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Introduction: Deficiencies in electrocardiogram (ECG) interpretation remain a challenge in residency training. The ABCD frame-
work enables competency-based ECG assessment by stratifying findings by clinical urgency and prevalence. However, empirical data
on its application in non-Western training settings are scarce. This study applied the framework to evaluate ECG interpretation skills
among Chinese internal medicine residents.

Methods: In this cross-sectional study, 158 internal medicine residents (PGY-1/2/3) at a Chinese tertiary hospital completed a 40-item
ECG examination aligned with the ABCD framework in December 2025. The primary outcome was the proportion meeting a pre-
specified Category A (common emergencies) benchmark (>90% correct). Secondary outcomes included mean accuracy, proportion at
or below a screening threshold (<70% correct), and flawless performance (100% correct). Factors associated with benchmark
attainment were explored using multiple logistic regression.

Results: Mean overall accuracy was 68.6% (SD 15.2%). Category A accuracy increased with training year (PGY-1: 78.1%; PGY-3:
92.1%). Only 30.2% of PGY-1 residents met the benchmark (>90% correct), compared with 94.7% of PGY-3 residents. Performance at or
below the screening threshold was observed in 34.0% of PGY-1 residents versus 0% of PGY-3 residents. Flawless performance was
achieved by 5.7% of PGY-1 and 34.2% of PGY-3 residents. In adjusted analysis, seniority was independently associated with benchmark
attainment (PGY-3 vs. PGY-1: adjusted OR=21.46, 95% CI 4.18-110.23; Firth-adjusted OR=13.07, 95% CI 3.52-79.49). The wide
confidence interval reflects near-ceiling performance and warrants conservative interpretation.

Conclusion: Under timed examination conditions, over one-third of first-year residents scored below a pre-specified screening
threshold for common emergency patterns, despite moderate group-mean accuracy, highlighting a gap between aggregate knowledge
and consistent individual performance. These findings support competency-based ECG curricula that emphasize early mastery of
emergency patterns through structured, repetitive practice.

Keywords: residency training, electrocardiogram interpretation, competency assessment, ABCD framework, graduate medical
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Introduction
ECG interpretation is a core competency for internal medicine residents,' yet substantial evidence documents persistently
high misinterpretation rates among trainees worldwide.' Recent studies report suboptimal performance among medical
interns in Saudi Arabia,” pediatric residents in Ethiopia,® and healthcare professionals across disciplines in Iran* and
North America.” A recent review has revisited the persistent challenge of ECG interpretation competence across different
educational contexts.® Missed recognition of acute myocardial infarction or malignant arrhythmias can delay reperfusion
therapy or increase sudden cardiac death risk, directly threatening patient safety.’

China’s standardized residency training system, implemented nationwide in 2014, follows a “5+3” model, five years of
undergraduate education plus three years of standardized residency.”® During the undergraduate phase, ECG instruction varies
considerably across institutions, often limited to didactic lectures with minimal structured interpretation practice. The subsequent
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three-year residency progressively increases clinical responsibility, creating a critical transition window in which basic ECG
knowledge must be converted into reliable, clinically applied skills. Many Western programs have adopted framework-driven,
competency-based ECG curricula. In contrast, ECG training in Chinese residency programs is typically integrated into clinical
rotations without a standardized competency-based assessment framework.” This lack of systematic, framework-guided assess-
ment makes it difficult to identify specific competency gaps or to target remediation effectively. Within this system, ECG
interpretation is mandatory for internal medicine residents, yet empirical performance data using validated competency frame-
works are scarce. This gap mirrors a broader challenge: an American College of Physicians systematic review concluded that no
evidence-based minimum number of ECG interpretations exists for attaining or maintaining competency.'

