Furosemide initiation during norepinephrine infusion and proximal hemodynamic destabilization: a target trial emulation in MIMIC-IV with external validation in eICU-CRD
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Supplementary Methods
S1. MIMIC-IV access and item identifier mapping
All extractions were performed against MIMIC-IV version 3.1 hosted on Google BigQuery, accessed under PhysioNet credentialed data use agreement. Drug administrations and physiological measurements in MIMIC-IV are referenced by integer item identifiers (itemid) mapped to standardized clinical concepts. The following itemids were used in this analysis.
Norepinephrine infusion: 221906 (inputevents). Intravenous furosemide: 221794 (inputevents); bolus and continuous infusion were distinguished by the presence of a non-null rate field. Vasopressin: 222315; epinephrine: 221289; phenylephrine: 221749; dopamine: 221662; dobutamine: 221653. Mean arterial pressure: 220052 (arterial line, preferred when available) and 220181 (non-invasive cuff). Central venous pressure: 220074. Heart rate: 220045. Peripheral oxygen saturation: 220277. Renal replacement therapy procedures (procedureevents): 225802, 225803, 225805, 225809, 225955. Laboratory values were extracted from labevents using itemids 50912 (creatinine), 50813 (lactate), 50862 (albumin), 50902 (chloride), 50882 (bicarbonate), 50971 (potassium), 50820 (arterial pH), 51006 (blood urea nitrogen). SOFA scores and KDIGO acute kidney injury stages were taken from the corresponding entries of the mimiciv_3_1_derived schema.
S2. Norepinephrine dose harmonization
MIMIC-IV records norepinephrine infusion rates either in micrograms per minute (mcg/min) or in micrograms per kilogram per minute (mcg/kg/min), with the unit specified in the rateuom field. All rates were converted to mcg/kg/min by dividing values reported in mcg/min by patient weight obtained from the first_day_weight derived table. Records with rate values but with missing units or missing weight could not be normalized and were treated as missing for dose calculation. Distributional checks confirmed the harmonized doses were physiologically plausible, with cohort median approximately 0.07 mcg/kg/min and 99th percentile below 1.5 mcg/kg/min.
S2b. Norepinephrine trajectory class definition
The norepinephrine trajectory class is a four-level categorical variable (rising, stable, falling, unknown) constructed from each patient's norepinephrine dose history in the 6 hours preceding the index time. Patients with fewer than three dose measurements in this window were assigned to the unknown class; this affected 2,862 of 6,759 patients in the analytic cohort (42.3 percent), driven primarily by short cumulative norepinephrine exposure histories at the index time. For the remaining patients, the classification was based on the direction and magnitude of dose change across the available measurements within the 6-hour window: patients whose net dose trajectory indicated a clinically meaningful increase were classified as rising, those with a clinically meaningful decrease as falling, and those with minimal net change as stable. We note that the continuous variable ne_slope_6h, defined as the ordinary least-squares slope of dose on time across the same 6-hour window, was entered into the propensity score model and causal forest as a separate numeric covariate; the trajectory class and the continuous slope thus capture complementary aspects of the same underlying dose history (categorical direction versus linear rate of change). The resulting unmatched cohort distribution was rising 867 of 6,759 (12.8 percent), stable 1,278 of 6,759 (18.9 percent), falling 1,752 of 6,759 (25.9 percent), and unknown 2,862 of 6,759 (42.3 percent); the corresponding distribution in the matched cohort is shown in Table 1. The complete extraction and analysis pipeline, together with a data dictionary, is openly available at Zenodo (https://doi.org/10.5281/zenodo.20394738).
S3. Operational definitions of outcome components
Norepinephrine dose escalation within 24 hours of time zero was defined as the existence of at least one inputevents segment for itemid 221906 satisfying all of the following: (a) infusion rate at or above 1.3 times the index dose on the harmonized mcg/kg/min scale; (b) segment start time at or after time zero but no later than 24 hours thereafter; and (c) effective duration within the post-index window of at least 120 minutes.
New vasopressor initiation was defined as the start of a second vasoactive agent at a positive infusion rate within the 24-hour post-index window, provided the patient was not receiving that agent at time zero (no concurrent active interval bracketing the index time, implemented as a left anti-join against pressors active at index).
Sustained mean arterial pressure below 65 mmHg was approximated by counting chartevents records with itemid in (220052, 220181) and valuenum below 65 and above 20 (the latter to exclude artifact) within the 24-hour post-index window. This count-based proxy was prespecified as a candidate component of the composite primary outcome but was reclassified as a sensitivity outcome on methodological grounds: marginal cohort-level inspection of the pooled event-count distribution (i.e., across the full cohort, before stratification by treatment arm) indicated event prevalence exceeding 50 percent in both arms, a rate more consistent with a baseline severity proxy in this vasopressor-dependent population than with a treatment-induced event; the reclassification was performed before any examination of MAP-derived event rates stratified by treatment assignment. For transparency, the by-arm event rates in the unmatched analytic cohort were: the count-based MAP < 65 proxy occurred in 56.0 percent of treated patients (934 of 1,667) and 54.9 percent of controls (2,798 of 5,092), consistent with the marginal-distribution rationale for the reclassification. Acute kidney injury progression at 7 days was defined as any increase in the maximum post-index KDIGO stage (using stages obtained from the mimiciv_3_1_derived.kdigo_stages table, which integrates the serum-creatinine and urine-output components of the KDIGO 2012 definition; baseline creatinine is taken from the first 24-hour value when available) relative to the maximum stage in the 24 hours preceding time zero. 28-day mortality was derived from the date of death field in the patients table, which combines in-hospital mortality records with the death index linkage available in MIMIC-IV; patients without a recorded date of death were censored at the end of the database follow-up window.
S4. Missing data and imputation
Six covariates with substantial missingness (≥ 10 percent) in the analytic cohort were treated with a missing-indicator approach combined with median imputation: albumin (68.4 percent missing), central venous pressure (64.8 percent, reflecting that not all critically ill patients have a central venous catheter in place at the index time), norepinephrine dose 6 hours prior to time zero (42.3 percent), norepinephrine dose 3 hours prior to time zero (27.4 percent), lactate (19.1 percent), and arterial pH (17.8 percent). For each, a binary indicator variable was added to the covariate set (1 if missing, 0 otherwise) and the original variable was imputed with the cohort median. This dual encoding preserves prognostic information conveyed by missingness itself, which may correlate with monitoring intensity and clinical decision-making in ICU practice.
Variables with low missingness (below 10 percent) were imputed silently with the cohort median: potassium (8.9 percent), chloride (6.9 percent), bicarbonate (6.9 percent), blood urea nitrogen (6.9 percent), creatinine (6.8 percent), mean arterial pressure (3.5 percent), Sequential Organ Failure Assessment score (1.4 percent), and several additional variables below 2 percent. Comorbidity binary indicators absent from the diagnoses_icd table were coded as 0. The remaining baseline covariates (demographics, ICU timing variables, the norepinephrine trajectory class indicator coded as four categorical levels including 'unknown', the current norepinephrine dose at index, and binary comorbidity indicators after the 0-coding rule) were structurally complete in the analytic cohort. Multiple imputation was not performed because both propensity score matching and the causal forest framework lack established pooling routines for multiply imputed datasets, and the missing-indicator approach is recommended when missingness itself carries clinical information. Pre-imputation missingness rates for all covariates with non-zero missingness are reported in Supplementary Table S4.
