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Supplementary Methods S1. Reproducible complete-case base-model equations
For either landmark, predicted risk is p = 1 / (1 + exp(−LP)).
Twelve-hour equation
LP12 = 0.634187 + 0.563190 × ln(baseline serum creatinine, mg/dL) + 3.939574 × creatinine change, mg/dL − 0.544946 × ln(1 + cumulative urine output, mL) + 0.009792 × pre-landmark binned MAP, mmHg
Twenty-four-hour equation
LP24 = 0.000473 + 0.520547 × ln(baseline serum creatinine, mg/dL) + 3.458791 × creatinine change, mg/dL − 0.436837 × ln(1 + cumulative urine output, mL) + 0.011091 × pre-landmark binned MAP, mmHg
Baseline creatinine is the lowest value in the 24 hours before the earliest positive-dose, non-Rewritten furosemide event linked to the eligible ICU stay. Eligibility, predictor windows, and follow-up use this same reconciled record time. The anchor is not established as the first hospital diuretic dose. For creatinine and mean arterial pressure separately, the latest available six-hour bin beginning at or after the anchor and before the landmark is selected. Creatinine change is the maximum creatinine in that bin minus baseline; binned MAP is the first non-invasive MAP value in its selected bin. Urine output accumulates from the anchor to the landmark. Natural logarithms are used. The equations were refitted in the corrected complete-case populations (368/52 at 12 hours; 357/51 at 24 hours). Input freshness and chart-entry delays were not validated for real-time use, and adequate external validation remains necessary before any clinical application.
Outcome classification. The creatinine extract covers [−24, 168) hours relative to the anchor. The pretreatment minimum is the baseline; post-anchor observations are reduced to the maximum within each six-hour bin. A positive bin is at least 0.3 mg/dL above baseline, and the earliest positive bin defines onset. The algorithm evaluates only that first observed episode.
If an observed bin after onset but before onset + 48 hours falls below the threshold, the episode is classified negative immediately; later recurrences are not reconsidered. Otherwise, the first available bin in [onset + 48, onset + 72) hours determines confirmation: a value at or above the threshold is positive, and a value below it is negative. If no rise is observed in the available post-anchor bins, the outcome is negative only if at least one observed bin begins at or after 48 hours; otherwise it is unclassifiable. Missing or non-positive baseline creatinine, no post-anchor observations, or an initial rise without either early recovery or an available confirmation bin also leaves the outcome unclassifiable.
The algorithm therefore does not identify every recurrent episode or require complete 168-hour follow-up for a negative outcome. The 168-hour extraction limit can prevent confirmation of late rises. An elevated bin maximum does not prove that every raw measurement within that bin was elevated; “no observed recovery” refers to the binned sequence.
Supplementary Methods S2. Missing-data sensitivity analysis
Twenty stochastic completed datasets were generated using iterative Bayesian ridge conditional models without the outcome. These datasets were used to examine coefficient direction and penalty-tuning stability. Performance estimation used a separate leakage-protected procedure: the stochastic imputer, standardization, penalty tuning, and ridge fitting were performed within each outer training fold and then applied to its held-out fold. The outer procedure was repeated 10 times with five folds, so each patient received 10 held-out predictions that were averaged.
Empirical coefficient ranges across completed datasets are descriptive and are not Rubin-rule confidence intervals. Performance intervals and decision-curve bands used 1,000 patient-level resamples conditional on pooled held-out predictions and did not repeat the complete nested modeling procedure.
The imputation addressed missing predictor values among patients with a classifiable outcome. It did not assign outcomes to patients whose creatinine trajectory could not be classified and therefore did not resolve outcome-ascertainment bias.
Supplementary Table S1. Characteristics of the 24-hour landmark population
	Characteristic
	Overall
	No persistent WRF
	Persistent WRF
	P value

	Age, years
	72.0 [62.0, 82.0] (n=383)
	72.5 [62.2, 82.0] (n=326)
	71.0 [58.0, 83.0] (n=57)
	0.635

