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Abstract

Background: The success of immunotherapy highlights a possible role for immunity in 

controlling cancer during remission for cancer patients in the general population. A prior cancer 

diagnosis is common among solid organ transplant candidates, and immunosuppressive 

medications administered to transplant recipients may increase recurrence risk.

Methods: Using linked data from the United States solid organ transplant registry and 13 cancer 

registries, we compared overall and cancer-specific survival among cancer patients who did vs. did 

not receive subsequent transplantation. We used Cox regression in cohort and matched analyses, 

controlling for demographic factors, cancer stage, and time since cancer diagnosis.

Results: The study included 10,524,326 cancer patients with 17 cancer types; 5425 (0.05%) 

subsequently underwent solid organ transplantation. The median time from cancer diagnosis to 

transplantation was 4.17 years. Transplantation was associated with reduced overall survival for 

most cancers, especially cervical, testicular, and thyroid cancers (adjusted hazard ratios [aHRs] for 

overall mortality: 3.43-4.88). In contrast, transplantation was not associated with decreased 

cancer-specific survival for any cancer site, and we observed inverse associations for patients with 

breast cancer (aHRs for cancer-specific mortality: 0.65-0.67), non-Hodgkin lymphoma 

(0.50-0.51), and myeloma (0.39-0.42).

Conclusions: Among US cancer patients, subsequent organ transplantation was associated with 

reduced overall survival, likely due to end-stage organ disease and transplant-related 

complications. However, we did not observe adverse associations with cancer-specific survival, 

partly reflecting careful candidate selection.
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Impact: These results do not demonstrate a detrimental effect of immunosuppression on cancer-

specific survival and support current management strategies for transplant candidates with 

previous cancer diagnoses.

Introduction

With improvements in cancer treatment, survival following a cancer diagnosis has greatly 

improved over recent decades in the United States (US) (1). A recent advance has been the 

introduction of checkpoint inhibitors, which are therapeutic monoclonal antibodies that 

inactivate immune checkpoint proteins expressed in tumors, thereby unleashing components 

of the cellular immune system (including CD4-positive T-cells and cytotoxic CD8-positive 

T-cells) to target cancer cells. These medications are effective for a range of advanced 

cancers, including cancers of the lung, kidney, and bladder, and melanoma (2).

Following initial therapy and resolution of clinically detectable sites of cancer, patients 

treated with checkpoint inhibitors can have remissions extending for years without evidence 

of residual disease (3). Such long-term remissions may be explained by cytotoxic killing and 

complete elimination by activated T-cells of even microscopic collections of cancer cells. An 

alternative explanation is that there remain small undetected foci of malignant cells held in 

control by the immune system (4). An analogous model has been proposed for 

“immunosurveillance” in preventing development of incident cancers (5), which likewise 

involves components of the cellular immune system. Under the immunosurveillance model, 

the immune system can eliminate some abnormal cells early in the carcinogenic process, but 

at a later stage the immune system engages in an ongoing dynamic equilibrium with 

premalignant or malignant cells to suppress their outgrowth (5).

The immune system may likewise help control cancer during remission for cancer patients 

in the general population, not only those treated with immunotherapy (4). If so, then 

immunosuppressive medical conditions or medications would be expected to increase the 

risk of relapse and decrease survival among cancer patients. Solid organ transplantation 

provides life-saving treatment for patients with end-stage organ disease, but transplant 

recipients must be administered immunosuppressive medications that target T-cell function 

to prevent organ rejection. Indeed, immunosuppression contributes substantially to an 

increased incidence of cancer among transplant recipients (6, 7). Furthermore, because of 

concern that immunosuppression may increase the risk of cancer relapse, the presence of a 

previous cancer diagnosis is an important consideration in evaluating patients with end-stage 

organ disease for possible transplantation (8).

Current evaluation and management of potential transplant candidates with a prior cancer is 

largely influenced by clinical experience. The largest patient series reported results from the 

Cincinnati Transplant Tumor Registry (CTTR) through 1997 regarding 1137 individuals 

with prior cancer who received an organ transplant (9). Risk of cancer relapse following 

transplantation varied widely among these recipients, but was highest for those with 

previous melanoma, breast or bladder cancer, or myeloma, and also when the interval 

between cancer treatment and transplantation was less than 2-5 years. Current guidelines for 

evaluation of transplant candidates therefore generally recommend a waiting period 
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depending on the type of cancer (i.e., site) and stage at diagnosis, and indicate that such 

individuals should be carefully evaluated to confirm that they manifest no evidence of 

residual cancer (10-12). Prognosis of similar cancer patients in the general population is also 

used as a clinical benchmark to help gauge the appropriateness of offering transplantation to 

a potential candidate with a previous cancer (13-15). However, no study has systematically 

compared cancer patients who received a solid organ transplant with others who did not, so 

the degree to which this benchmarking is appropriate, or whether transplant-associated 

immunosuppression leads to greater risk of relapse or death among individuals with a 

previous cancer, is unknown.

