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Abstract
Background

Clinical reasoning skills are essential for diagnosing and managing common but heterogeneous
presentations such as the red eye, where conditions range from benign self-limiting disease to vision-
threatening pathology. Traditional lecture-based instruction provides limited opportunity for active
reasoning. Screen-based patient simulations incorporating authentic patient video material may bridge
this gap, but evidence in undergraduate ophthalmology education remains limited.

Methods

In this single-centre, parallel-group randomised controlled educational trial, 100 fifth-year medical
students were randomised 1:1 to a screen-based simulation arm or an instructor-led interactive lecture
arm covering the evaluation and management of red eye. The simulation incorporated real patient video
material and required structured engagement across history-taking, physical examination, differential
diagnosis, consultation decision-making, final diagnosis and treatment planning. The primary outcome
was overall clinical performance assessed by a pre-specified six-domain weighted rubric (range 0—100)
scored independently by two blinded evaluators. Secondary outcomes included step-based clinical
performance, multiple-choice knowledge tests at four time points (pre-test, immediately post-
intervention, 30 and 60 days), appropriateness of diagnostic resource utilisation, and a five-domain
satisfaction questionnaire scored on a 5-point Likert scale. Analyses followed the intention-to-treat
principle. Reporting adhered to CONSORT 2025.

Results

All 100 randomised participants (50 simulation; 50 lecture) completed the study with no attrition.
Baseline knowledge scores were comparable (p = 0.64). The simulation group achieved markedly higher
total clinical performance scores (84.6 + 6.8 vs 69.2 + 9.5; mean difference 15.4,95% Cl 12.1-18.7; p <
0.001; Cohen’s d = 1.85). Step-based performance favoured the simulation group across every domain (d
range 1.23-1.88). Knowledge advantages persisted at the immediate post-test (d = 1.55), 30-day, and 60-
day retention assessments (all p < 0.001). The simulation group also requested fewer unnecessary
laboratory tests (12% vs 38%, p = 0.003) and imaging studies (6% vs 24%, p = 0.01). Student satisfaction,
engagement, perceived realism, and confidence were all significantly higher in the simulation group.

Conclusions

Video-based patient simulation produced large, durable improvements in clinical reasoning, knowledge
retention and diagnostic resource utilisation compared with traditional lecture-based instruction in
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undergraduate ophthalmology education. The magnitude of the observed effect should be interpreted
alongside potential ceiling effects, intervention—outcome alignment, and novelty considerations
discussed in Limitations. The findings support integration of structured, video-based simulation into
clinical curricula for high-frequency, high-variability presentations such as the red eye.

Trial registration

ClinicalTrials.gov, NCT07679672 (https//clinicaltrials.gov/study/NCT07679672) date of registration 01
July 2026.

Background

Clinical reasoning is the cognitive process by which clinicians integrate information, generate
hypotheses, weigh diagnostic possibilities and reach decisions. It is the central skill that converts factual
knowledge into safe, accurate clinical practice and is foundational to undergraduate medical education.
[1, 2] Contemporary cognitive accounts frame clinical reasoning within dual-process theory, in which fast
pattern recognition (System 1) and slower analytical reasoning (System 2) interact to produce diagnoses
and decisions, and in which both systems contribute to diagnostic accuracy and to error; [3-5] reflective
practice can attenuate System-1 errors when learners are prompted to reconsider initial impressions. [6]
The acquisition of clinical reasoning is a long developmental process and is widely regarded as one of
the most challenging skills to teach during medical school, particularly for high-frequency presentations
whose differential diagnosis spans benign and serious conditions.

The red eye is a paradigmatic example. It is among the most frequent ophthalmologic complaints
encountered in primary care and emergency settings, yet encompasses conditions ranging from self-
limiting conjunctivitis to vision-threatening keratitis, anterior uveitis and acute angle-closure glaucoma.
Accurate evaluation requires not only factual recognition of clinical findings but also the integrated
synthesis of history, examination signs, and risk-stratified prioritisation of management. Eye-related
complaints account for an estimated 2—-3% of consultations in primary care and emergency settings,
with red eye the predominant presenting feature. [7, 8] Yet undergraduate ophthalmology instruction has
been progressively compressed in many curricula, leaving graduates with limited confidence in the
assessment and triage of acute eye conditions. [9] The mismatch between this cognitive demand and
the limited reasoning practice provided by traditional lecture-based teaching is well recognised in the
medical-education literature.