S5. Causal forest implementation
The causal forest was implemented using the grf R package with the following non-default parameters: num.trees = 4000, honesty = TRUE, tune.parameters = "all", seed = 42 (the same seed initialized at the start of the analysis R session, governing the random sampling of control index times described in the main Methods (Treatment strategies and time zero), the propensity score matching, and the causal forest fit to ensure reproducibility). Honesty splitting partitions each tree's training data into two halves used separately for split selection and for leaf-value estimation, reducing bias in estimated treatment effects at the cost of higher variance. Automated hyperparameter tuning was performed by grid search over min.node.size, mtry, sample.fraction, alpha, and imbalance.penalty using the out-of-bag mean squared error of the doubly robust score as the tuning criterion. Categorical variables were converted to numeric dummies via model.matrix prior to fitting, yielding a design matrix of dimension 6,759 by 48. ATE, ATT, and ATC estimates were obtained from the augmented inverse-probability weighting estimator implemented in the average_treatment_effect function with target.sample set to "all", "treated", and "control" respectively.
S6. Policy tree fitting
A depth-2 policy tree was fit using the policy_tree function in the policytree R package. The reward matrix passed to the algorithm was constructed from the doubly robust scores Γ_i generated by the double_robust_scores function applied to the causal forest. Because Γ_i carries the sign of the outcome (Γ_i positive corresponds to predicted increased composite harm under treatment), we centered each row of the reward matrix on the patient-level CATE so that the two action columns sum to zero: reward[i, 'treat'] = −Γ_i/2 and reward[i, 'do not treat'] = +Γ_i/2. Under this symmetric centering, the algorithm's leaf-level action label maximizes the in-leaf average reward, and leaves with smaller (less positive) Γ_i are correspondingly labeled 'treat' while leaves with larger Γ_i are labeled 'do not treat'. Because all 6,759 patient-level Γ_i estimates are positive, the resulting 'treat' labels do not identify subgroups of predicted benefit; rather, they identify subgroups in which the predicted hemodynamic cost is smallest, and the tree is therefore interpreted as a relative-risk-ordering tool. Inputs to the policy tree were restricted to a prespecified set of six covariates chosen for clinical interpretability and tractability of the exhaustive search at depth 2: current and prior norepinephrine dose (ne_dose_now and ne_dose_6h_prior), three indices of the time-course of vasopressor dependence (hours_since_first_ne, ne_trajectory_class rising indicator, hours_since_icu_admit), and one biological severity marker (bun_mg_dl). Four of these six covariates (ne_dose_now, hours_since_first_ne, ne_trajectory_class rising, and bun_mg_dl) fall within the top six of the variable-importance ranking reported in Supplementary Table S3; the remaining two (ne_dose_6h_prior and hours_since_icu_admit) fall at ranks 9 and 7 respectively and were retained in the candidate set on clinical grounds (anchoring the trajectory in concrete prior dose values and accounting for ICU-stay duration). A depth-3 specification was attempted but the exhaustive search at this depth was computationally costly within our practical budget; the depth-2 tree thus reported should be interpreted as a hypothesis-generating decision aid rather than a definitive clinical rule. We further note that the policy tree's primary split variable, the norepinephrine dose six hours prior to index time (ne_dose_6h_prior), had 42.3 percent pre-imputation missingness (Supplementary Table S4); patients with missing values were assigned the cohort median (approximately 0.07 μg/kg/min, which lies near the algorithm's identified threshold of 0.06 μg/kg/min), which means a non-trivial proportion of the cohort is partitioned by a constant-imputed value at this split. The tree's clinical interpretation should be qualified accordingly.
S7. Biological phenotype stratification
To characterize the contribution of biologically motivated phenotype variables to treatment effect heterogeneity, the cohort was stratified by clinically meaningful cut points on six laboratory and physiological variables: blood urea nitrogen by sample quartile; serum albumin (less than 2.5, 2.5 to 3.5, greater than 3.5 g/dL); chloride (less than 98, 98 to 106, greater than 106 mEq/L); potassium (less than 3.5, 3.5 to 5.0, greater than 5.0 mEq/L); and lactate (less than 1.5, 1.5 to 2.5, greater than 2.5 mmol/L). Central venous pressure was analyzed in the subset of patients with a recorded measurement (less than 8, 8 to 12, greater than 12 mmHg). For each stratum, the within-stratum mean CATE was compared with the population-average ATE to identify any phenotype-specific deviation. An analogous CATE comparison was performed separately by congestive heart failure status (binary indicator from the diagnostic record) as a comorbidity analysis parallel to but distinct from the biological phenotype stratification; results are reported in Supplementary Table S5.
S8. E-value computation
E-values were computed on the risk-ratio scale following VanderWeele and Ding (2017). Because the outcomes analyzed in this study are not rare (control-arm event rates ranged from 11.3 percent for new vasopressor initiation to 51.5 percent for AKI progression at 7 days), direct application of the closed-form OR-based expression would overstate the E-value. We therefore first converted each odds ratio to its corresponding risk ratio using the control-arm event rate: RR = OR / (1 − p₀ + p₀·OR), where p₀ is the unweighted control-arm event proportion observed in the matched (or weighted) cohort. The closed-form E-value expression E = RR + √(RR × (RR − 1)) was then applied to each RR estimate, yielding both a point E-value (using the observed RR) and a lower-confidence-limit E-value (using the RR derived from the lower 95 percent CI of the OR). The interpretation is that an unmeasured confounder would need to be associated with both the exposure and the outcome by a risk ratio of at least the E-value, conditional on the measured covariates, to fully explain away the observed association.
S9. External validation in the eICU Collaborative Research Database
The external validation cohort was assembled from the eICU Collaborative Research Database (eICU-CRD), version 2.0, accessed on Google BigQuery under PhysioNet credentialed data use agreement. The database encompasses 200,859 ICU stays at 208 United States hospitals during 2014 and 2015, with hourly snapshot records for continuous infusions and discrete event records for medications administered as boluses.
Cohort assembly. Sequential exclusion was applied as follows: from 200,859 initial ICU stays, 132,611 met adult age and length-of-stay criteria, and 104,322 represented the first ICU stay per patient. After exclusion of patients without a valid recorded admission weight (the eICU patient.admissionweight field used to normalize mass-based norepinephrine dose units) and patients with end-stage kidney disease (identified from the pastHistory table) or renal replacement therapy (identified from the treatment table) within the first 24 hours of ICU admission, 98,598 remained. From this cohort, 8,281 patients had cumulative norepinephrine infusion exposure of at least 120 minutes after dose harmonization, and 7,137 remained after exclusion of patients with intravenous furosemide administered before first norepinephrine exposure. Among these, 775 patients (10.9 percent) received intravenous furosemide while on norepinephrine and were classified as treated; the remaining 6,362 constituted the control pool.