With the aging of the general population and improvements in cancer survival, the 

prevalence of cancer has increased among people evaluated as candidates for organ 

transplantation and those who eventually receive a transplant (16). In the present study, we 

used linked cancer and transplant registry data to assess survival among individuals with 

cancer who subsequently received an organ transplant. We evaluated 17 different types of 

cancer, comparing transplanted patients to other cancer patients in the general population 

who did not receive a transplant. We present analyses for overall survival but focus on 

cancer-specific survival (i.e., absence of death due to cancer), because the relationship 

between transplantation and cancer-specific survival captures, at least in part, any adverse 

impact of transplant-associated immunosuppression on risk of relapse.

Materials and Methods

We used data from the Transplant Cancer Match (TCM) Study, a linkage of the US solid 

organ transplant registry (Scientific Registry of Transplant Recipients [SRTR]) with multiple 

state and metropolitan area cancer registries (https://transplantmatch.cancer.gov/) (6). For 

this study, we restricted analysis to 13 cancer registries that provided information on cause 

of death (COD) (Table 1 note). The study is considered non-human subjects research by the 

National Institutes of Health and was approved by participating cancer registries.

We included all individuals in the general population with an invasive cancer reported to 

these cancer registries, where the cancer was the individual’s first cancer diagnosis. We 

restricted the patient diagnosis dates to fall between 1987 (the first year of SRTR data) or the 

first year of coverage in each cancer registry, whichever was later, and the last year of cancer 

registry coverage (the latest such year was 2017). We excluded patients who had a solid 

organ transplant before or in the same month of cancer diagnosis. The remaining potentially 

eligible patients (N=12,780,863) were categorized into cancer sites based on topography and 

morphology codes (https://seer.cancer.gov/siterecode/).

With the linked SRTR data, we identified the subset of cancer patients who received a 

transplant after their cancer diagnosis. We then excluded transplanted patients where the 

transplanted organ was consistent with possible treatment for the cancer, regardless of the 

specified indication for transplantation (N=10,962 [0.1% of cancer patients in the general 

population], of which 8967 were liver transplants in liver cancer patients; see Supplemental 

Table 1). Finally, we excluded cancer sites for which there were fewer than 40 transplanted 

patients (N=2,229,166 [17.4%]), male breast cancers (N=14,117 [0.1%]), and patients for 
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whom the COD was missing or unknown (N=2292 [0.02%]). Following these successive 

exclusions, the final study sample included 10,524,326 general population cancer patients, 

among whom 5425 (0.05%) received a subsequent transplant.

Cancer patients were followed from diagnosis until death or end of cancer registry coverage. 

Cancer-specific survival was the primary outcome of our analyses, but we also present 

results for overall survival for comparison. We identified cancer-specific deaths among 

patients using the underlying COD, based on a modified version of the COD recode 

proposed by Howlader et al. (17) Specifically, if the patient’s cancer was their only cancer 

diagnosis, then death due to any cancer was considered a cancer-specific death. If their 

cancer was the first of multiple diagnosed cancers, then death due to cancer of that organ 

system or an ill-defined primary site was considered a cancer-specific death. We abstracted 

data from cancer registries on summary stage at diagnosis (localized, regional, distant, or 

unknown); this scheme does not apply to hematologic malignancies, so these were 

considered unstaged. Information on initial cancer treatment in broad categories (surgery, 

radiation, chemotherapy) was categorized as provided, absent, or unknown.

We used two complementary statistical approaches to compare overall or cancer-specific 

survival between transplanted and other (i.e., untransplanted) cancer patients in the general 

population. Both methods analyzed data for each cancer site separately and accounted for 

the interval from cancer diagnosis to transplantation in the transplanted patients. First, we 

constructed Cox regression models in which cancer patients were followed from diagnosis 

(i.e., cohort analysis), with transplantation treated as a time-dependent exposure. Thus, the 

hazards of death in transplanted and untransplanted patients were compared using risk sets 

defined at each timepoint after diagnosis at which a cancer patient was transplanted. To 

control for potential confounding, we stratified the baseline hazard of these Cox models by 

sex, calendar year of diagnosis (5-year intervals), and cancer stage, and adjusted for age at 

diagnosis using restricted cubic splines.