Simulation-based education has emerged as an effective response. By providing structured, controlled

environments in which learners can engage actively in clinical decision-making, simulation supports

deliberate practice [11] and feedback in ways that lectures cannot, with meta-analytic evidence

indicating superiority over traditional clinical education when simulation is paired with deliberate

practice. [17] Beyond deliberate practice specifically, simulation-based health-professions education is

supported by a substantial cumulative evidence base. [12, 13] Systematic reviews have shown that
Page 3/20



technology-enhanced simulation is associated with improvements in knowledge, skills and clinical
behaviours across health professions education, [13, 14], and best-practice frameworks have
summarised the design features that support effective learning. [15, 16] Cognitive load theory provides a
complementary framework, suggesting that simulation environments can be deliberately designed to
manage extraneous load and support germane processing during reasoning practice. [10]

Among simulation modalities, screen-based virtual-patient platforms have attracted increasing attention
because of their scalability, reproducibility, and capacity to deliver standardised case content to large
cohorts. Meta-analytic evidence supports their effectiveness for clinical reasoning outcomes, [18—20]
and recent reviews have positioned them as a core component of digital and simulation-based medical
education. [21] In ophthalmology specifically, randomised evidence has shown that interactive web-
based virtual ophthalmology clinics outperform traditional teaching for medical-student learning, [24, 25]
providing a precedent for screen-based simulation in this discipline.

However, many existing platforms rely on text-based vignettes or static images that cannot capture the
dynamic visual and behavioural cues central to ophthalmology — conjunctival injection patterns,
discharge characteristics, photophobia, and subtle corneal findings. Design frameworks for virtual
patients emphasise that narrative fidelity and clinical realism are critical for transfer of learning to
authentic practice. [22] Authentic patient video material may therefore enhance the educational utility of
screen-based simulation in visually-driven specialties.

Despite this rationale, evidence specifically evaluating video-based simulation in undergraduate
ophthalmology is limited. Most prior simulation studies focus on immediate post-intervention
performance with limited follow-up, leaving the durability of any educational gains uncertain. [23] Few
studies have examined the impact of simulation-based teaching on the appropriateness of diagnostic
resource utilisation, an outcome of growing importance in value-based care.

Against this background, the present randomised controlled educational trial evaluated whether a
screen-based, real patient video—supported simulation improves clinical reasoning, knowledge
acquisition, knowledge retention at 30 and 60 days, and the appropriateness of diagnostic decision-
making in undergraduate ophthalmology education, compared with an interactive instructor-led lecture
covering identical content. By analysing both overall performance and step-based components of clinical
reasoning, the study sought to provide a comprehensive, mechanism-informed assessment of the
educational impact of video-based simulation in a high-frequency, high-variability clinical scenario.

Materials and Methods

This study was designed and reported in accordance with the CONSORT statement for parallel-group
randomised trials, [27] updated in 2025. [26] A completed CONSORT 2025 checklist is provided as
Additional file 1. The protocol and primary and secondary outcomes were prespecified and locked prior
to participant enrolment. Ethical approval was obtained from the Istinye University Human Research
Ethics Committee (Protocol No. 2025/147; Meeting No. 2025/04) on 15 May 2025. All participants
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provided written informed consent prior to enrolment, including consent for educational data collection
and use of anonymised aggregate data for publication.

The trial was registered retrospectively in the ClinicalTrials.gov registry (identifier NCT07679672;
https://clinicaltrials.gov/study/NCT07679672; date of registration 01 July 2026). Prospective
registration was not undertaken because the study exclusively evaluated an educational intervention
involving medical students and did not involve clinical treatment of human patients or patient-level
therapeutic outcomes; prospective registration in a public clinical trials registry was therefore not
mandated by the institutional ethics framework or local regulatory guidelines. Nonetheless, to ensure
methodological transparency and prevent bias, the study protocol, primary endpoints, and secondary
outcomes were fully prespecified, documented, and locked prior to participant enrolment, and the final
analysis plan was strictly finalised before data collection.