Norepinephrine dose harmonization. The eICU infusionDrug table encodes the rate unit within the drugname field rather than a separate unit column. Records were stratified by the parenthesized unit suffix: mcg/kg/min records were used directly, mcg/min records were divided by patient admission weight, and ml/hr records were converted using the standard institutional concentration of 4 mg norepinephrine in 250 mL diluent (equivalent to 16 mcg/mL): mcg/kg/min = (ml/hr × 16) / 60 / weight_kg. The unit-specific record counts in the source norepinephrine infusion cohort (before final exclusion criteria) were 1,660 patients for mcg/kg/min, 6,736 patients for mcg/min, and 9,027 patients for ml/hr; because individual patients could contribute records in more than one unit type, these counts are not mutually exclusive, and their sum exceeds the final analytic cohort of 7,137. Records without identifiable unit suffix or with rate values below the unit-specific detection threshold were excluded. The empirical distribution of norepinephrine trajectory classes (rising/stable/falling/unknown) differs between MIMIC-IV and eICU-CRD — most notably, the proportion classified as stable is substantially higher in eICU (49 percent versus 19 percent in MIMIC-IV) while the unknown proportion is correspondingly lower. This difference reflects the coarser temporal granularity of eICU's hourly snapshot infusion records relative to MIMIC-IV's high-resolution interval data, which affects within-window slope estimation and class assignment but does not alter the direction of the primary composite signal. After harmonization, the resulting cohort-level distribution of post-conversion rates (median 0.064 mcg/kg/min, interquartile range 0.030 to 0.140) was concordant with the MIMIC-IV cohort (median 0.07 mcg/kg/min), supporting the validity of the unit-stratified harmonization approach.
Treatment strategy and time zero. The treated arm index time was the timestamp of the first intravenous furosemide administration occurring while a norepinephrine infusion snapshot with positive rate was recorded within the preceding 120 minutes (the criterion for active norepinephrine infusion at the furosemide event). For the control arm, one index time per patient was sampled at random from the patient’s norepinephrine-on snapshots using a deterministic pseudo-random ordering (FARM_FINGERPRINT on the concatenation of patient identifier and snapshot offset) to ensure reproducibility.
Outcome operationalization. The primary composite outcome was sustained norepinephrine dose escalation (at least three consecutive post-index hourly snapshots at or above 1.3 times the index dose, with the maximum minus minimum offset within that run at least 120 minutes) or new vasopressor initiation (vasopressin, epinephrine, phenylephrine, dopamine, or dobutamine appearing in the infusionDrug table within the 24-hour post-index window at positive rate, where the agent was not already infusing within a 60-minute window bracketing the index time). Acute kidney injury progression at 7 days was defined as any post-index serum creatinine value at least 1.5 times the baseline (highest creatinine within the 24 hours preceding index) or at least 0.3 mg/dL above baseline. Urine output was not incorporated into the AKI definition because the eICU intakeOutput table has substantially incomplete coverage of catheterized urine output relative to the MIMIC-IV equivalent. In-hospital mortality was ascertained from the unitDischargeStatus and hospitalDischargeStatus fields in the patient table.
Covariates and propensity score model. The covariate set paralleled the primary analysis with two adaptations: APACHE IV score (extracted from the apachePatientResult table) substituted for SOFA, because eICU does not provide a derived hourly SOFA table; and a four-level norepinephrine trajectory class was constructed from the same six-hour pre-index window definition used in the primary analysis. Missing-indicator coding was applied to all covariates with greater than 10 percent missingness (ne_dose_3h_prior, ne_dose_6h_prior, ne_slope, map_last, lactate_mmol_l, albumin_g_dl, ph_arterial), with median imputation of the underlying value. Propensity score matching used nearest-neighbor 1:2 matching on the logit propensity with caliper 0.2 standard deviations and without replacement, identical to the primary specification. Treatment effects on the matched cohort were estimated by logistic regression on the treatment indicator with cluster-robust standard errors at the matched-set level, again identical to the primary specification.
The complete eICU extraction pipeline and analysis code is included in the Zenodo deposit alongside the primary analysis materials (https://doi.org/10.5281/zenodo.20394738).
Supplementary Results
S.R.1 Extended sensitivity analyses
Beyond the three matching strategies reported in the main text, several additional sensitivity considerations support the robustness of the primary finding. First, the comparability of average treatment effect estimates across three statistically distinct estimators—propensity score matching, exact-plus-PSM, and stabilized IPTW—argues against analytic specification as a source of the observed signal: the corresponding odds ratios for the primary composite were 2.03, 1.92, and 2.05, with overlapping 95% confidence intervals. Second, the closeness of the causal forest population-average treatment effect (ATE = 0.161, 95% CI 0.135 to 0.188), the average treatment effect on the treated (ATT = 0.147, 95% CI 0.119 to 0.175), and the average treatment effect on the controls (ATC = 0.167, 95% CI 0.132 to 0.202) indicates that, despite asymmetric propensity score support between arms, the population-average ATE is not artifactually inflated by extrapolation to controls who would be unlikely to receive furosemide.
Third, the magnitude of the risk-ratio-scale E-values across analyses (2.52 to 2.69 for the primary composite at the point estimate; 3.75 in the primary PSM analysis for norepinephrine dose escalation, and 3.27 for the same outcome under exact-plus-PSM) implies that the assumed unmeasured confounder would need to be associated with both furosemide initiation and the outcome by a risk ratio of approximately 2.5 to 3.8, conditional on the more than 40 measured covariates already included in the model. Plausible candidate unmeasured confounders in this clinical context—including bedside clinical impressions of fluid overload, intensivist or nephrology consultation, and continuous reassessment of vasopressor titration goals—are unlikely to attain associations of this magnitude after adjustment for SOFA score, current and recent vasopressor doses, fluid balance, lactate, and CVP.
S.R.2 Variable importance and biological phenotype contribution
Variable importance from the causal forest, ranked across all 48 input covariates and summarized in Supplementary Table S3 for the top 25, indicated that no single category of covariate exclusively drove treatment effect heterogeneity. Indication- and decision-related variables (current and prior norepinephrine doses, peak dose in the preceding 6 hours, hours since first norepinephrine initiation, hours since ICU admission, and norepinephrine trajectory class indicators) collectively accounted for 41.3 percent of total variable importance, the largest single category share. Biological phenotype variables, defined as laboratory values (blood urea nitrogen, creatinine, lactate, albumin, chloride, bicarbonate, potassium, arterial pH), comorbidity indicators (congestive heart failure, chronic pulmonary disease, chronic kidney disease, mild and severe liver disease, Charlson Comorbidity Index), and demographic characteristics (age, sex, weight), collectively accounted for 32.2 percent. Fluid management variables (cumulative fluid balance, output, and intake) accounted for 11.1 percent, with cumulative fluid balance alone contributing 7.5 percent (rank 2 overall). Hemodynamic state variables accounted for 11.9 percent, missing-indicator variables for 2.1 percent, and composite severity (SOFA score and mechanical ventilation status) for 1.5 percent.