	Female sex
	161 (42.0%)
	135 (41.4%)
	26 (45.6%)
	0.553

	Race, overall
	—
	—
	—
	0.841

	White race
	263 (68.7%)
	224 (68.7%)
	39 (68.4%)
	—

	Black race
	53 (13.8%)
	45 (13.8%)
	8 (14.0%)
	—

	Asian race
	15 (3.9%)
	14 (4.3%)
	1 (1.8%)
	—

	Other/unknown race
	52 (13.6%)
	43 (13.2%)
	9 (15.8%)
	—

	First-day SOFA score
	4.0 [3.0, 6.0] (n=383)
	4.0 [2.0, 5.0] (n=326)
	6.0 [4.0, 8.0] (n=57)
	<0.001

	Diabetes
	172 (44.9%)
	143 (43.9%)
	29 (50.9%)
	0.326

	ICD-coded myocardial infarction
	107 (27.9%)
	90 (27.6%)
	17 (29.8%)
	0.731

	Documented renal disease
	163 (42.6%)
	128 (39.3%)
	35 (61.4%)
	0.002

	Chronic pulmonary disease
	173 (45.2%)
	155 (47.5%)
	18 (31.6%)
	0.025

	Cerebrovascular disease
	25 (6.5%)
	22 (6.7%)
	3 (5.3%)
	1.000

	Peripheral vascular disease
	62 (16.2%)
	50 (15.3%)
	12 (21.1%)
	0.280

	Malignancy
	30 (7.8%)
	23 (7.1%)
	7 (12.3%)
	0.183

	Baseline serum creatinine, mg/dL
	1.3 [1.0, 2.0] (n=383)
	1.3 [1.0, 2.0] (n=326)
	1.4 [1.2, 2.0] (n=57)
	0.119

	Creatinine change at landmark, mg/dL
	0.0 [-0.1, 0.2] (n=380)
	0.0 [-0.1, 0.1] (n=324)
	0.4 [0.1, 0.7] (n=56)
	<0.001

	Cumulative urine output, mL
	2758.0 [1875.0, 3950.0] (n=383)
	2905.0 [2011.5, 4128.7] (n=326)
	1870.0 [1290.0, 2755.0] (n=57)
	<0.001

	Pre-landmark binned MAP, mmHg
	72.0 [64.0, 81.2] (n=360)
	72.0 [64.0, 80.0] (n=308)
	74.5 [65.0, 87.5] (n=52)
	0.157

	Cumulative furosemide dose, mg
	120.0 [60.0, 204.9] (n=383)
	120.0 [60.0, 200.0] (n=326)
	160.0 [80.0, 240.0] (n=57)
	0.023



MAP, mean arterial pressure; SOFA, Sequential Organ Failure Assessment; WRF, worsening renal function. Continuous values are median [Q1, Q3] with non-missing n; categorical values are n (%). Creatinine change uses the maximum value in the latest available pre-landmark six-hour bin minus baseline; binned MAP uses the first non-invasive value in its latest available pre-landmark bin. First-day SOFA describes illness severity during the first ICU day and was not a model predictor. ICD-coded myocardial infarction includes acute and prior infarction codes recorded for the same hospitalization. Continuous variables were compared with the two-sided Mann–Whitney U test. Binary variables were compared with Pearson's χ² test, or Fisher's exact test when any expected cell count was <5. Race was compared once across four categories using a Fisher–Freeman–Halton test with 200,000 Monte Carlo resamples (fixed seed 20260930); its P value is approximate. Tests used available observations for each variable. No adjustment for multiple comparisons was made; these P values are descriptive and did not guide model specification.
SI conversion: multiply creatinine values in mg/dL by 88.4 to obtain µmol/L, and blood pressure values in mmHg by 0.1333224 to obtain kPa. The reported equations require the original units shown in each equation.
Supplementary Table S2. Missing predictor values
	Landmark
	Predictor
	N
	Missing, n (%)

	12 h
	Cumulative furosemide dose
	433
	0 (0.0%)

	12 h
	Baseline serum creatinine
	433
	0 (0.0%)

	12 h
	Creatinine change
	433
	40 (9.2%)

	12 h
	Cumulative urine output
	433
	0 (0.0%)

	12 h
	Pre-landmark binned MAP
	433
	31 (7.2%)

	24 h
	Cumulative furosemide dose
	383
	0 (0.0%)

	24 h
	Baseline serum creatinine
	383
	0 (0.0%)