Study design and participants

This single-centre parallel-group randomised controlled educational trial was conducted within the
ophthalmology clerkship of a single Turkish university medical school during the second half of 2025.
Eligible participants were fifth-year medical students enrolled in the clerkship rotation; there were no
exclusion criteria beyond non-enrolment in the relevant rotation. A total of 100 students were enrolled,
providing written informed consent, and randomised 1:1 to either the simulation-based intervention (n =
50) or the active-comparator interactive lecture (n = 50). Both groups received structured, equivalent total
instructional time on the same clinical content. Participation was voluntary and did not affect academic
standing.

Sample size

The trial was designed to detect a between-group difference of clinically meaningful magnitude in overall
clinical performance score. Drawing on prior simulation-based education studies in clinical reasoning,
which have repeatedly reported large effects (Cohen’s d = 0.8) for active screen-based simulation versus
lecture instruction, [13, 18] we anchored the calculation to d = 0.8. With a two-sided a of 0.05 and 80%
power, an independent two-sample t-test requires 26 participants per group; for a more conservative
effect size of d = 0.6 (medium-to-large), the requirement is 45 per group. The achieved enrolment of 50
participants per group (total n = 100) therefore exceeds the requirement under the conservative effect-
size assumption and provides additional protection against attrition. No participants were lost to follow-
up, so the analytic sample equalled the randomised sample. The total sample size was further
constrained by the size of the available fifth-year cohort. In keeping with standard practice for
educational trials at a single institution, no interim analyses were planned.

Randomisation and allocation concealment
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Participants were randomly assigned 1:1 using a computer-generated random allocation sequence with
permuted blocks (block size not disclosed to investigators conducting allocation, to preserve allocation
concealment) to ensure approximately equal group sizes throughout enrolment, in line with established
methodological guidance. [28, 29] The randomisation sequence was generated by an investigator not
involved in the intervention or outcome assessment, using R version 4.3.0 (R Foundation for Statistical
Computing, Vienna, Austria). No stratification factors were used because the participant pool was a
single fifth-year cohort attending the same institution. Allocation concealment was maintained through
sequentially numbered, opaque, sealed envelopes (SNOSE) prepared by the same investigator who
generated the sequence; envelopes were opened only at the start of the intervention by an administrative
coordinator independent of the research team. Although participants and instructors were aware of
being part of an educational research project (consented voluntarily), they were blinded to which specific
session would constitute the study intervention; instructors delivering the comparator session were
similarly blinded to whether their session was being evaluated, to prevent ad-hoc modification of routine
teaching. Outcome assessors were blinded to allocation (see Blinding).

Educational interventions

Educational content was standardised across both arms to ensure comparability. The clinical scenario,
Management and Differential Diagnosis of Red Eye, was selected from the curricular content of the
Turkish National Core Curriculum for Undergraduate Medical Education (UCEP 2020), [39] which lists
“red eye (ocular redness)” and “dry eye” among the core symptoms whose evaluation falls within the
disciplines of family medicine, ophthalmology and emergency medicine. The scenario presented a 27-
year-old female office worker (accountant; height 163 cm, weight 52 kg) attending an outpatient clinic
with red eye, with a UCEP-aligned differential diagnosis required across allergic reaction, glaucoma,
keratitis, conjunctivitis, urticaria/angioedema and uveitis; the final diagnosis was conjunctivitis. The
scenario was scripted from the clinical records of a consenting outpatient and used a written-consent—
authorised authentic patient video recorded in a university-provided clinical environment. It was
constructed to require structured progression through history-taking, focused physical examination,
differential diagnosis, decision on specialist consultation, final diagnosis, and treatment and follow-up
planning. Both arms received identical clinical content delivered in a single 50-minute teaching session
matched in total instructional time; each participant completed the relevant intervention once during the
study period, with no repeat attempts permitted.

Participants in the simulation group interacted with the scenario through the digital simulation platform,
which integrates authentic patient video material with structured decision points across the seven
reasoning steps listed above. The platform required active engagement at each step before advancing to
the next, providing immediate structured feedback at the conclusion of the scenario. Participants in the
active-comparator lecture group received the same clinical content through an instructor-led interactive
lecture delivered by an experienced ophthalmologist (12 years of clinical experience) covering the
evaluation and management of red eye. The lecture incorporated patient photographs, published clinical
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vignettes, and exemplar cases drawn from textbooks and peer-reviewed series, ensuring that case-based
and visual stimuli were present in both arms. Questioning and discussion were encouraged throughout
to maintain engagement and parity in active learning time. The principal between-arm difference
therefore lay in the mode of engagement — active learner-led decision-making with dynamic patient
video in the simulation arm versus expert-led explanation supported by static visual material in the
lecture arm — rather than the absence of clinical material in either arm.