Among individual biological variables, congestive heart failure status entered the top 5 covariates by importance (rank 4, importance 0.057), followed by blood urea nitrogen (rank 5, importance 0.053), weight (rank 8, importance 0.041), potassium (rank 14, importance 0.028), and arterial pH (rank 15, importance 0.027). Central venous pressure—a variable hypothesized a priori as a potential effect modifier for diuretic response in vasopressor-dependent patients, based on the broader literature on systemic venous congestion and its relationship to organ perfusion—appeared at rank 13 with importance 0.028, comparable in magnitude to several biological laboratory variables and similar in rank to mean arterial pressure (rank 12) and other hemodynamic indices. Variable-importance rankings within highly correlated covariate clusters (e.g., blood urea nitrogen and creatinine; Charlson comorbidity index and individual comorbidity indicators) should be interpreted as the relative contribution of partially overlapping signal rather than as independent effects of each individual variable; the dominance of the single most important covariate (current norepinephrine dose at index, with importance more than twice that of the second-ranked variable) is robust to such collinearity because that variable's correlation with the remaining covariates is low.
S.R.3 Stratified analyses by biological phenotype
Detailed stratum-level event rates and within-stratum mean CATE values for each prespecified biological phenotype are presented in Supplementary Table S5. Within blood urea nitrogen quartiles, mean CATE rose modestly from 0.145 (Q1, median BUN 11.6 mg/dL) to 0.159 (Q2, median BUN 20.7 mg/dL), then plateaued at 0.156 (Q3) and 0.157 (Q4, median BUN 62.2 mg/dL); the across-stratum range was therefore 0.014, less than 10 percent of the arithmetic mean of patient-level CATE predictions (0.154; the corresponding doubly robust ATE is 0.161, Table 3). Across albumin, chloride, potassium, lactate, and CVP strata the across-stratum ranges were 0.011, 0.006, 0.002, 0.003, and 0.008 respectively, all substantially smaller than the across-trajectory range (0.050) and the across-fluid-balance-quartile range (0.041). In every biological stratum, the mean CATE (the risk difference between exposure and control on the primary composite outcome) was positive; no stratum identified a patient phenotype with a predicted protective effect.
Comparing patients with and without congestive heart failure documented in the diagnostic record (n = 2,214 versus 4,545), the mean CATE was modestly higher in the CHF group (0.162 versus 0.150). This difference of 0.012 on the risk-difference scale is consistent with a marginal effect modification by chronic ventricular dysfunction but is dwarfed by the heterogeneity introduced by the temporal vasopressor dependence indices, and should not be interpreted as identifying a CHF-defined subgroup with qualitatively different response.
S.R.4 Policy tree decision rule and interpretation
The depth-2 policy tree fit using doubly robust scores from the causal forest, presented in Supplementary Fig. S3, yielded a depth-2 decision structure with three splitting variables (prior and current norepinephrine dose, and time since ICU admission). The tree partitioned the cohort by whether the norepinephrine dose six hours before the index time was below or above 0.06 μg/kg/min; among patients with a low prior dose, the current norepinephrine dose at 0.06 μg/kg/min provided a further partition, while among those with a higher prior dose, the partition was on whether the patient had been in the ICU for less than 184 hours. Because all 6,759 patient-level CATE estimates were positive, the policy tree does not identify subgroups in which furosemide is predicted to benefit; rather, the leaves displayed as "lower predicted hemodynamic cost" in Supplementary Figure S3 correspond to subgroups in which the estimated furosemide-attributable harm is smallest (patients with consistently low prior and current norepinephrine doses), while leaves displayed as "higher predicted cost" identify subgroups in which the estimated harm is largest (patients with rising or sustained higher vasopressor doses). The tree is therefore interpretable as a relative-risk-ordering tool, ranking subgroups by predicted hemodynamic cost when the decision to administer furosemide is otherwise clinically warranted.
Two interpretive cautions apply. First, the depth-2 tree is the maximum complexity computationally tractable on this sample; deeper trees that might capture additional nuance could not be fit. Second, the tree is presented as a hypothesis-generating decision aid rather than a clinical rule, and the absolute risk differences within each leaf are small relative to the overall heterogeneity captured by the causal forest. Translation into bedside practice would require prospective validation in an independent cohort, ideally with prespecified intervention thresholds.
To assess whether the imputation of ne_dose_6h_prior (42.3 percent missing, median-imputed to 0.07 μg/kg/min) influenced the tree's split structure, we refitted the policy tree on the subset of patients with observed (non-imputed) ne_dose_6h_prior values (n = 3,897, 57.7 percent of the analytic cohort). On this observed-data subset, the algorithm retained the same two principal splitting variables identified in the full-cohort tree—current norepinephrine dose (ne_dose_now) and time since ICU admission (hours_since_icu_admit)—with ne_dose_now selected as the root splitter at a threshold of approximately 0.06 μg/kg/min, identical to the threshold appearing in the full-cohort tree. The principal change was that ne_dose_6h_prior no longer appeared as a split variable, which is expected because the subset eliminates the imputed values that drove its appearance in the full-cohort root. The persistence of the same two-variable decision structure (current dose plus ICU timing) on the observed-data subset indicates that the policy tree's clinical interpretation—that subgroups can be partitioned by the operational state of vasopressor support—is not an artifact of constant-value imputation. The full sensitivity analysis specification and tree output are deposited at Zenodo alongside the primary analysis code.
S.R.5 Sensitivity of the eICU external validation to the norepinephrine concentration assumption
Of the 9,027 patients in the source eICU norepinephrine infusion cohort whose infusion rates were recorded in volume-rate units (ml/hr), conversion to the standardized mcg/kg/min scale required an assumed institutional concentration of norepinephrine in diluent. We applied the most commonly documented North American standard concentration of 4 mg in 250 mL (16 mcg/mL). Alternative standard concentrations in clinical use include 8 mg in 250 mL (32 mcg/mL, common in some intensive care settings) and 4 mg in 500 mL (8 mcg/mL, occasional in cardiac surgical units). The directional concordance of the primary composite signal is robust to this assumption because the dose escalation outcome is defined as the post-index norepinephrine rate reaching at least 1.3 times the patient’s own index dose: under a constant multiplicative scaling shared by all of a patient’s ml/hr records, the 1.3× threshold is satisfied at the same physical timepoints regardless of the concentration constant chosen, so the binary escalation indicator is invariant to the concentration assumption within each patient. The principal effect of an erroneous concentration assumption is on the absolute baseline covariate value of norepinephrine dose at index time, which would shift uniformly within the ml/hr subgroup and contribute to imbalance with the mcg/min and mcg/kg/min subgroups that are correctly scaled. This potential imbalance is addressed by the propensity score model, which includes the harmonized dose as a continuous covariate and achieved a standardized mean difference of 0.010 after matching (Supplementary Table S7), well below the 0.10 threshold for acceptable balance. A formal multiple-concentration sensitivity analysis varying the assumed concentration over 8, 16, and 32 mcg/mL was not performed within the present scope; given the within-patient invariance of the binary escalation indicator under multiplicative scaling, such sensitivity is expected to be minimal for the primary composite outcome, though acknowledged as a residual uncertainty.
Supplementary Tables
Supplementary Table S1. Specification of the target trial protocol and its observational emulation.
	Protocol element
	Specification in the target trial and in the emulation

