
Additional file 1: Supplementary methods and tables
Kidney transplantation and too-sick removal among waitlisted candidates with prior malignancy: a retrospective OPTN/UNOS cohort study, 2000–2026
Supplementary Methods
Cohort construction. Records were screened sequentially for kidney-alone waitlist organ code KI, a listing date from January 1, 2000, through June 30, 2026, age 18 years or older, and prior malignancy explicitly recorded as yes or no. Removal codes 10 and 16 were excluded as erroneous records. Records with negative event/censor intervals, no positive observation time and no same-day terminal event, or unknown dialysis status were excluded. Valid terminal events on the listing date were retained at day 1.
Outcome hierarchy. Outcome rules were applied in the order shown in Supplementary Table S1B. Kidney-pancreas transplantation and removal codes 5, 14, 17, 19, and 22 were classified as other removal before transplant fields were evaluated because the target transplant outcome was kidney-alone transplantation. DDKT was defined by removal codes 2, 4, 18, or 21 or by kidney-alone organ and deceased-donor fields. LDKT was defined by removal codes 15 or 23 or by kidney-alone organ and living-donor fields. Death used removal code 8, and too-sick removal was restricted to code 13. Other nonmissing removal codes were classified as other removal. Events after June 30, 2026, were administratively censored. Transplant dates were preferred for transplant events, death dates for deaths, and waitlist end dates for removals; the specified fallback date was used only when the preferred field was unavailable.
Covariate missingness. Unknown or unreported values were displayed as separate categories in descriptive summaries. In regression models, unknown race/ethnicity (n=1,569) and unknown primary diagnosis (n=6) were combined with their corresponding other categories because some cause-by-interval cells contained zero or near-zero events and produced quasi-separation. Unknown diabetes, sensitization, functional-status, and body-mass-index categories remained separate. No registration was excluded for these covariate values.
Listing era. Pre-KAS listings were dated January 1, 2000, through December 3, 2014; post-KAS/pre-COVID-19 listings were dated December 4, 2014, through February 29, 2020; COVID-19-era listings were dated March 1, 2020, through December 31, 2021; and the final era began January 1, 2022.
Modeling. Follow-up was truncated at 5 years for every analysis. Separate cause-specific Cox models were fitted for DDKT, LDKT, too-sick removal, death, and other removal within 0-1, 1-3, and 3-5 years. An additional model used DDKT or LDKT as the combined kidney-transplantation endpoint. All models used the same covariates, OPTN-region strata, Efron handling of tied times, and patient-clustered robust standard errors.
Standardization. Baseline cumulative hazards and covariate-specific linear predictors from the 15 cause-by-interval models were combined to update event-free survival and all 5 cause-specific cumulative incidences in daily increments. Marginal predictions for registrations with recorded prior malignancy present versus absent were averaged over the same covariate distribution in the fixed target population of 689,520 registrations listed on or before June 30, 2021. Kidney-transplantation cumulative incidence was the sum of the DDKT and LDKT components. These standardized predictions describe adjusted associations and were not interpreted as effects of an intervention on prior malignancy.
Variance. A direct patient-clustered influence-function implementation was not technically available for the full multistate standardization. For each bootstrap replicate, patients were sampled with replacement from all 737,017 eligible patients; every registration belonging to a sampled patient received that patient's sampling multiplicity, and all cause-specific models were refitted in the complete multiplicity-weighted cohort. Point estimates were calculated in the complete 689,520-registration target population. For variance estimation, predictions were averaged over a fixed 50,000-registration sample selected once from that target population. In an additional 200 paired bootstrap replicates, increasing the nested prediction sample to 100,000 registrations changed the primary risk-difference bootstrap standard error from 0.205 to 0.205 percentage points (-0.005%) and changed either normal-approximation confidence-limit endpoint by at most 0.00002 percentage points. The validation thresholds were an absolute relative standard-error change below 5% and a maximum endpoint change below 0.05 percentage points. The Monte Carlo standard error of each bootstrap standard error was calculated as SE/sqrt[2(B-1)]. The primary 95% confidence interval was the complete-target point estimate plus or minus 1.96 bootstrap standard errors.
Sensitivity analyses of cause-specific associations. The first-registration analysis retained one chronologically earliest registration per patient. The center-stratified analysis replaced OPTN-region strata with listing-center strata. Both analyses evaluated cause-specific hazard ratios for combined kidney transplantation and too-sick removal across the same 3 intervals; they did not re-estimate standardized absolute risks or the primary 5-year risk difference.
Supplementary Table S1A. Cohort construction
	Step
	Registrations, n