Outcomes

Primary outcome — overall clinical performance

The primary outcome was the overall clinical performance score derived from the structured red eye
scenario, scored using a pre-specified six-domain weighted rubric: anamnesis (25%), physical
examination (20%), preliminary diagnosis (15%), consultation decision (5%), final diagnosis (15%) and
medical treatment (20%). Total scores ranged from 0 to 100, with higher scores indicating better
performance. The rubric was developed by the investigators on the basis of established frameworks for
evaluating clinical reasoning steps, [1, 2] piloted on a small group of senior medical students prior to the
trial, and refined for clarity. Content validity was reviewed by two ophthalmology faculty members not
involved in the trial. Each performance was scored independently by two trained evaluators blinded to
group allocation. Inter-rater agreement was assessed using the intraclass correlation coefficient (ICC;
two-way random-effects model, absolute agreement, single rater). [30] Discrepancies of more than 5
points on any domain were resolved by consensus between the two evaluators with reference to a
written scoring guide.

Secondary outcomes — step-based reasoning, knowledge and
resource utilisation

Step-specific performance scores were captured for each reasoning component (anamnesis, physical
examination, preliminary diagnosis, consultation, final diagnosis, treatment, and follow-up planning)
using the same rubric. Knowledge outcomes were evaluated using a structured 25-item multiple-choice
examination aligned with the explicit learning objectives of the red eye scenario; each item had four
options with a single correct answer, scored 0-100 (4 points per item). The blueprint was developed by
the investigators in collaboration with two ophthalmology faculty using a content-by-objective grid
covering history features, examination findings, differential diagnosis, investigation, management, and
follow-up; content validity was reviewed by these faculty before use. The blueprint was constructed in
accordance with established guidance on content-valid examination development. [31] Internal
consistency of the 25-item form was assessed using Cronbach'’s q, interpreted following standard
recommendations. [32] The same blueprint and item bank were used at all four assessment time points
(immediately before the intervention as a pre-test; immediately after; at 30 days; and at 60 days), with
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item order randomised between administrations to limit memorisation effects. Higher scores indicated
better knowledge performance.

Diagnostic resource utilisation was captured as an exploratory but pre-specified secondary outcome.
Within the structured scenario, learners were able to request laboratory and imaging investigations from
a fixed menu; investigations were classified a priori as appropriate or unnecessary by the two
ophthalmology faculty using a consensus-derived list of indications for the specific differential
diagnoses presented in the scenario. The proportion of participants requesting at least one unnecessary
laboratory test and at least one unnecessary imaging study was compared between groups.

Student satisfaction was assessed using an investigator-developed 25-item questionnaire grouped into
five conceptual domains (Satisfaction, Engagement, Realism, Educational Value, and Confidence; five
items per domain). Each item was scored on a 5-point Likert scale (1 = strongly disagree to 5 = strongly
agree). A summary score for each domain was calculated as the median of its five constituent items,
giving five domain scores per participant for analysis (Table 5). Items in the Confidence domain asked
participants to assess their perceived change relative to their pre-session state (e.qg., “I feel more
confident in evaluating patients with red eye after this session”), thereby capturing within-individual
change rather than absolute confidence; the corresponding between-arm comparison should accordingly
be read as a difference in self-perceived gain rather than in absolute capability. Items were drafted in
English in accordance with published guidance on developing questionnaires for educational research
and were reviewed for face validity by two medical-education faculty external to the trial. [33] The
questionnaire is reported as an investigator-developed instrument and not as a previously validated
scale. Likert-scale data are presented as median (interquartile range, IQR), consistent with
recommended practice for ordinal Likert items. [34]

Blinding

Three layers of blinding were implemented to mitigate performance and detection bias. First, although
both groups had consented to participate in an educational research project, neither participants nor the
instructor delivering the comparator session were informed which specific teaching session within the
broader curriculum would constitute the study intervention; this preserved the routine character of the
comparator session and prevented ad-hoc enrichment of teaching content. Second, the pre-test, post-
test and retention assessments were administered as part of the routine institutional curriculum-
evaluation procedure already familiar to students, further reducing test-taking salience that might
otherwise drive a Hawthorne-type response. Third, all outcome scoring was performed under standard
blinded conditions: the two evaluators scoring clinical performance from de-identified scenario records,
the marker scoring the multiple-choice examinations, and the analyst conducting the primary statistical
comparison were all blinded to group allocation. Knowledge tests and rubric forms were de-identified by
an administrative coordinator independent of the research team prior to scoring.