An international task force addressed this issue by developing the ABCD framework, which stratifies ECG findings by
clinical urgency and prevalence: A (common emergencies), B (common non-emergencies), C (rare emergencies), and D (rare
non-emergencies).'' From an educational measurement perspective, the framework supports competency-based assessment
by classifying examinees according to mastery of specific attributes.'? By identifying knowledge gaps precisely, it enables
targeted instruction rather than inefficient broad remediation. Since its initial proposal by Antiperovitch et al,'' the ABCD
framework has been endorsed as a foundation for designing competency-based ECG curricula.” However, its application has
largely been limited to defining learning objectives and curricular scope in Western training contexts. Although the ABCD
framework was designed to link assessment with curriculum design, empirical data on its item-level application for stratified
performance assessment in non-Western settings are limited.

We addressed this gap by applying the ABCD framework to perform a stratified analysis in a cohort of Chinese
internal medicine residents. Specifically, this study aimed to characterize stage-specific differences in competency
mastery, defined as differences in the proportion of residents achieving predefined educational benchmarks (>90%
correct, flawless performance, and <70% screening threshold) across PGY-1, PGY-2, and PGY-3, for common ECG
patterns, and to identify specific educational needs that can inform targeted curriculum development.

Materials and Methods

Study Participants and Sample Size

This cross-sectional study was conducted at the Second Affiliated Hospital of Xi’an Jiaotong University in December 2025.
All internal medicine residents were invited via cluster sampling. An a priori power analysis (a=0.05, power=0.80, anticipated
effect size £=0.25) required 132 participants. Of 165 invitees, 158 submitted complete responses (response rate 95.8%): 53
PGY-1, 67 PGY-2, and 38 PGY-3 residents; seven were excluded due to clinical scheduling conflicts. All participants provided
informed consent; the hospital’s Institutional Review Board approved the study (Approval No: 2025-260).

Assessment Tool and Content

Three cardiology educators and two internal medicine program directors independently classified 60 candidate ECG
findings into ABCD categories. After two rounds of moderated discussion, full consensus was reached on 40 findings,
from which a 40-item multiple-choice examination was developed (10 items per category).'”> Standardized clinical
vignettes were constructed for each item, as clinical contextualization has been shown to influence ECG diagnostic
accuracy,'* and two independent cardiologists verified the matching between ECG images and vignettes as well as the
diagnostic accuracy.

Pilot testing with 20 residents from the same program was conducted prior to formal administration. The overall
Cronbach’s o was 0.81, indicating acceptable internal consistency. Category-specific a coefficients calculated from the
same pilot data were as follows: Category A = 0.72, Category B = 0.68, Category C = 0.60, and Category D = 0.55.
Given the small pilot sample (n=20), these category-level estimates should be interpreted as preliminary.

To provide a concise overview of the ABCD classification, representative diagnoses for each category are summar-
ized in Table 1. A complete example item with ECG tracing and clinical vignette is provided in Supplementary File 1.

The examination included all four ABCD categories to ensure comprehensive content coverage. We adopted a two-tiered
analytical approach. Categories A and B, representing common, educationally prioritized patterns, constituted the primary
analysis, with educational benchmarks pre-specified based on clinical urgency. Categories C and D were included for content

2 https: Advances in Medical Education and Practice 2026:17


https://www.dovepress.com/article/supplementary_file/620969/620969%20Revised%20Supplementary%20Material.docx

Ma et al

Table | Representative ECG Diagnoses Within Each ABCD Category

Category | Clinical Classification Representative Examples (Partial)

A Common Emergencies Acute ST-elevation myocardial infarction, ventricular tachycardia, high-grade atrioventricular block, ventricular
fibrillation

B Common Non-emergencies Atrial fibrillation, left bundle branch block, right bundle branch block, first-degree atrioventricular block, premature
atrial contractions

C Rare Emergencies Brugada syndrome, long QT syndrome, arrhythmogenic right ventricular cardiomyopathy

D Rare Non-emergencies Right atrial enlargement, left posterior fascicular block, dextrocardia

Notes: Only partial representative diagnoses are listed as examples. For a complete example item with ECG tracing and clinical vignette, please refer to Supplementary File I.

validity but were not psychometrically calibrated (eg, via Item Response Theory). They serve solely to document content
coverage and are reported in supplementary material without performance-based inference. The ABCD classification reflects
clinical judgments about urgency and prevalence, not psychometric item difficulty. Items between and within Categories
A and B were not calibrated for difficulty equivalence; observed accuracy differences may therefore partly reflect intrinsic
item characteristics (eg, subtlety of ECG changes, vignette complexity) rather than true competency differences. All between-
and within-category comparisons should be interpreted with this caveat.