	All OPTN STAR kidney/pancreas records
	1303788

	Kidney-alone waitlist registrations (WL_ORG=KI)
	1180781

	Listed January 1, 2000, through June 30, 2026
	969347

	Age 18 years or older
	943835

	Prior malignancy explicitly recorded as yes or no
	922680

	Excluded erroneous removal codes 10 or 16
	858

	Excluded terminal event without a valid date
	0

	Excluded negative event or censoring interval
	191

	Excluded no positive observation time and no same-day event
	96

	Excluded unknown dialysis status
	1

	Final analysis cohort
	921534

	Unique patients
	737017

	Fixed 5-year standardization population
	689520


A total of 1,877 valid terminal events occurred on the registration date and were retained with follow-up set to 1 day.
Supplementary Table S1B. Outcome classification and event-date hierarchy
	Source rule
	Source label or condition
	Final category
	Preferred; fallback date
	Priority

	REM_CD 10 or 16
	Candidate listed in error; Candidate Removed in Error
	Excluded
	Not applicable
	Before classification

	ORGAN=KP
	Kidney-pancreas transplantation
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 5
	Medically Unsuitable
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 14
	Tx at another center (multiple-listing)
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 17
	Changed to KP (by system)
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 19
	Deceased Donor Multi-Organ Tx
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 22
	Transplanted in another country
	Other removal
	END_DATE; then TX_DATE
	1: forced other

	REM_CD 2, 4, 18, or 21
	Deceased donor transplant; emergency transplant; or death during transplant procedure
	DDKT
	TX_DATE; then END_DATE
	2

	ORGAN=KI and DON_TY=C/F
	Kidney-alone, deceased- or foreign-donor field
	DDKT
	TX_DATE; then END_DATE
	2

	REM_CD 15 or 23
	Living donor transplant; or death during living-donor transplant procedure
	LDKT
	TX_DATE; then END_DATE
	3

	ORGAN=KI and DON_TY=L
	Kidney-alone, living-donor field
	LDKT
	TX_DATE; then END_DATE
	3

	REM_CD 8
	Died
	Waitlist death
	DEATH_DATE; then END_DATE
	4

	REM_CD 13
	Candidate condition deteriorated, too sick to transplant
	Too-sick removal
	END_DATE; then TX_DATE
	5

	Other nonmissing REM_CD
	All remaining removal reasons
	Other removal
	END_DATE; then TX_DATE
	6

	No terminal event
	Still waiting or administratively censored
	Event-free/censored
	END_DATE; then June 30, 2026
	7


DDKT, deceased-donor kidney transplantation; END_DATE, waitlist end date; LDKT, living-donor kidney transplantation; REM_CD, removal code; TX_DATE, transplant date. Code labels were taken from the kidney/pancreas formats supplied with the June 2026 OPTN STAR release. Kidney-pancreas and other multi-organ transplantation were competing removals because the target outcome was kidney-alone transplantation.
Supplementary Table S2. Observed mutually exclusive status within 5 years
	Outcome/status
	Overall
	No prior malignancy
	Prior malignancy

	DDKT
	280882
	257602
	23280

	LDKT
	126318
	115512
	10806

	Too-sick removal
	57545
	50468
	7077

	Waitlist death
	86845
	80068
	6777

	Other removal
	171965
	160318
	11647

	Event-free or censored
	197979
	183131
	14848


Supplementary Table S3. Additional cause-specific model results
	Outcome
	Interval
	At risk at interval start, n
	Events, n
	HR (95% CI)
	P value

	Death
	0-1 year
	921534
	24706
	0.960 (0.917-1.006)
	0.090

	
	1-3 years
	578636
	39203
	0.957 (0.920-0.995)
	0.027

	
	3-5 years
	264800
	22936
	1.005 (0.953-1.061)
	0.841

	Other removal
	0-1 year
	921534
	52648
	1.024 (0.989-1.061)
	0.186

	
	1-3 years
	578636
	77787
	0.949 (0.921-0.978)
	<0.001

	
	3-5 years
	264800
	41530
	0.894 (0.857-0.934)
	<0.001


Supplementary Table S4. Sensitivity analyses of cause-specific associations
	Analysis
	Outcome
	Interval
	At risk at interval start, n
	Events, n
	HR (95% CI)
	P value

	First registration per patient

	Kidney transplantation
	0-1 year
	737017
	171292
	1.006 (0.988-1.024)
	0.520

	
	
	1-3 years
	479309
	108382
	1.017 (0.993-1.042)
	0.158

	
	
	3-5 years
	227947
	51240
	1.071 (1.032-1.111)
	<0.001

	
	Too-sick removal
	0-1 year
	737017
	9471
	1.209 (1.136-1.286)
	<0.001

	
	
	1-3 years
	479309
	22379
	1.133 (1.086-1.182)
	<0.001

	
	
	3-5 years
	227947
	15816
	1.146 (1.085-1.210)
	<0.001

	Listing-center stratified

	Kidney transplantation
	0-1 year
	921534
	218063
	1.010 (0.994-1.025)
	0.231

	
	