Statistical analysis
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All analyses were conducted using SPSS Statistics version 28.0 (IBM Corp., Armonk, NY) and followed
the intention-to-treat principle, with all randomised participants analysed in their assigned groups. As
there was no attrition, the per-protocol and intention-to-treat populations were identical and no per-
protocol analysis is reported separately. Continuous variables are presented as mean + standard
deviation, and categorical variables as frequencies and percentages. Distributional assumptions were
assessed with the Shapiro—Wilk test. Between-group comparisons used independent-samples t-tests or
Mann—-Whitney U tests as appropriate; categorical variables were compared with X2 or Fisher’s exact
tests. Mean differences for continuous outcomes are reported with two-sided 95% confidence intervals
derived using Welch’'s method for unequal variances. Repeated measurements of knowledge scores
across the four assessment points were analysed using mixed-design analysis of variance with group
(simulation vs lecture) as the between-subjects factor, time as the within-subjects factor, and the group-
by-time interaction as the test of differential trajectory; Greenhouse—Geisser correction was applied
where appropriate. Effect sizes for between-group differences are reported as Cohen’s d. A two-sided p
value of less than 0.05 was considered statistically significant. No interim analyses were performed and
no formal adjustment for multiplicity across secondary outcomes was applied; secondary findings
should therefore be interpreted as supportive of, rather than independently confirming, the primary
result.

Results

Participant flow and characteristics

All 100 enrolled fifth-year medical students were randomised (50 to simulation, 50 to lecture) and all 100
(100%) completed the entire study, including all four knowledge assessment time points (Fig. 1). There
was no attrition, and no participant crossed over between arms. Baseline characteristics were balanced
between groups (Table 1), with comparable age (23.8 + 1.2 vs 23.6 £ 1.3 years, p = 0.42), sex distribution
(52% vs 50% female, p = 0.84), and pre-test knowledge scores (46.8 +9.2 vs 45.9+ 8.7, p = 0.64). Inter-
rater reliability for the clinical performance rubric was excellent (ICC = 0.91). Internal consistency of the
25-item knowledge test was acceptable (Cronbach’s a = 0.78).

Table 1
Baseline characteristics of randomised participants.
Variable Simulation (n=50) Lecture (n=50) p
Age, years (mean + SD) 23.8+1.2 23.6+1.3 0.42
Female sex, n (%) 26 (52) 25 (50) 0.84
Pre-test knowledge score, mean+SD  46.8+9.2 459+8.7 0.64

Continuous variables compared with the independent-samples t-test; categorical variables compared with
the x2 test.
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Primary outcome — overall clinical performance

Students in the simulation group achieved markedly higher overall clinical performance scores than
those in the lecture group (84.6 £ 6.8 vs 69.2 + 9.5; mean difference 15.4 points on the 0-100 scale, 95%
Cl12.1-18.7; p<0.001; Cohen’s d = 1.85). The separation between distributions was substantial, with
limited overlap, indicating a difference unlikely to reflect marginal variation around a similar central
tendency. Step-based performance favoured the simulation group across every domain, with effect sizes
ranging from d = 1.23 (consultation decision) to d = 1.88 (final diagnosis) (Table 2). The pattern —
favouring the simulation group at every reasoning step rather than only at terminal decision points — is
consistent with an intervention effect on integrated reasoning rather than isolated knowledge recall,
although alternative explanations are addressed in Limitations.