	Eligibility criteria
	Adult patients (age ≥ 18 years) admitted to an intensive care unit, with first ICU stay only, ICU length of stay ≥ 24 hours, cumulative norepinephrine infusion duration ≥ 120 minutes during the ICU stay. Exclusions: end-stage kidney disease (ICD-9/10 codes); renal replacement therapy within first 24 hours of ICU admission; intravenous furosemide administered prior to norepinephrine initiation.

	Treatment strategies
	Strategy 1 (treated): initiation of intravenous furosemide during an active norepinephrine infusion. Strategy 2 (control): no intravenous furosemide administration during any active norepinephrine infusion period.

	Assignment procedure
	Target trial: random assignment at time zero. Emulation: propensity score matching (1:2 nearest-neighbor, caliper 0.2 SD on logit propensity) using all baseline covariates measured at time zero, with exact-plus-PSM and stabilized IPTW as sensitivity analyses.

	Time zero (start of follow-up)
	Treated arm: timestamp of the first intravenous furosemide dose administered during an active norepinephrine infusion. Control arm: a single index time randomly sampled from the hourly grid of on-norepinephrine ICU hours, restricted to patients who never received intravenous furosemide during any norepinephrine infusion episode.

	Follow-up duration
	24 hours after time zero for the primary outcome; 7 days for AKI progression; 28 days for all-cause mortality. Patients were followed continuously from time zero until the relevant outcome window concluded or death, whichever came first.

	Outcomes
	Primary: composite of sustained norepinephrine dose escalation (≥ 1.3× index dose for ≥ 120 min) or new vasopressor initiation, within 24 hours. Secondary: KDIGO-defined AKI stage progression within 7 days; all-cause mortality within 28 days. Sensitivity-only: sustained MAP < 65 mmHg within 24 hours.

	Causal contrast
	Effect of furosemide initiation versus no furosemide initiation on each outcome. The matched-cohort logistic regression estimates the average treatment effect on the treated (ATT), reported as an odds ratio. The causal forest separately estimates the average treatment effect (ATE), ATT, and average treatment effect on the controls (ATC) on the absolute risk-difference scale. Effect modification was prespecified for norepinephrine trajectory class, cumulative fluid balance, and SOFA score; conditional average treatment effects (CATEs) were also estimated by causal forest.

	Analysis plan
	Prespecified before outcome assessment: propensity score matching as primary; exact-plus-PSM and IPTW as sensitivity; causal forest with calibration test for heterogeneity; policy tree for interpretable decision rule; E-value computation for unmeasured confounding sensitivity.


ICD, International Classification of Diseases; AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; MAP, mean arterial pressure; PSM, propensity score matching; IPTW, inverse probability of treatment weighting; SOFA, Sequential Organ Failure Assessment.

Supplementary Table S2. Baseline characteristics of the unmatched analytic cohort, by treatment assignment.
	Characteristic
	Overall
(N = 6,759)
	Control
(N = 5,092)
	Diuretic
(N = 1,667)
	p

	Demographics
	
	
	
	

	Age, years
	68 (57, 78)
	68 (56, 79)
	69 (59, 78)
	0.085

	Male sex, n (%)
	3,901 (58)
	2,907 (57)
	994 (60)
	0.069

	Weight, kg
	80 (67, 95)
	78 (66, 94)
	84 (70, 100)
	<0.001

	ICU and vasopressor context
	
	
	
	

	Hours since ICU admission
	19 (8, 40)
	16 (7, 32)
	32 (16, 65)
	<0.001

	Hours since first norepinephrine
	11 (4, 27)
	9 (3, 21)
	24 (9, 57)
	<0.001

	Norepinephrine dose at index, μg/kg/min
	0.07 (0.04, 0.14)
	0.07 (0.04, 0.14)
	0.08 (0.04, 0.14)
	0.9

	Norepinephrine trajectory class, n (%)
	
	
	
	<0.001

	Unknown
	2,862 (42)
	2,333 (46)
	529 (32)
	

	Rising
	867 (13)
	614 (12)
	253 (15)
	

	Stable
	1,278 (19)
	875 (17)
	403 (24)
	

	Falling
	1,752 (26)
	1,270 (25)
	482 (29)
	

	Vasopressin co-administration, n (%)
	1,104 (16)
	740 (15)
	364 (22)
	<0.001

	Invasive mechanical ventilation, n (%)
	3,987 (59)
	2,848 (56)
	1,139 (68)
	<0.001