	24 h
	Creatinine change
	383
	3 (0.8%)

	24 h
	Cumulative urine output
	383
	0 (0.0%)

	24 h
	Pre-landmark binned MAP
	383
	23 (6.0%)



MAP, mean arterial pressure.
Supplementary Table S3. Within-fold imputation and repeated nested-cross-validation performance
	Landmark
	Model
	N/events
	Metric
	Estimate [conditional bootstrap 2.5th–97.5th percentile range]

	12 h
	Base
	433/63
	AUROC
	0.790 [0.731, 0.848]

	12 h
	Base
	433/63
	Brier score
	0.099 [0.079, 0.119]

	12 h
	Base
	433/63
	Calibration intercept
	0.254 [-0.243, 0.908]

	12 h
	Base
	433/63
	Calibration slope
	1.171 [0.913, 1.550]

	12 h
	Base + dose
	433/63
	AUROC
	0.780 [0.713, 0.840]

	12 h
	Base + dose
	433/63
	Brier score
	0.102 [0.081, 0.123]

	12 h
	Base + dose
	433/63
	Calibration intercept
	0.189 [-0.428, 0.856]

	12 h
	Base + dose
	433/63
	Calibration slope
	1.119 [0.820, 1.483]

	24 h
	Base
	383/57
	AUROC
	0.846 [0.792, 0.899]

	24 h
	Base
	383/57
	Brier score
	0.091 [0.071, 0.112]

	24 h
	Base
	383/57
	Calibration intercept
	0.042 [-0.514, 0.731]

	24 h
	Base
	383/57
	Calibration slope
	1.039 [0.781, 1.393]

	24 h
	Base + dose
	383/57
	AUROC
	0.850 [0.792, 0.900]

	24 h
	Base + dose
	383/57
	Brier score
	0.091 [0.071, 0.113]

	24 h
	Base + dose
	383/57
	Calibration intercept
	0.046 [-0.528, 0.766]

	24 h
	Base + dose
	383/57
	Calibration slope
	1.033 [0.730, 1.414]



AUROC, area under the receiver-operating-characteristic curve. Calibration intercept and slope were estimated jointly from logit Pr(Y = 1) = a + b × logit(p), where p is predicted risk; a is not a calibration-in-the-large intercept obtained by fixing b at 1. The 2.5th–97.5th percentile ranges were obtained by resampling the pooled held-out predictions and do not repeat the complete nested modeling procedure. Nominal confidence-interval coverage was not established.
Supplementary Table S4. Decision-curve results at selected thresholds
	Landmark
	Model
	Threshold
	Model NB/100
	Conditional bootstrap percentile range/100
	Treat-all NB/100