Table 2
Overall and step-based clinical performance by group.
Domain Simulation (mean Lecture (mean Mean diff p Cohen’s
+ SD) + SD) d
Total score 84.616.8 69.2+9.5 15.4 (12.1- < 1.85
(primary) 18.7) 0.001
Anamnesis 88.2+7.5 72.4+10.1 15.8 (12.3- < 1.77
19.3) 0.001
Physical 85.6 £ 8.1 70.3+9.8 15.3 (11.7- < 1.68
examination 18.9) 0.001
Preliminary 821194 66.7+11.2 15.4 (11.3- < 1.50
diagnosis 19.5) 0.001
Consultation 79.4+10.2 65.5+12.3 13.9 (9.4~ < 1.23
decision 18.4) 0.001
Final diagnosis 879+7.2 71.8+9.6 16.1 (12.7- < 1.88
19.5) 0.001
Treatment 83.5+8.6 67.1+10.4 16.4 (12.6— < 1.71
20.2) 0.001
Follow-up 81.2+9.1 66.8+11.0 14.4 (10.4- < 1.43
planning 18.4) 0.001

Mean differences are presented with two-sided 95% confidence intervals derived using Welch’s method.
Total clinical performance score is the primary outcome; remaining rows are pre-specified secondary
outcomes.

Knowledge acquisition and retention

Knowledge scores diverged immediately after the intervention and the gap persisted across follow-up
assessments (Table 3). Mixed-design ANOVA showed a significant group x time interaction (p < 0.001),

indicating that the trajectory of knowledge scores differed between arms. Both groups exhibited a
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modest decline from immediate post-test to the 60-day assessment, which is the expected forgetting
curve in educational interventions; the decline was, however, less pronounced in the simulation group,
supporting more durable consolidation of learning.

Table 3
Knowledge scores across four assessment time points.
Time point Simulation (mean Lecture (mean Mean diff p Cohen’s
+ SD) + SD) (95% CI) d

Pre-test 46.8+9.2 45987 09(-26to 0.64 0.10
4.4)

Immediate post- 83.1%+7.6 69.519.3 13.6 (10.3- < 1.55

test 16.9) 0.001

30-day retention 79.8+8.4 66.2+10.1 13.6 (9.9- < 1.46
17.3) 0.001

60-day retention 76.9+9.1 63.5+10.8 13.4 (9.4~ < 1.34
17.4) 0.001

Mean differences with two-sided 95% confidence intervals (Welch’s method). Group x time interaction p <
0.007 (mixed-design ANOVA).

Diagnostic resource utilisation

Within the structured scenario, the simulation group requested fewer a priori—defined unnecessary
investigations than the lecture group: 12% vs 38% for laboratory tests (p = 0.003) and 6% vs 24% for
imaging studies (p =0.01) (Table 4). This finding suggests that the educational benefit of structured
video-based simulation extends beyond diagnostic accuracy to the rational use of investigations,
although the small absolute number of events warrants cautious interpretation.

Table 4
Unnecessary diagnostic resource utilisation.
Outcome Simulation,n (%) Lecture,n(%) p
>1 unnecessary laboratory test 6 (12) 19 (38) 0.003
>1 unnecessary imaging study 3 (6) 12 (24) 0.01

Compared with x? test. ‘Unnecessary’ classification was a priori, derived by consensus of two
ophthalmology faculty for the differential diagnoses presented in the scenario.

Student satisfaction

Student-reported outcomes strongly favoured the simulation arm across all five domains (Table 5). The
largest difference was in perceived realism, consistent with the use of authentic patient video material.
Confidence in clinical decision-making, engagement, and overall satisfaction were also significantly
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higher in the simulation group. These data are reported as median (IQR) on a 5-point Likert scale and
were analysed using the Mann-Whitney U test.

Student-reported outcomes by domain (meg;bnlez)?ﬁve items per domain, 5-point Likert scale).
Domain Simulation, median (IQR)  Lecture, median (IQR) p
Overall satisfaction 5 (4-5) 4 (3-4) <0.001
Engagement 5(4-5) 3(3-4) <0.001
Perceived realism 5(5-5) 3(2-4) <0.001
Educational value 5 (4-5) 4 (3-4) <0.001
Confidence in decision-making 5 (4-5) 4 (3-4) <0.001

Each domain comprises five items (25 items total); domain scores reported as median (IQR) of constituent
items. Between-group comparisons performed with the Mann—Whitney U test.

