlight the need to
be vigilant when evaluating education interventions. This
paper is limited to peer-reviewed articles in the PubMed
and Scopus databases. Articles identified in the reference
lists of included articles, as well as grey literature and
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Table 5 Principles and recommendations, from a systematic review and meta-analysis on undergraduate radiology education

Principles

Notes

Recommendation

Study design
Comparison of the interven-
tion with a control group.

Evaluation of quantitative
knowledge / skill assessment,
rather than subjective per-
ceived gains in knowledge.

Definitions of experimental
and control group educa-
tional interventions.

Immediate post-intervention
versus delayed testing.

Reporting of studies with
negative results (publication
bias).

Many excluded articles encountered educational research
without a control. These ‘justification studies' usually yield
large effect sizes and are not necessarily informative on
efficacy of an intervention relative to an existing program
[86].

Many excluded articles involved qualitative analysis with-
out quantitative analysis of knowledge or skill acquisition.
Perceptions can differ from objectively measured attain-
ment of knowledge or skills [65, 66].

Ambiguity in descriptions of educational interventions
can limit accurate comparison and reproducibility. Often
control groups were reported in less detail.

Knowledge fades over time [87-89] and delayed testing
could inform on the degree of reinforcement required

to maintain knowledge for future clinical practice. Only a
small number of studies described delayed testing.
There was evidence of publication bias where small stud-
ies showed relatively large effect sizes.

Design of educational interventions

Heterogeneity in radiology
education interventions and
examinations.

Thematic analysis suggests
synergisms exist between
radiology and anatomy
education.

Thematic analysis suggests
active learning could produce
superior gains in knowledge
or skill acquisition compared
to passive learning.
elearning is equivalent

to traditional face to face
education.

Exposure to radiology teaching in medical schools and
subsequent medical students'imaging knowledge varies.
Methods of assessment also vary as demonstrated in this
study. This heterogeneity could confound study results.

Cross-sectional imaging, including CT and ultrasound
have been used to teach anatomy. 3D representations,
when possible, may be superior compared to 2D stacks
of images.

All studies directly comparing knowledge or skill acquisi-
tion in active learning versus passive learning had effect
sizes favouring active learning. Interactivity with active
learning was associated with greater student satisfaction.

elearning can be synergistic with traditional teaching.
However, its effectiveness varies with instructional design.
Thematic analysis suggests active learning or methods
utilising guided teaching are associated with higher
effectiveness.

Studies comparing educational interventions should
include direct comparison between a control and
intervention cohort. Ideally, pre- and post-test should be
conducted for both groups and post-test results adjusted
or randomisation stratified for baseline differences.

Where research question includes assessment of knowl-
edge / skills gains, quantitative analysis of knowledge
and / or skill acquisition yields should be conducted
instead of assessment of participants opinion on know!-
edge / skills they gained.

Detailed description of both educational interventions
and control treatment should be reported. As a mini-
mum, this should include student cohort, studied topics,
methods of delivery and teaching time.

Studies using short and long-term knowledge retention
testing should be conducted when evaluating medical
student radiology education programs.

Methodologically sound research should be published
regardless of the outcome being positive or negative. Al-
ternatively, researchers should consider using state of the
art statistically principled bias correction methods [90].

Suggested radiology curricula exist [91, 92] and greater
adoption of these could reduce heterogeneity for future
studies. Adoption of standardised medical student radiol-
ogy examinations with validated questions could also
help drive more uniform curriculum development and its
evaluation [93].

Anatomy and imaging education can be synergistic.
However, the method of displaying anatomy may impact
educational effectiveness. More studies are needed to
investigate this.

Passive or didactic learning could be used to introduce
theory. Active learning should be used to revise and
apply theory. Examples include imaging selection or
interpretation.

elearning should contain an interactive component

and be produced in keeping with the best principles of
instructional design. Examples include ‘worked examples’
or practice questions with feedback.

unpublished sources were not included. This restriction
was intended to maintain the reliability of this review’s
method.

Future directions

The authors recommend better standardisation of the
design of studies examining educational interventions
in general, and radiology in particular, to help determine
the most effective methods for teaching undergraduate
medical students. Greater use of delayed testing to evalu-
ate long term effectiveness of educational interventions
is needed. This could inform educators regarding the

reinforcement required to maintain knowledge for future
clinical practice.

Further research is needed to analyse the effective-
ness of integration of radiology education with other
disciplines in medical curricula. It stands to reason that
integration of radiology with basic sciences and clinical
experiences would lead to synergistic benefits for stu-
dents’ learning. Disciplines such as anatomy, pathology,
and clinical reasoning might all benefit from integra-
tion with radiology [2, 9, 69-74]. When combined with
delayed testing, this could inform curriculum planners
on when to incorporate radiology topics into medical
curricula.
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Conclusion

There has been increasing research interest in radiol-
ogy education for medical students. However, methods
of educational delivery and evaluation vary widely, thus
contributing to significant heterogeneity between stud-
ies. A comprehensive subgroup analysis did not reveal a
cause for this heterogeneity, suggesting that it could be
due to tailoring of educational interventions for specific
curricular contexts.

While heterogeneity precluded any firm conclusions
being drawn from the meta-analysis, this systematic
review has explored scenarios where certain educational
interventions and specific improvements in future study
design can be of benefit. For example, eLearning has
been shown to be at least equivalent to traditional face-
to-face instruction and may be synergistic. Better stan-
dardisation in the design of studies to evaluate radiology
education interventions and in the nature of the radiol-
ogy education interventions themselves is needed to
help provide evidence for the optimization of radiology
education in medical curricula. Other potential research
directions might include evaluating long-term knowl-
edge retention through delayed testing of learning as well
as further work to demonstrate the effect of integrating
radiology education with other disciplines within medi-
cal curricula.
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