	1-3 years
	578636
	130642
	0.998 (0.977-1.020)
	0.851

	
	
	3-5 years
	264800
	58495
	1.047 (1.012-1.084)
	0.009

	
	Too-sick removal
	0-1 year
	921534
	11726
	1.232 (1.165-1.302)
	<0.001

	
	
	1-3 years
	578636
	27342
	1.141 (1.098-1.186)
	<0.001

	
	
	3-5 years
	264800
	18477
	1.140 (1.083-1.200)
	<0.001


The first-registration analysis used patient-clustered robust standard errors; the center-stratified analysis retained patient clustering and used listing-center strata.
Supplementary Table S5. Annual standardized cumulative incidence for all modeled outcomes
	Outcome/status
	Year
	No prior malignancy, %
	Prior malignancy, %
	Risk difference, percentage points

	Kidney transplantation
	1
	21.845
	22.765
	+0.920

	
	2
	31.241
	32.325
	+1.084

	
	3
	37.720
	38.776
	+1.056

	
	4
	42.456
	43.722
	+1.266

	
	5
	45.769
	47.144
	+1.375

	DDKT
	1
	12.008
	11.568
	-0.440

	
	2
	18.536
	17.876
	-0.660

	
	3
	23.812
	22.969
	-0.844

	
	4
	27.974
	27.239
	-0.736

	
	5
	31.003
	30.327
	-0.676

	LDKT
	1
	9.837
	11.197
	+1.360

	
	2
	12.705
	14.449
	+1.744

	
	3
	13.908
	15.807
	+1.900

	
	4
	14.481
	16.484
	+2.002

	
	5
	14.766
	16.817
	+2.051

	Too-sick removal
	1
	1.154
	1.376
	+0.222

	
	2
	2.679
	3.089
	+0.410

	
	3
	4.208
	4.802
	+0.594

	
	4
	5.563
	6.304
	+0.741

	
	5
	6.664
	7.514
	+0.850

	Death
	1
	3.002
	2.864
	-0.138

	
	2
	5.760
	5.464
	-0.296

	
	3
	8.129
	7.696
	-0.433

	
	4
	10.004
	9.547
	-0.457

	
	5
	11.347
	10.865
	-0.483

	Other removal
	1
	5.487
	5.561
	+0.074

	
	2
	10.590
	10.302
	-0.287

	
	3
	14.870
	14.276
	-0.594

	
	4
	18.206
	17.194
	-1.012

	
	5
	20.574
	19.255
	-1.319

	Event-free
	1
	68.512
	67.434
	-1.078

	
	2
	49.731
	48.819
	-0.911

	
	3
	35.073
	34.449
	-0.624

	
	4
	23.771
	23.233
	-0.538

	
	5
	15.645
	15.222
	-0.424
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Supplementary Table S6. PRA/cPRA missingness and sensitivity analysis
	Listing era
	Prior-malignancy status
	Registrations, n
	Unknown PRA/cPRA, n
	Unknown, %

	Pre-KAS
	No prior malignancy
	415909
	68462
	16.5

	Pre-KAS
	Prior malignancy
	25151
	2790
	11.1

	Post-KAS/pre-COVID-19
	No prior malignancy
	180240
	0
	0.0

	Post-KAS/pre-COVID-19
	Prior malignancy
	18041
	0
	0.0

	COVID-19 era
	No prior malignancy
	63528
	0
	0.0

	COVID-19 era
	Prior malignancy
	7391
	0
	0.0

	2022 onward
	No prior malignancy
	187422
	120470
	64.3

	2022 onward
	Prior malignancy
	23852
	15730
	65.9


	Interval
	At risk, n
	Events, n
	HR
	95% CI
	P value

	0-1 year
	921534
	218063
	1.030
	1.014-1.046
	<0.001

	1-3 years
	578636
	130642
	1.026
	1.004-1.048
	0.021

	3-5 years
	264800
	58495
	1.069
	1.033-1.107
	<0.001


Sensitivity analysis excluding PRA/cPRA from the adjustment set. The standardized 5-year kidney-transplantation probabilities were 45.77% without recorded prior malignancy and 47.19% with recorded prior malignancy; the risk difference was +1.42 percentage points.
Supplementary Table S7. Prediction-sample validation for the primary bootstrap standard error
	Prediction sample, n
	Bootstrap replicates
	Bootstrap SE, percentage points
	Monte Carlo SE of SE, percentage points

	50000
	200
	0.2053
	0.0103

	100000
	200
	0.2053
	0.0103


Relative SE change: -0.005%. Maximum change in either normal-approximation 95% confidence-limit endpoint: 0.00002 percentage points. Validation thresholds were <5% and <0.05 percentage points, respectively. The same 200 patient-resampling replicates and nested prediction samples were used for the comparison.