Discussion

In this single-centre, parallel-group randomised controlled educational trial of fifth-year medical students,
video-based patient simulation produced markedly higher overall clinical performance scores than
active-comparator interactive lecture instruction (mean difference 15.4 points; 95% Cl 12.1-18.7;d =
1.85). The advantage extended consistently across every step of the clinical reasoning pathway and to
knowledge acquisition and 60-day retention, and was accompanied by lower utilisation of unnecessary
diagnostic investigations and higher student-reported satisfaction. Although the absolute magnitude of
the observed effect is unusually large for an educational trial and warrants careful scrutiny, the pattern of
findings — internal consistency across reasoning steps, persistence of advantage at 60 days, and
concordant improvement in resource utilisation — supports a meaningful effect of the intervention on
integrated clinical reasoning rather than a narrow gain limited to test-aligned recall.

The red eye is well suited to this kind of evaluation. It is among the most common ophthalmologic
complaints encountered in primary care and emergency settings, yet differentiation between benign and
vision-threatening causes depends on subtle visual cues — the pattern of conjunctival injection, the
character of discharge, photophobia, and corneal findings — that are difficult to convey through text or
static images. The integration of authentic patient video into a structured, decision-rich scenario is
therefore plausibly aligned with the cognitive demands of this presentation. Our results are consistent
with prior evidence that active engagement in simulated clinical environments improves diagnostic
accuracy and reasoning performance, [13, 19] but extend that evidence by demonstrating that benefits
propagate through every step of the reasoning pathway, including earlier processes such as anamnesis
and physical examination — a finding compatible with theoretical accounts of clinical reasoning as a
sequence of interdependent cognitive operations. [1, 2]
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The persistence of the simulation group’s advantage at the 30- and 60-day knowledge retention
assessments is, in our view, the most clinically meaningful finding. Short-term post-intervention gains in
educational trials are common but do not necessarily translate into durable clinical competence, and the
basic-science forgetting curve has been well characterised across health-professions training. [36] Prior
simulation literature has acknowledged that long-term retention evidence is more limited than
immediate-effect evidence. [13, 14, 23] The mixed-design analysis showed a significant group x time
interaction (p < 0.001), with both arms exhibiting the expected forgetting curve but the simulation arm
declining less steeply. This pattern is consistent with experiential and elaborative-encoding accounts of
learning, in which active engagement with clinically realistic material supports deeper consolidation that
resists the typical decay trajectory of lecture-acquired knowledge. [23]

The reduction in unnecessary laboratory and imaging requests in the simulation group adds an
instructive dimension to the results. In contemporary practice, accurate diagnosis is necessary but not
sufficient: rational use of investigations is increasingly recognised as a competency in its own right and
is associated with the depth of structured training received. [37] Active engagement with a structured
scenario in which investigation requests must be justified appears to influence not only diagnostic
accuracy but also the appropriateness of resource utilisation. This finding is exploratory and based on a
small absolute number of events, and the classification of investigations as a priori appropriate or
unnecessary inevitably involves judgement; nevertheless, the consistency of the direction of effect
across both laboratory and imaging outcomes is supportive.

Interpreting the magnitude of effect

The consistent direction and large magnitude of the differences observed across all primary and
secondary outcomes invite careful interpretation. Several methodological factors plausibly contribute to
the observed effect size beyond the intervention itself, and we consider these in turn before assessing
the residual evidence for a true educational benefit.

A particular point of interpretation concerns perceived realism, which showed the largest single-domain
difference between arms in student-reported outcomes. Within this trial, realism reflects the experiential
character of the learning environment rather than the clinical authenticity of the underlying material,
which was comparable across arms (authentic patient video in the simulation arm; patient photographs,
vignettes and exemplar cases in the lecture arm). The defining pedagogical distinction between the two
interventions was that the simulation arm placed learners in an active decision-making position with an
unfamiliar clinical case, whereas the lecture arm framed the same content through expert exposition.
From a deliberate-practice perspective, [11, 17] the obligation to make sequential clinical decisions under
uncertainty is itself a defining feature of an authentic learning environment and is one of the principal
mechanisms by which simulation is hypothesised to confer benefit. The observed realism difference is
therefore consistent with the intended intervention contrast rather than evidence of a methodological
asymmetry favouring the simulation arm.
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Several considerations are needed when interpreting the magnitude of effect. First, simulation, as an
active learning modality, is intrinsically more aligned with the structured rubric used to score clinical
performance than is a lecture, which delivers content didactically. Some intervention—outcome
alignment is therefore expected, and may amplify measurable differences relative to what would be
observed against a less reasoning-aligned reference. Second, ceiling effects at the upper end of the 0—
100 rubric — simulation-group means approached 85 — can compress variance in one arm and inflate
standardised differences. Third, although the session-blinding procedure described in Methods (in which
neither participants nor the instructor delivering the comparator session knew which specific session
constituted the study intervention) substantially reduces classical Hawthorne-type performance
enhancement, residual novelty effects associated with first exposure to a new educational modality [38]
cannot be excluded in a single-cohort design, although the persistence of advantage at 60 days argues
against their being the dominant explanation. Fourth, instructor enthusiasm in the active-comparator
lecture arm could not be standardised to the same degree as the digital platform,; this is an inherent
limitation of comparing a digital intervention with an instructor-delivered comparator. None of these
considerations vitiates the qualitative finding that simulation outperformed lecture, but they do mean
that the absolute magnitude of effect should be interpreted with the broader cautions that apply to
standardised effect size measures generally, [35] and should be replicated in larger, multi-centre cohorts
before being treated as a reference value for power calculations.