Assessment Implementation and Bias Control

The examination was administered in a computer laboratory via an institutional online platform, supervised by a research
assistant, with a 90-second-per-question time limit to simulate clinical pressure (set by faculty consensus). The primary
outcome was the proportion of residents meeting a pre-specified Category A educational benchmark (=90% correct). This
aspirational target aligns with standards in advanced ECG education.” Secondary outcomes included mean accuracy,
flawless performance (100% correct), and performance at or below an educational screening threshold (<70% correct),
set to identify trainees who may particularly benefit from additional practice. This threshold has not been validated
against clinical competence measures or patient outcomes.

Statistical Analysis

Analyses used SPSS v26.0 (IBM Corp). Continuous variables are presented as mean + SD; group comparisons used one-
way ANOVA with eta-squared (%) effect sizes and Bonferroni-corrected post-hoc tests. Categorical variables are
presented as frequencies with 95% Cls; between-group comparisons used y’-tests. As an exploratory analysis, multiple
logistic regression examined factors independently associated with meeting the Category A educational benchmark (=9/
10 correct), with training year, gender, entrance exam score, and pre-training ECG hours as independent variables. Model
fit was assessed via the Hosmer—-Lemeshow test. Since the PGY-3 subgroup exhibited near-ceiling performance (94.7%
benchmark achievement), raising concern for quasi-complete separation, Firth’s penalized maximum likelihood logistic
regression (R package logistf, version 1.26) was performed as a sensitivity analysis to provide more conservative
coefficient estimates and better-calibrated confidence intervals. A two-tailed P < 0.05 defined statistical significance.

Results

Participant Characteristics

A total of 158 residents completed the examination (response rate 95.8%): 53 PGY-1, 67 PGY-2, and 38 PGY-3. Table 2
presents their baseline characteristics. No significant differences were observed across groups in age, gender, or entrance
examination scores (scored on a 0—100 scale; all P > 0.05). Pre-training ECG hours differed significantly across training
years (P < 0.001), with PGY-3 residents reporting substantially more prior ECG learning than PGY-2 and PGY-1
residents (post-hoc Bonferroni correction: both P < 0.001).

Overall and Stratified ECG Interpretation Accuracy
Mean overall accuracy was 68.6% (SD 15.2%; Table 3 and Figure 1). Category A mean accuracy was 85.6% (SD 16.0%)
and Category B 72.5% (SD 15.8%; Table 3); the 13-percentage-point difference (95% CI 8.5-17.7) warrants cautious
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Table 2 Baseline Characteristics of 158 Internal Medicine Residents, Overall and
Stratified by Post-Graduate Year (PGY)

Characteristic All Residents PGY-I PGY-2 PGY-3 P-value
(n=158) (n=53) (n=67) (n=38)

Age, years 25.1 £ 1.8 246+ 1.6 | 252+ 1.7 | 258+ 1.9 0.052

Female, n (%) 95 (60.1%) 34 (64.2%) | 38 (56.7%) | 23 (60.5%) 0.724

Entrance Exam Score 80.2 +7.8 785+79 | 808+76 | 818177 0.102

Pre-training ECG Hours 112 + 6.8 82 +59 11.9+65 | 151 6.3 <0.001

Notes: Post-hoc analysis with Bonferroni correction showed significantly more pre-training ECG hours in PGY-3
compared to PGY-2 and PGY-| (both P < 0.001).