	12 h
	Base
	0.05
	10.68
	7.41–14.64
	10.05

	12 h
	Base + dose
	0.05
	10.39
	7.05–13.83
	10.05

	12 h
	Base
	0.10
	7.75
	4.54–11.19
	5.06

	12 h
	Base + dose
	0.10
	7.75
	4.57–10.65
	5.06

	12 h
	Base
	0.15
	5.80
	2.89–8.83
	-0.53

	12 h
	Base + dose
	0.15
	5.91
	3.06–8.80
	-0.53

	12 h
	Base
	0.20
	4.50
	1.67–7.16
	-6.81

	12 h
	Base + dose
	0.20
	3.93
	1.39–6.52
	-6.81

	12 h
	Base
	0.25
	3.70
	1.23–6.24
	-13.93

	12 h
	Base + dose
	0.25
	3.23
	1.00–5.62
	-13.93

	12 h
	Base
	0.30
	3.43
	1.12–5.77
	-22.07

	12 h
	Base + dose
	0.30
	2.64
	0.46–4.92
	-22.07

	24 h
	Base
	0.05
	11.24
	7.74–14.83
	10.40

	24 h
	Base + dose
	0.05
	11.35
	8.01–15.15
	10.40

	24 h
	Base
	0.10
	9.08
	5.89–12.76
	5.43

	24 h
	Base + dose
	0.10
	9.43
	6.06–13.06
	5.43

	24 h
	Base
	0.15
	7.28
	4.04–10.74
	-0.14

	24 h
	Base + dose
	0.15
	7.99
	4.81–11.11
	-0.14

	24 h
	Base
	0.20
	6.85
	3.98–9.79
	-6.40

	24 h
	Base + dose
	0.20
	6.14
	3.13–9.20
	-6.40

	24 h
	Base
	0.25
	6.53
	3.48–9.31
	-13.49

	24 h
	Base + dose
	0.25
	6.09
	3.39–9.05
	-13.49

	24 h
	Base
	0.30
	5.45
	2.69–8.24
	-21.60

	24 h
	Base + dose
	0.30
	6.04
	3.13–9.14
	-21.60



NB, net benefit. Ranges are patient-level bootstrap percentile ranges conditional on the pooled held-out predictions, not conventional confidence intervals from a fully rerun model-building procedure. Treat-none net benefit is zero at every threshold.
Supplementary Table S5. eICU transportability gate
	Landmark
	Order-anchor N
	At-risk N
	Future events
	Complete predictors N/events
	Required events
	Decision

	12 h
	32
	25
	3
	14/2
	40
	NO-GO

	24 h
	32
	23
	3
	17/2
	40
	NO-GO



The extracted heart-failure cohort contained 229 eICU admissions. The medication source supplied a furosemide order time, not a confirmed administration time. Cumulative administered dose was unavailable, so the five-predictor base-plus-dose model could not be transported as specified. Both landmarks also failed the frozen minimum of 40 future events; external AUROC, calibration, Brier score, and decision curves were not calculated for either model. The large size of the parent database does not change the event count or remedy the variable mismatch in this prespecified cohort.
Supplementary Table S6. Availability of the persistent-WRF outcome
	Independent MIMIC-IV patients
	N
	Share of 784

	Persistent-WRF outcome classifiable
	481
	61.4%

	Persistent-WRF outcome unclassifiable
	303
	38.6%

	— No pretreatment baseline creatinine
	227
	29.0%

	— No post-treatment creatinine
	3
	0.4%

	— No initial rise observed, but insufficient later testing to classify a negative outcome
	39
	5.0%

	— Initial rise observed, but insufficient data at 48–72 h after onset
	34
	4.3%



The four reason categories are mutually exclusive under the archived phenotype-classification code and sum to 303. A more detailed comparison of classifiable and unclassifiable patients is provided in Table S9. These are descriptive comparisons, not adjusted estimates or a missing-outcome correction. Hospital death, discharge, and testing times were not jointly adjudicated for inverse-probability or competing-event analyses.
Supplementary Table S7. Landmark eligibility, initial rise, and time to confirmation
	Measure
	12-h landmark
	24-h landmark

	Independent patients remaining in ICU
	695
	587

	Outcome unclassifiable among those in ICU
	262
	204

	Classifiable analysis risk set
	433
	383

	Later-confirmed persistent-WRF events
	63
	57

	Complete-case risk set/events
	368/52
	357/51

	Initial rise in a pre-landmark bin, all at-risk patients/events
	54/24
	73/33

	First rise in six-hour bin beginning at landmark, all at-risk patients/events
	16/5
	15/7

	No rise before or in landmark-start bin, all at-risk patients/events
	363/34
	295/17

	Event patients with initial rise before landmark
	24
	33

	Event patients with first rise in six-hour bin beginning at landmark
	5
	7

	Event patients with first rise after that bin
	34
	17

	Time from landmark to confirmation among event patients, median [Q1, Q3], h
	60 [45, 75]
	42 [30, 60]



The three 'all at-risk patients/events' rows partition each classifiable risk set by retrospectively assigned first-rise bin; the subsequent rows partition events only. Onset was assigned to six-hour bins, so an event in the bin beginning at a landmark cannot be interpreted as having occurred precisely at that clock time or as a result available for a real-time decision. A rise in a bin strictly before the landmark defines the already-risen subgroup in Table S8. The confirmation interval was tied to onset rather than a fixed number of hours after the landmark. No separate subgroup model was developed because event counts were below the frozen 40-event gate in the already-risen and not-yet-risen complete-case groups.
Supplementary implementation boundary
The equations do not define production input validation, missing-input handling, measurement-frequency requirements, subgroup fairness, alert thresholds, or a recommended clinical action. These elements must be prespecified and tested after independent performance evaluation. Source-event reconciliation has been completed for the exported ICU-linked records; complete hospital treatment history, outcome-ascertainment handling, and a fixed post-landmark horizon remain unresolved. The present model is a research artifact, not a clinical decision-support system.
Supplementary Table S8. Exploratory subgroup discrimination, simple creatinine rule, and anchor-status check
	Landmark
	Group or rule
	N/events
	Base AUROC
	Rule metrics

