Supplementary Materials

Supplementary Table 1. Remediation-targeted practice during the 750-question training phase.
	Measure
	Knowledge-grounded AI recommendation
	Curriculum-balanced shuffled practice
	Between-group difference

	Learners included, n
	188
	182
	—

	Training questions completed per learner, n
	750
	750
	0

	Total training question attempts, n
	141,000
	136,500
	—

	Remediation-targeted practice rate, mean ± SD
	49.6 ± 4.8%
	24.8 ± 8.7%
	+24.8 percentage points

	Remediation-targeted questions per learner, mean
	372.0 / 750
	186.0 / 750
	+186.0 questions

	Non-remediation / coverage-oriented questions per learner, mean
	378.0 / 750
	564.0 / 750
	—

	Adjusted mean difference
	—
	—
	+24.8 percentage points

	95% CI for adjusted difference
	—
	—
	23.4 to 26.2 percentage points

	P value
	—
	—
	<0.001


Note. Remediation-targeted practice rate was defined as the proportion of training questions linked to at least one learner-specific baseline weak knowledge point or newly exposed unstable knowledge point during training. For questions linked to multiple knowledge points, a question was counted as remediation-targeted if it covered any knowledge point identified as weak or unstable for that learner. In the knowledge-grounded AI recommendation group, remediation-targeted questions were intentionally selected by the rule-based recommendation queue. In the curriculum-balanced shuffled practice group, remediation-targeted questions reflected incidental overlap between shuffled questions and each learner’s weak or unstable knowledge areas. The adjusted mean difference was estimated after adjustment for baseline accuracy.

Supplementary Table 2. Independent post-training assessment performance.
	Measure
	AI recommendation
	Shuffled practice
	Between-group difference

	Learners included, n
	188
	182
	—

	Baseline accuracy, mean ± SD
	56.4 ± 12.5%
	56.0 ± 12.0%
	+0.4 percentage points

	Baseline correct answers, mean
	84.7 / 150
	84.0 / 150
	+0.7 questions

	Independent post-test accuracy, mean ± SD
	70.2 ± 11.5%
	65.1 ± 12.1%
	+5.1 percentage points

	Independent post-test correct answers, mean
	105.3 / 150
	97.7 / 150
	+7.6 questions

	Learning gain, mean
	+13.8 percentage points
	+9.1 percentage points
	+4.6 percentage points

	Additional correct answers from baseline, mean
	+20.6 questions
	+13.7 questions
	+6.9 questions

	Adjusted mean difference in post-test accuracy
	—
	—
	+4.9 percentage points

	95% CI for adjusted difference
	—
	—
	2.8 to 7.0 percentage points

	P value
	—
	—
	<0.001

	Cohen’s d
	—
	—
	0.43


Note. The independent post-test contained 150 questions and did not overlap with the baseline test or training question pool. Baseline accuracy and post-test accuracy were calculated as the percentage of correct answers. Learning gain was calculated as post-test accuracy minus baseline accuracy. The adjusted mean difference was estimated using a regression model adjusting for baseline accuracy. 










Supplementary Table 3. Post-test performance by baseline performance stratum.
	Baseline stratum
	AI group, n
	AI baseline accuracy
	AI post-test accuracy
	Shuffled practice, n
	Shuffled baseline accuracy
	Shuffled post-test accuracy
	Crude difference
	Adjusted difference
	95% CI
	P value

	Low
	60
	42.5 ± 4.6%
	63.5 ± 11.0%
	59
	42.9 ± 4.2%
	58.7 ± 11.1%
	+4.8 pp
	+5.0 pp
	1.2 to 8.7 pp
	0.009

	Middle
	86
	57.1 ± 3.5%
	70.3 ± 9.4%
	82
	56.6 ± 4.0%
	66.1 ± 11.0%
	+4.2 pp
	+4.0 pp
	0.9 to 7.2 pp
	0.012

	High
	42
	75.0 ± 5.0%
	79.6 ± 9.3%
	41
	73.6 ± 5.0%
	72.5 ± 10.8%
	+7.1 pp
	+6.7 pp
	2.2 to 11.2 pp
	0.003


Note. Values are shown for learners included in the primary analysis. Baseline and post-test accuracy are presented as mean ± SD. Adjusted differences were estimated from a linear regression model including study group, baseline accuracy, baseline performance stratum, and the group-by-stratum interaction. The P value in each row refers to the within-stratum comparison between the knowledge-grounded AI recommendation group and the curriculum-balanced shuffled practice group. The overall group-by-stratum interaction was not statistically significant (F(2, 363) = 0.473; P for interaction = 0.623).