Table 3 Comparison of ECG Interpretation Accuracy (%) for Categories A and B by
Training Year

Group | n Overall Accuracy, % (SD) | Category A, % (SD) | Category B, % (SD)
PGY-1 53 | 59.7 (13.2) 78.1 (18.2) 65.5 (16.8)

PGY-2 | 67 | 694 (11.9) 86.7 (14.5) 74.3 (15.3)

PGY-3 | 38 | 769 (l10.1) 92.1 (11.3) 77.6 (13.4)

Total 158 | 68.6 (15.2) 85.6 (16.0) 725 (15.8)

P-value <0.001 <0.001 0.003

Notes: Post-hoc analysis with Bonferroni correction for overall accuracy showed that PGY-3 outperformed PGY-2,
and PGY-2 outperformed PGY-I, with all P values below 0.05. Comparable improvements were observed across
training years for Categories A and B individually.

interpretation, as item difficulty was not equated across categories, and differences may partly reflect intrinsic item
characteristics rather than true competency gaps. Accuracy improved with training year across categories (both P < 0.05;
17=0.216). PGY-3 residents outperformed PGY-1 residents (Cohen’s d = 1.45).

Categories C (rare emergencies) and D (rare non-emergencies) were included for content validity but not psychome-
trically calibrated; their raw accuracy values confound trainee ability with item difficulty and cannot be interpreted as
competency indicators. Detailed results and limitations appear in Supplementary File 2.
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Figure | Comparison of ECG Interpretation Accuracy Across Competency Categories by Training Year. Grouped bar chart showing mean accuracy (%, Y-axis) for Category
A (common emergencies) and Category B (common non-emergencies) among PGY-I, PGY-2, and PGY-3 resident groups (X-axis).
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Figure 2 Category A Proficiency Outcomes by Training Year. Grouped bar chart illustrating the proportion of PGY-1, PGY-2, and PGY-3 residents achieving high proficiency
(29/10 correct, green), flawless performance (10/10 correct, blue), and performance below remediation threshold (<7/10 correct, red) on the [0-item Category A ECG
examination.

Category A Proficiency Analysis

Category A performance was further examined using pre-specified educational thresholds (Figure 2 and Supplementary
Figure 1). These thresholds serve as educational reference points for curriculum planning and resource allocation, not
validated clinical competency standards. The proportion meeting the educational benchmark (>90% correct) was 30.2%
(95% CI 18.3-44.8%) in PGY-1, 58.2% (95% CI 45.5-70.1%) in PGY-2, and 94.7% (95% CI 82.3-99.4%) in PGY-3
(> = 38.52, P < 0.001). Proportions at or below the screening threshold (<70% correct) were 34.0% (95% CI 21.7—
48.3%), 1.5% (95% CI 0.04-8.0%), and 0% (95% CI 0-9.3%) for PGY-1, PGY-2, and PGY-3, respectively (x> = 45.21,
P <0.001). Flawless performance (100% correct) was achieved by 5.7%, 14.9%, and 34.2% of PGY-1, PGY-2, and PGY-
3 residents, respectively (xz = 13.78, P = 0.001); 95% CIs for each are 1.2%—15.7%, 7.4%25.7%, and 19.6%—51.4%.
Supplementary Figure 2 shows score distributions by training year.

Table 4 presents the adjusted logistic regression model. Seniority was independently associated with meeting the bench-
mark (PGY-2 vs. PGY-1: adjusted OR =2.54,95% CI 1.16-5.57, P = 0.020; PGY-3 vs. PGY-1: adjusted OR = 21.46, 95% CI
4.18-110.23, P < 0.001). Pre-training ECG hours (adjusted OR = 1.11 per hour, 95% CI 1.04—1.18, P = 0.002), and entrance
exam scores (adjusted OR = 1.06 per point, 95% CI 1.01-1.11, P = 0.024) were also independently associated. Gender was not

Table 4 Multiple Logistic Regression Analysis of Factors Associated with Meeting the Category A Educational
Benchmark (290% Correct)