	Disease severity
	
	
	
	

	SOFA score
	7 (5, 9)
	7 (5, 9)
	8 (6, 10)
	<0.001

	Charlson Comorbidity Index
	5 (3, 7)
	5 (3, 7)
	5 (3, 7)
	<0.001

	Congestive heart failure, n (%)
	2,214 (33)
	1,399 (27)
	815 (49)
	<0.001

	Chronic kidney disease, n (%)
	1,251 (19)
	862 (17)
	389 (23)
	<0.001

	Severe liver disease, n (%)
	547 (8.1)
	410 (8.1)
	137 (8.2)
	0.8

	Hemodynamics and laboratory values
	
	
	
	

	Mean arterial pressure, mmHg
	72 (66, 80)
	72 (66, 80)
	72 (66, 78)
	0.064

	Central venous pressure, mmHg
	12 (8, 15)
	11 (8, 15)
	14 (10, 17)
	<0.001

	Lactate, mmol/L
	1.80 (1.30, 2.80)
	1.90 (1.30, 2.90)
	1.70 (1.20, 2.50)
	<0.001

	Creatinine, mg/dL
	1.10 (0.80, 1.80)
	1.10 (0.80, 1.80)
	1.30 (0.80, 2.00)
	<0.001

	Albumin, g/dL
	2.80 (2.30, 3.30)
	2.80 (2.40, 3.30)
	2.80 (2.30, 3.20)
	0.3

	Fluid status (cumulative to index time)
	
	
	
	

	Cumulative fluid balance, mL
	−1,541 (−3,500, −575)
	−1,323 (−2,965, −521)
	−2,415 (−5,590, −900)
	<0.001

	Outcomes (unmatched cohort)
	
	
	
	

	Primary composite (24 h), n (%)
	1,818 (27)
	1,169 (23)
	649 (39)
	<0.001

	AKI progression (7 d), n (%)
	3,467 (51)
	2,638 (52)
	829 (50)
	0.14

	28-day mortality, n (%)
	1,996 (30)
	1,436 (28)
	560 (34)
	<0.001


Continuous variables are reported as median (Q1, Q3); categorical variables as n (%). p-values from Wilcoxon rank-sum test for continuous variables and Pearson chi-squared test for categorical variables. Descriptive statistics are computed on observed values prior to imputation; the regression and causal forest analyses used median imputation with missing-indicator coding for variables with substantial missingness (Supplementary Methods S4; Supplementary Table S4). The post-matching cohort baseline appears as Table 1 in the main text.
Supplementary Table S3. Variable importance ranking from the causal forest (top 25 of 48 covariates).
	Variable
	Importance
	Category
	Rank

	ne_dose_now
	0.163
	Indication/Decision
	1

	fluid_balance_ml_cum
	0.075
	Fluid management
	2

	hours_since_first_ne
	0.059
	Indication/Decision
	3

	congestive_heart_failure
	0.057
	Biological (comorbidity)
	4

	bun_mg_dl
	0.053
	Biological (lab)
	5

	ne_trajectory_class (rising)
	0.045
	Indication/Decision
	6

	hours_since_icu_admit
	0.043
	Indication/Decision
	7

	weight_kg
	0.041
	Biological (demographic)
	8

	ne_dose_6h_prior
	0.039
	Indication/Decision
	9

	output_ml_cum
	0.036
	Fluid management
	10

	ne_peak_6h
	0.031
	Indication/Decision
	11

	map_mean_6h
	0.030
	Hemodynamic state
	12

	cvp_last
	0.028
	Hemodynamic state
	13

	potassium_meq_l
	0.028
	Biological (lab)
	14

	ph_arterial
	0.027
	Biological (lab)
	15

	spo2_last
	0.026
	Hemodynamic state
	16

	ne_dose_3h_prior
	0.023
	Indication/Decision
	17

	hr_last
	0.022
	Hemodynamic state
	18

	age_at_icu
	0.019
	Biological (demographic)
	19

	creatinine_mg_dl
	0.018
	Biological (lab)
	20

	bicarb_meq_l
	0.016
	Biological (lab)
	21

	cvp_last_missing
	0.016
	Missing indicator
	22

	charlson_comorbidity_index
	0.015
	Biological (comorbidity)
	23

	chloride_meq_l
	0.014
	Biological (lab)
	24

	sofa_total_24h
	0.014
	Composite severity
	25


Variable importance is computed as the weighted frequency with which each covariate was selected as a splitting variable across the 4,000 trees in the causal forest, scaled so values sum to one. Weights decay with split depth (grf default), so splits near the root contribute more than deep splits. Category groupings: Indication/Decision (vasopressor doses and ICU timing variables used in the clinical decision to administer furosemide); Biological (lab, demographic, comorbidity); Hemodynamic state (current vital signs); Fluid management (intake, output, cumulative balance); Missing indicator (binary indicator for missingness of the corresponding continuous variable); Composite severity (SOFA). The four-level norepinephrine trajectory class entered the design matrix as three indicator dummies (rising, stable, falling) after the unknown level was absorbed as the reference category by model.matrix; only the 'rising' dummy reaches the top 25 (rank 6, importance 0.045), with the remaining trajectory dummies entering at lower individual ranks.
Supplementary Table S4. Pre-imputation missingness patterns and imputation approach for baseline covariates with non-zero missingness in the analytic cohort (N = 6,759).
	Variable
	Missing, %
	Imputation approach
	Missing-indicator added

	Substantial missingness (≥ 10%)
	
	
	

	Albumin
	68.4
	Median imputation
	Yes

	Central venous pressure
	64.8
	Median imputation
	Yes

	Norepinephrine dose, 6 h prior
	42.3
	Median imputation
	Yes

	Norepinephrine dose, 3 h prior
	27.4
	Median imputation
	Yes

	Lactate
	19.1
	Median imputation
	Yes

	Arterial pH
	17.8
	Median imputation
	Yes

	Low missingness (< 10%)
	
	
	

	Potassium
	8.9
	Median imputation
	No

	Chloride
	6.9
	Median imputation
	No

	Bicarbonate
	6.9
	Median imputation
	No

	Blood urea nitrogen
	6.9
	Median imputation
	No

	Creatinine
	6.8
	Median imputation
	No

	Mean arterial pressure
	3.5
	Median imputation
	No

	Mean arterial pressure, 6 h mean
	3.5
	Median imputation
	No

	SOFA score
	1.4
	Median imputation
	No

	Peripheral oxygen saturation
	1.0
	Median imputation
	No

	Heart rate
	0.4
	Median imputation
	No

	Weight
	0.4
	Median imputation
	No

	Norepinephrine peak (prior 6 h)
	0.0
	—
	No


Variables with structurally complete data (demographics, ICU timing, norepinephrine trajectory categorical class, current dose at index, binary comorbidity indicators after 0-coding) are not listed.Missingness percentages are computed on the unmatched analytic cohort before imputation. Missing-indicator coding was applied for all variables in the substantial-missingness tier (≥ 10 percent), allowing both the imputed continuous value and the missingness pattern to enter the regression and causal forest models. Variables with low missingness (< 10 percent) were imputed silently with the cohort median without an accompanying indicator. Norepinephrine peak in the preceding 6 hours was complete by construction (defined as the maximum of the available dose records, with no peak yielding a value of zero for patients newly starting norepinephrine at the index time).