Limitations

The study was conducted at a single Turkish university medical school and focused on a single clinical
scenario (red eye) within ophthalmology; generalisability to other institutions, curricula, and clinical
domains will require replication. Because the educational nature of the intervention precludes blinding of
participants and instructors, only outcome assessors and the analyst could be masked to allocation; this
is intrinsic to educational trials and was mitigated through the procedural safeguards described in
Methods, but cannot be fully eliminated. The clinical performance rubric and the multiple-choice
knowledge assessment, although developed with content validity review and acceptable internal
consistency (a = 0.78) and inter-rater reliability (ICC = 0.91), were investigator-developed instruments
rather than previously validated published scales; this is a recognised limitation of bespoke educational
measurement and is reported transparently. The student satisfaction questionnaire is similarly
investigator-developed and is reported as such. Knowledge retention was assessed up to 60 days;
longer-term retention beyond a single semester remains uncertain. The effect size achieved (d = 1.85)
considerably exceeded the d = 0.8 anchor used to derive the conservative power estimate, meaning the
trial was likely over-powered for its primary outcome; this does not invalidate the findings but indicates
that more conservative effect-size assumptions should guide future replication studies. Finally, no
adjustment for multiplicity was made across the secondary outcomes; secondary findings should
therefore be interpreted as supportive of, rather than independently confirming, the primary result.

Conclusion
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Among 100 fifth-year medical students randomised to a video-based simulation intervention or to active-
comparator interactive lecture instruction on the evaluation and management of red eye, simulation
produced large and durable improvements in clinical reasoning, knowledge retention to 60 days, and the
appropriateness of diagnostic resource utilisation. The findings support integration of structured,
authentic-video—supported simulation into undergraduate ophthalmology curricula for high-frequency,
high-variability presentations, while indicating that the magnitude of effect should be confirmed in larger,
multi-centre cohorts using more conservative power assumptions.
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Assessed for eligibility
(fifth-year medical students,
ophthalmology clerkship rotation)
n=100
_____________ Excluded (n = 0)
No exclusions applied
Randomised
n =100
£ | |
- Allocated to simulation Allocated to interactive lecture
3 (real patient video-supported (active comparator,
(<) digital scenario) identical clinical content)
= n =50 n =50
< Received intervention: 50 (100%) Received intervention: 50 (100%)
Follow-up assessments completed Follow-up assessments completed
* Immediate post-test: 50 (100%) * Immediate post-test: 50 (100%)
* 30-day retention: 50 (100%) * 30-day retention: 50 (100%)
* 60-day retention: 50 (100%) * 60-day retention: 50 (100%)
Lost to follow-up: O Lost to follow-up: O
Discontinued intervention: 0 Discontinued intervention: 0
Analysed (intention-to-treat) Analysed (intention-to-treat)
n =50 n=50
Excluded from analysis: 0 Excluded from analysis: 0
—— > - 4 J
\ (
Outcome assessment performed by two blinded evaluators
(clinical performance rubric: ICC = 0.91; knowledge MCQ: Cronbach a = 0.78)
Figure 1

CONSORT 2025 flow diagram of participant recruitment, allocation, follow-up, and analysis. No participants
were lost to follow-up; the analytic sample equalled the randomised sample (intention-to-treat).
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