Variable Standard Logistic Regression Firth Penalized Likelihood
Adjusted OR | 95% CI P-value | Adjusted OR | 95% CI P-value
PGY-1 (reference) 1.00 — — 1.00 — —
PGY-2 2.54 |.16-5.57 0.020 247 1.14-5.43 | 0.021
PGY-3 21.46 4.18-110.23 | <0.001 13.07 3.52-79.49 | <0.001
Pre-training ECG hours (per hour) | .11 1.04-1.18 0.002 1.10 1.03—1.17 | 0.003
Entrance exam score (per point) 1.06 1.01-1.11 0.024 1.06 1.01-1.11 0.018
Female gender 0.92 0.41-2.03 0.83 0.93 0.42-2.02 | 0.84

Notes: Standard logistic regression model: Hosmer-Lemeshow goodness-of-fit > = 7.89, df = 8, P = 0.44. Firth penalized likelihood model:
likelihood ratio y? = 53.25, df = 5, P < 0.001. Firth regression was performed as a sensitivity analysis to address quasi-complete separation due to
the near-perfect benchmark achievement rate (94.7%) in the PGY-3 subgroup. The Firth-adjusted estimates are more conservative and provide
better-calibrated confidence intervals under sparse event conditions.
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significant (adjusted OR = 0.92, 95% CI 0.41-2.03, P = 0.83). Model fit was acceptable (Hosmer-Lemeshow P = 0.44).
Inclusion of pre-training ECG hours attenuated the PGY-3 odds ratio from 33.75 (95% CI 7.49-152.14, unadjusted) to 21.46
(95% CI 4.18-110.23, adjusted), indicating that some of the seniority effects were attributable to self-directed learning.

The wide confidence interval for the PGY-3 comparison in the standard model (95% CI 4.18-110.23) reflects the
near-perfect benchmark achievement rate (94.7%; 36/38) in this subgroup, which results in quasi-complete separation
and limited information for precise odds ratio estimation. The Firth-adjusted analysis yielded a more conservative point
estimate for PGY-3 (OR = 13.07, 95% CI 3.52-79.49, P < 0.001), confirming the robustness of the association’s direction
and statistical significance. These findings should be interpreted as evidence of a strong positive association rather than
a precisely estimated effect size.

Discussion

Main Findings

In this cohort of 158 residents, overall mean ECG interpretation accuracy (68.6%) aligns with prior studies,”'*'®
including a recent multi-center Chinese report by Liang et al (65.2%).'® Applying the ABCD framework revealed
a pattern where moderate mean performance coexists with wide individual variability. PGY-1 residents achieved
a Category A mean accuracy of 78.1%, suggesting foundational knowledge, yet only 30.2% (95% CI 18.3—44.8%)
met the educational benchmark (>90% correct), and 34.0% (95% CI 21.7-48.3%) scored at or below the screening
threshold. This pattern illustrates that aggregate scores may obscure meaningful variation among early-career trainees.
These thresholds are educational reference points, not validated clinical competency standards; their association with
clinical decision-making requires further study before any patient safety inferences can be drawn. It should be noted that
the wide confidence interval for PGY-3 benchmark attainment (standard model 95% CI 4.18-110.23; Firth-adjusted 95%
CI 3.52-79.49) warrants conservative interpretation of the effect magnitude for this subgroup.

Incremental Value of the ABCD Framework

A question is whether similar findings could emerge from analyzing individual high-risk items without the ABCD framework.
Recognizing that observed accuracy differences may partly reflect uncalibrated item difficulty, we base the framework’s value
on structural contributions, not unique data patterns. First, the ABCD framework provides a transparent, reproducible design:
expert-consensus categorization ensures systematic representation of all clinically relevant domains, enables cross-
institutional comparison, and eliminates post-hoc categorization bias. Second, it maps assessment results directly onto
differentiated educational actions. Category A defines patterns for which near-perfect accuracy is the aspirational goal;
lower performance warrants attention. Category B informs knowledge breadth in non-urgent contexts. Categories C and
D define the boundaries of exposure-based learning. This mapping, from category to educational response, is the framework’s
principal pragmatic advantage: it directs educators to where instructional effort is needed. In our study, this structure enabled
systematic examination of the spread between mean accuracy and individual-level consistency.