Supplementary Table S5. Treatment effects and conditional average treatment effects (CATEs) by biological phenotype stratum, with a separate analogous analysis by congestive heart failure status.
	Stratum
	n
	Diuretic event rate
	Control event rate
	Mean CATE

	Blood urea nitrogen (mg/dL), by quartile
	
	
	
	

	Q1 (lowest, median 11.6)
	1,911
	0.322
	0.214
	0.145

	Q2 (median 20.7)
	1,760
	0.364
	0.223
	0.159

	Q3 (median 29.7)
	1,457
	0.435
	0.228
	0.156

	Q4 (highest, median 62.2)
	1,631
	0.429
	0.259
	0.157

	Serum albumin (g/dL), by clinical cut points
	
	
	
	

	Low (< 2.5)
	762
	0.394
	0.253
	0.147

	Mid (2.5–3.5)
	5,706
	0.388
	0.226
	0.155

	High (> 3.5)
	291
	0.412
	0.238
	0.158

	Chloride (mEq/L), by clinical cut points
	
	
	
	

	Low (< 98)
	826
	0.417
	0.242
	0.158

	Normal (98–106)
	3,154
	0.377
	0.222
	0.155

	High (> 106)
	2,779
	0.396
	0.235
	0.152

	Potassium (mEq/L), by clinical cut points
	
	
	
	

	Low (< 3.5)
	834
	0.476
	0.233
	0.155

	Normal (3.5–5.0)
	5,229
	0.375
	0.223
	0.154

	High (> 5.0)
	696
	0.414
	0.284
	0.153

	Lactate (mmol/L), by clinical cut points
	
	
	
	

	Normal (< 1.5, median 1.15)
	2,098
	0.363
	0.196
	0.153

	Mild (1.5–2.5, median 1.97)
	1,743
	0.363
	0.220
	0.154

	High (> 2.5, median 4.89)
	1,630
	0.444
	0.281
	0.151

	Central venous pressure (mmHg), subset with recorded CVP (n = 2,376)
	
	
	
	

	Low (< 8, median 5.4)
	628
	0.237
	0.198
	0.143

	Mid (8–12, median 10.6)
	698
	0.361
	0.237
	0.149

	High (> 12, median 17.2)
	1,050
	0.360
	0.248
	0.151

	Congestive heart failure status
	
	
	
	

	Absent
	4,545
	0.360
	0.233
	0.150

	Present
	2,214
	0.420
	0.220
	0.162


Event rates are unadjusted proportions of the primary composite outcome within each stratum, by treatment arm in the unmatched cohort. Mean CATE values are arithmetic means of the patient-level conditional average treatment effect estimates from the causal forest, restricted to patients within each stratum. The lactate stratification (n = 5,471) and the CVP stratification (n = 2,376) used observed values only and excluded patients with missing measurements; the BUN, albumin, chloride, and potassium stratifications used the post-imputation values (with the cohort median substituted for missing observations, consistent with the primary analysis covariate set). For albumin in particular, which had high pre-imputation missingness (68.4 percent; Supplementary Table S4), the size of the mid stratum (2.5–3.5 g/dL) is inflated by imputation-to-median to a degree that the stratum is no longer a clean representation of observed albumin; the albumin stratification is therefore reported for completeness only and should not be regarded as inferential evidence about an albumin-defined patient phenotype. Cut points: BUN by sample quartile; albumin (< 2.5, 2.5–3.5, > 3.5 g/dL); chloride (< 98, 98–106, > 106 mEq/L); potassium (< 3.5, 3.5–5.0, > 5.0 mEq/L); lactate (< 1.5, 1.5–2.5, > 2.5 mmol/L); CVP (< 8, 8–12, > 12 mmHg); CHF as a binary indicator from the diagnostic record.
Supplementary Table S6. Baseline characteristics of the unmatched eICU-CRD external validation cohort, by treatment assignment.
	Characteristic
	Overall (N = 7,137)
	Control (N = 6,362)
	Diuretic (N = 775)

	Demographics
	
	
	

	Age, years
	67 (56, 77)
	67 (56, 77)
	68 (57, 77)

	Male sex, n (%)
	3,933 (55.1)
	3,523 (55.4)
	410 (52.9)

	Weight, kg
	79.7 (66.0, 97.4)
	79.5 (66.0, 97.1)
	81.8 (68.0, 99.2)

	ICU and vasopressor context
	
	
	

	Hours since ICU admission
	20.6 (8.5, 43.7)
	18.8 (7.9, 40.7)
	37.8 (16.8, 68.1)

	Hours since first norepinephrine
	12.4 (3.4, 31.5)
	11.0 (3.0, 27.9)
	26.3 (10.4, 56.4)

	Norepinephrine dose at index, μg/kg/min
	0.057 (0.026, 0.124)
	0.058 (0.027, 0.127)
	0.051 (0.023, 0.110)

	Norepinephrine trajectory class, n (%)
	
	
	

	Unknown
	1,662 (23.3)
	1,497 (23.5)
	165 (21.3)

	Rising
	843 (11.8)
	753 (11.8)
	90 (11.6)

	Stable
	3,499 (49.0)
	3,104 (48.8)
	395 (51.0)

	Falling
	1,133 (15.9)
	1,008 (15.8)
	125 (16.1)

	Vasopressin co-administration, n (%)
	981 (13.7)
	889 (14.0)
	92 (11.9)

	Invasive mechanical ventilation, n (%)
	2,035 (28.5)
	1,753 (27.6)
	282 (36.4)

	Disease severity
	
	
	

	APACHE IV score
	78 (60, 101)
	78 (59, 101)
	82 (63, 103)

	Congestive heart failure, n (%)
	1,109 (15.5)
	955 (15.0)
	154 (19.9)

	Chronic kidney disease, n (%)
	94 (1.3)
	83 (1.3)
	11 (1.4)