	12 h
	Already risen
	54/24
	0.835
	

	12 h
	No prior rise
	379/39
	0.722
	

	24 h
	Already risen
	73/33
	0.835
	

	24 h
	No prior rise
	310/24
	0.734
	

	12 h
	Rise-only rule
	433/63
	—
	Sens 38.1%; spec 91.9%; AUROC 0.650

	24 h
	Rise-only rule
	383/57
	—
	Sens 57.9%; spec 87.7%; AUROC 0.728

	12 h
	ICU→anchor ≤6 h
	266/38
	0.775
	

	24 h
	ICU→anchor ≤6 h
	233/35
	0.850
	

	12 h
	FinishedRunning at anchor
	399/60
	0.798
	

	24 h
	FinishedRunning at anchor
	353/54
	0.852
	


All AUROCs are descriptive estimates from the original pooled held-out predictions after within-fold predictor imputation. No subgroup or short-interval model was refitted, and no independent validation was performed. The binary rule predicts persistence whenever a ≥0.3 mg/dL first rise was already recorded in a six-hour bin beginning strictly before reassessment. At 12 h, TP/FP/FN/TN = 24/30/39/340; at 24 h, 33/40/24/286. Subgroups are small, and calibration and incremental clinical utility were not assessed. The record-status restriction retained patients whose selected positive-dose anchor included a FinishedRunning row; its AUROC used the original pooled held-out predictions without refitting and does not confirm first administration.
Supplementary Table S9. Outcome classifiability and recorded treatment-anchor timing
	Measure
	Classifiable (n=481)
	Unclassifiable (n=303)

	Age, years
	72 [62, 82]
	78 [66, 86]

	Female sex, n (%)
	207 (43.0%)
	169 (55.8%)

	ICU length of stay, h
	68.3 [37.1, 121.8]
	44.2 [23.6, 73.9]

	Hospital length of stay, h
	218.3 [147.6, 351.9]
	129.2 [77.3, 208.8]

	Hospital death, n (%)
	30 (6.2%)
	35 (11.6%)

	Kidney-disease diagnosis flag, n (%)
	210 (43.7%)
	135 (44.6%)

	First-day SOFA score
	4 [2, 5]
	3 [2, 5]

	Any norepinephrine record, n (%)
	59 (12.3%)
	21 (6.9%)

	ICU entry to recorded anchor, h
	4.9 [2.6, 10.4]
	3.1 [1.7, 5.8]

	Hospital admission to recorded anchor, h
	13.1 [5.6, 40.1]
	5.0 [3.3, 9.7]


Continuous measures are median [Q1, Q3]. In all 784 patients, ICU-to-anchor time was 4.1 [2.2, 8.3] h and hospital-admission-to-anchor time was 8.3 [4.1, 22.0] h; 510 (65.1%) had an anchor within six hours of ICU entry. The diagnosis flag covers the hospitalization, first-day SOFA can include post-anchor information, and the norepinephrine indicator spans −6 to +72 hours around the anchor. These are selection descriptors, not time-available predictors. The table cannot determine the direction of outcome-ascertainment bias.
Supplementary Table S10. Hospital outcomes by persistent-WRF status among classifiable patients
	Hospital measure
	Persistent WRF (n=64)
	No persistent WRF (n=417)
	Exploratory P value

	Hospital death, n (%)
	14 (21.9%)
	16 (3.8%)
	<0.001

	Hospital length of stay, h, median [Q1, Q3]
	282.3 [183.4, 410.6]
	212.2 [144.4, 332.4]
	0.004


P values are two-sided, unadjusted, and descriptive: Fisher's exact test for death and Mann–Whitney U test for length of stay. The renal outcome requires observed follow-up, and hospital death was not ordered relative to renal confirmation. These co-occurrences do not establish causality or the independent prognostic value of this specific renal endpoint.
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