Interpretation of the Reliability Gap

One possible interpretation of this dissociation between mean accuracy and consistent mastery is that it is consistent with
cognitive load theory. ECG interpretation under time constraints imposes high intrinsic cognitive load, which may
overwhelm novice working memory and lead to errors even when relevant knowledge is present.'”'® In early training,
emergency pattern recognition may not yet be sufficiently automated to support consistent performance under conditions
that simulate clinical pressure. This cognitive framework provides a possible explanation for why many PGY-1 residents
in our study could recognize emergency patterns on average, yet only a minority demonstrated the consistent mastery
captured by the >90% threshold. However, we emphasize that this interpretation is based on the congruence between
observed performance patterns and the cognitive load theory framework, not on direct measurement of individual
response times or cognitive processes. Future studies incorporating response time data, eye-tracking, or think-aloud
protocols would be needed to directly test this mechanistic hypothesis.
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If this interpretation is correct, the educational implication is not that residents below the threshold lack knowledge,
but that their recognition skills may not yet be sufficiently practiced for consistent performance under time pressure. This
frames the gap as a remediable learning need, transitioning from effortful recall to fluent pattern recognition, rather than
an inability to recognize emergencies. Repetitive retrieval practice, spaced exposure, and structured algorithms are
proven strategies for building such fluency, and may be particularly relevant for PGY-1 residents before they assume

greater clinical autonomy. '

Comparison with Existing Literature

The stepwise accuracy improvement with advancing training year mirrors prior reports.>'® While overall accuracy rates are
similar across studies, our use of pre-specified educational benchmarks enables more detailed examination of variability in early
training. Over one-third (34.0%) of PGY-1 residents scored at or below the screening threshold, set as an educational reference
point, not a definition of clinical incompetence. While direct comparison is limited by methodological differences, this proportion
is broadly comparable to the 36% overall miss rate for critical ECG findings reported by Sibbald et al in a cardiology resident
cohort.?! Consistent with prior literature, baseline knowledge (entrance exam scores) correlated with ECG performance,
supporting readiness-based training approaches.” A recent systematic review by Oh et al confirmed that while instructional
interventions can improve ECG learning, many evidence-based strategies remain insufficiently investigated.*>

Explanation of Pre-Training ECG Hours Differences

The significant difference in self-reported pre-training ECG hours across PGY groups (Table 2) was unexpected and
warrants discussion. Three complementary explanations may account for this finding. First, recall bias may have played
a role: senior residents, having accumulated richer clinical ECG experience, may have adopted a broader definition of
what constitutes formal “ECG training,” leading to higher retrospective estimates, whereas PGY-1 residents may have
provided more conservative estimates limited to clearly recalled classroom hours. Second, a cohort effect is plausible:
Chinese undergraduate medical curricula have undergone gradual reforms over the past decade, with more recent cohorts
potentially receiving fewer standalone ECG teaching hours as curricula shifted from discipline-based to integrated
system-based approaches. Third, a selection effect cannot be excluded in this single-center design: residents with higher
intrinsic motivation and more pre-training self-study may have been more likely to enter and remain in a university-
affiliated residency program, thereby inflating the mean in senior groups. Regardless of the underlying mechanism, the
independent association of pre-training hours with benchmark attainment (adjusted OR = 1.11 in the standard model and
1.10 in the Firth model, per hour) indicates that part of the observed seniority effect may stem from baseline differences.
Nevertheless, the fact that training year remained strongly significant after adjustment suggests that both baseline
preparation and residency training contribute independently to competency development.