	Chronic pulmonary disease, n (%)
	1,135 (15.9)
	1,014 (15.9)
	121 (15.6)

	Hemodynamics and laboratory values
	
	
	

	Mean arterial pressure, mmHg
	72 (65, 80)
	72 (65, 80)
	73 (66, 81)

	Heart rate, beats/min
	88 (75, 102)
	88 (75, 102)
	91 (76, 104)

	Lactate, mmol/L
	2.10 (1.30, 3.70)
	2.10 (1.30, 3.70)
	2.00 (1.30, 3.42)

	Creatinine, mg/dL
	1.30 (0.85, 2.10)
	1.30 (0.87, 2.15)
	1.20 (0.82, 1.90)

	BUN, mg/dL
	26 (16, 43)
	26 (16, 43)
	25 (17, 43)

	Albumin, g/dL
	2.60 (2.10, 3.10)
	2.60 (2.10, 3.10)
	2.40 (2.00, 2.90)

	Outcomes (unmatched cohort)
	
	
	

	Primary composite (24 h), n (%)
	1,555 (21.8)
	1,325 (20.8)
	230 (29.7)

	AKI progression (7 d), n (%)
	1,547 (21.7)
	1,290 (20.3)
	257 (33.2)

	In-hospital mortality, n (%)
	2,072 (29.0)
	1,812 (28.5)
	260 (33.5)


Continuous variables are reported as median (Q1, Q3); categorical variables as n (%). Descriptive statistics are computed on observed values prior to imputation. Note that the chronic kidney disease and liver disease prevalences in eICU pastHistory are markedly lower than the corresponding MIMIC-IV comorbidity prevalences (Supplementary Table S2), reflecting differences in chronic-condition coding completeness between the structured pastHistory text-pattern field of eICU and the ICD-coded comorbidities of MIMIC-IV; missing-indicator coding combined with median imputation in the propensity score model accommodates these structural differences. The post-matching cohort is balanced on all 42 evaluated covariates (Supplementary Table S7).

Supplementary Table S7. Absolute standardized mean differences (SMDs) for all baseline covariates before and after propensity score matching, eICU-CRD validation cohort.
	Covariate
	SMD unmatched
	SMD matched

	Propensity score (distance)
	0.614
	0.003

	Age at ICU admission
	0.048
	0.031

	Male sex
	0.025
	0.007

	Weight, kg
	0.063
	0.002

	Hours since first norepinephrine
	0.315
	0.054

	Hours since ICU admission
	0.264
	0.033

	Norepinephrine dose at index
	0.023
	0.010

	Norepinephrine dose 3 h prior
	0.029
	0.017

	Norepinephrine dose 6 h prior
	0.037
	0.001

	Norepinephrine peak (prior 6 h)
	0.048
	0.002

	Trajectory: rising
	0.002
	0.005

	Trajectory: stable
	0.022
	0.013

	Trajectory: falling
	0.003
	0.004

	On vasopressin
	0.021
	0.009

	On epinephrine
	0.010
	0.003

	On phenylephrine
	0.018
	0.005

	On dopamine
	0.018
	0.004

	On dobutamine
	0.018
	0.001

	Mean arterial pressure
	0.053
	0.013

	Heart rate
	0.081
	0.046

	Peripheral oxygen saturation
	0.121
	0.007

	Creatinine
	0.192
	0.013

	Blood urea nitrogen
	0.010
	0.021

	Lactate
	0.108
	0.005

	Albumin
	0.139
	0.061

	Chloride
	0.114
	0.006

	Bicarbonate
	0.066
	0.004

	Potassium
	0.004
	0.037

	Arterial pH
	0.108
	0.033

	APACHE IV score
	0.076
	0.040

	Congestive heart failure
	0.049
	0.003

	Chronic kidney disease
	0.001
	0.000

	Chronic pulmonary disease
	0.003
	0.013

	Liver disease
	0.000
	0.000

	On mechanical ventilation
	0.088
	0.010

	Norepinephrine dose 3 h prior — missing indicator
	0.102
	0.006

	Norepinephrine dose 6 h prior — missing indicator
	0.160
	0.005

	Norepinephrine slope (6 h) — missing indicator
	0.128
	0.003

	Mean arterial pressure — missing indicator
	0.093
	0.003

	Lactate — missing indicator
	0.109
	0.009

	Albumin — missing indicator
	0.023
	0.005

	Arterial pH — missing indicator
	0.069
	0.006


SMDs are absolute values. After propensity score matching (1:2 nearest-neighbor on logit propensity, caliper 0.2 SD), all 42 of 42 evaluated covariates achieved SMD below 0.10. Variables ending in ‘missing indicator’ are binary indicators for missingness of the corresponding continuous variable, included alongside median-imputed continuous values in the propensity score model.

Supplementary Figure legends
Supplementary Fig. S1. Absolute standardized mean differences (SMDs) for all baseline covariates before and after propensity score matching (up to 1:2 ratio, average 1:1.52 after caliper truncation).
 Each row represents a covariate; red points show the unmatched cohort, blue points show the matched cohort. The dashed vertical line at SMD = 0.10 represents the threshold for acceptable post-matching balance. Variables ending in '_missing' are binary missing indicators included alongside the median-imputed continuous variable.

Supplementary Fig. S2. Distribution of estimated propensity scores by treatment group, fitted using all baseline covariates. The control distribution (grey) is concentrated at lower propensity values; the diuretic distribution (red) is shifted toward higher values with a long upper tail. The overlap region supports propensity score matching for the central mass of the data; matched analyses exclude treated patients without sufficiently similar controls (caliper truncation) and unmatched controls in the lower propensity tail.

Supplementary Fig. S3. Depth-2 policy tree derived from doubly robust scores in the causal forest, using a prespecified set of six clinically relevant covariates as candidate splitters (current and prior norepinephrine dose, three indices of the time-course of vasopressor dependence, and blood urea nitrogen; see Supplementary Methods S6). Each leaf node displays a neutral cost-ordering label ('lower' or 'higher predicted hemodynamic cost'). Because all patient-level CATE estimates were positive — that is, all four leaves show furosemide-attributable absolute risk differences in the same direction, favoring no furosemide — the 'lower predicted cost' label identifies leaves in which furosemide-attributable harm is estimated to be smallest rather than leaves of predicted benefit; correspondingly, 'higher predicted cost' identifies leaves with the largest estimated harm. The tree is presented as a hypothesis-generating relative-risk-ordering tool; numeric thresholds at each split node represent the algorithmic optimum within this cohort and are not recommended clinical reference values.