Implications for Training and Future Research
The patterns observed in our data, moderate group-mean accuracy coexisting with wide individual variability, particularly
among PGY-1 residents, directly inform several educational priorities. First, the 34.0% of PGY-1 residents scoring below the
screening threshold for Category A emergencies suggests a need for structured, repetitive pattern-recognition drills early in
residency, such as daily microlearning modules (5-8 ECG items per session with immediate feedback).”® Second, the
progressive but incomplete Category B mastery supports a staged curriculum in which Category A competency is verified
before introducing Category B content. Third, the high benchmark achievement among PGY-3 residents (94.7%) suggests that
senior residents could serve as peer-teaching resources while their own learning shifts toward advanced interpretation and rare
emergency patterns. Beyond these specific recommendations, the ABCD framework serves as a formative assessment tool
throughout residency, enabling progress tracking, deficiency identification, and tailored remediation, an advantage over
traditional aggregate scoring approaches.

Future research should employ formal psychometric models (eg, Rasch analysis, cognitive diagnostic models) to
calibrate items across all ABCD categories, enabling meaningful interpretation of C and D performance. Standard-setting
exercises linking benchmark performance to clinical outcomes would validate the educational thresholds used here.
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Prospective intervention studies comparing framework-based curricula with conventional teaching are warranted to
determine whether this diagnostic precision translates into improved educational outcomes.

Limitations

Several limitations warrant consideration. First, the single-center, cross-sectional design restricts generalizability, although our
program mirrors China’s national “5+3” model. The cross-sectional design precludes causal inference; associations with
training year may partly reflect between cohort differences in undergraduate preparation, selection, or clinical exposure rather
than residency training itself. Unmeasured confounders, including undergraduate ECG instruction quality and clinical
exposure volume, could not be accounted for, and residual confounding may persist despite adjustment.

Second, several psychometric limitations should be noted. Items across all ABCD categories were not calibrated for
difficulty equivalence. The ABCD classification reflects clinical urgency and prevalence, not psychometric item
difficulty. Observed accuracy differences between and within categories may therefore partly reflect intrinsic item
characteristics (eg, ECG subtlety, distractor similarity, vignette complexity) rather than true competency differences.
We addressed this for Categories C and D by restricting their results to supplementary material; for Categories A and B,
we reported 95% ClIs and avoided strong between-category claims. Additionally, the category-specific Cronbach’s o
coefficients (A = 0.72, B = 0.68, C = 0.60, D = 0.55) were derived from a small pilot sample (n = 20) and are subject to
considerable sampling error; confirmatory psychometric evaluation in a larger sample is warranted. Furthermore, the pre-
training ECG hours variable relied on self-report and may be affected by recall bias.

Third, the educational thresholds (>90% benchmark; <70% screening threshold) were set based on face validity and
educational discrimination needs. They lack validation against clinical decision-making, patient outcomes, or consensus-
based standard-setting. The <70% threshold should be regarded solely as a criterion for identifying residents who may
benefit from intensified educational support; it does not define clinical incompetence.

Fourth, the logistic regression estimates for the PGY-3 subgroup should be interpreted with caution, as near-ceiling
benchmark achievement (94.7%; 36/38) resulted in quasi-complete separation. The Firth-adjusted sensitivity analysis
confirmed the robustness of the association’s direction (OR = 13.07, 95% CI 3.52-79.49), but the persistently wide

confidence interval reflects the inherent limitation of estimating effect sizes under these conditions.

Conclusion

Applying the ABCD framework for competency-based stratified assessment identified stage-specific patterns in ECG
interpretation among Chinese internal medicine residents. Under timed examination conditions, over one-third of PGY-1
residents did not achieve the pre-specified educational benchmark for common emergency patterns, despite moderate
group-mean accuracy. This gap between aggregate knowledge and consistent individual performance suggests that early
residency training should prioritize the transition from foundational knowledge to fluent, reliable pattern recognition,
a hypothesis that requires prospective validation. Although the single-center, cross-sectional design and the variable
internal consistency across ABCD categories limit generalizability, this study provides a structured assessment model and
evidence base for designing competency-based ECG curricula that emphasize early mastery of emergency patterns

through systematic, framework-guided training.
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