Second, we created a matched group to allow for finer adjustment for potential confounding 

and analysis of subsets of patients (i.e., matched analysis). For each cancer patient who 

received a transplant, we randomly selected up to 10 cancer patients from the general 

population as controls, who had not themselves received a transplant at the time that the 

patient was transplanted (i.e., selection timepoint, measured from cancer diagnosis). These 

untransplanted cancer patients were matched to each patient according to cancer site, stage, 

sex, age at diagnosis, calendar year of diagnosis, and end year of cancer registry coverage to 

allow for similar duration of follow-up (see Table 1 note for details). Only one patient was 

excluded because there was no matched patient, and 5406 (99.7%) of the remaining patients 

had 10 controls each. We then combined the transplanted and matched patients and utilized 

Cox regression to assess the association between patient status (i.e., transplantation) and 

subsequent survival. Follow-up started at selection, ensuring that transplanted and matched 

patients began with the same elapsed time since cancer diagnosis. Analyses were conducted 

separately for each cancer site, stratifying the baseline hazard of each Cox model on 

matched set and adjusting for age using restricted cubic splines (to more finely control for 

potential confounding by age than accounted for in the matching). In this way, all matching 

variables, including time from cancer diagnosis, were accounted for in the analysis.
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Finally, we conducted several sensitivity analyses of our results for cancer-specific mortality. 

First, we performed additional adjustment for first course of cancer treatment recorded in the 

cancer registries (surgery, radiotherapy, chemotherapy). Second, we further adjusted models 

for race/ethnicity. Third, for non-Hodgkin lymphoma (NHL), we performed cohort analyses 

separately for the most common subtypes (diffuse large B-cell lymphoma [DLBCL], 

follicular lymphoma, chronic lymphocytic leukemia/small lymphocytic lymphoma [CLL/

SLL]).

We present results for overall or cancer-specific survival as adjusted hazard ratios (aHRs) for 

the development of their complementary outcomes (i.e., overall or cancer-specific 

mortality). The proportionality assumption of each Cox regression model was assessed using 

a score test based on weighted Schoenfeld residuals. None of the models exhibited evidence 

for non-proportionality. We present results using a two-sided p-value cutoff of 0.05 and 95% 

confidence intervals (95%CIs), but because we made multiple comparisons, we highlight 

associations with p<0.0029 based on a Bonferroni cutoff for 17 cancer sites.

Results

Characteristics of the included cancer patients are presented in Table 1. Compared to 

untransplanted patients, those who received a transplant were more frequently male (61.7% 

vs. 49.1%), non-White (32.1% vs. 21.8%), and younger (median age 55 vs. 65 years). 

Seventeen cancer types were assessed. The most common malignancies among the 5425 

patients who received a transplant after their diagnosis were cancers of the prostate (30.1% 

of patients), breast (15.3%), colorectum (9.9%), and thyroid (7.3%), as well as NHL (8.0%), 

whereas among untransplanted patients, lung cancer was more common (14.7%) and thyroid 

cancer less common (2.8%). Among transplanted patients, the most frequently transplanted 

organs were kidney (63.8%), liver (16.6%), heart (11.6%), and lung (5.0%).

Transplanted patients were more likely than untransplanted patients to have localized stage 

cancer at diagnosis (68.5% vs. 47.9%) and less likely to have regional stage (13.4% vs. 

21.9%) or distant stage cancer (1.4% vs. 15.1%) (Table 1). Most cancers among transplanted 

patients were diagnosed at localized stage regardless of site (Figure 1A). The median time 

from cancer diagnosis to transplantation was 4.17 years overall (interquartile range 

1.75-7.58 years) and ranged between 3.5 to 5.5 years for most sites. Exceptions included 

short median times for lung cancer and myeloma (medians 3.42 and 3.50 years, respectively) 

and a long median time for testicular cancer (6.17 years). The distribution of times between 

cancer diagnosis and transplantation are shown for each cancer site in Figure 1B. For the 

combined group of transplanted patients, the interval from diagnosis to transplant increased 

with more advanced stage (median 4.17, 4.25, and 4.62 years for localized, regional, and 

distant stage patients). Additional details are included in Supplemental Table 2. As expected, 

matched patients closely resembled the transplanted patients (Table 1).

Transplantation was associated with significantly reduced overall survival (i.e., increased 

aHRs for overall mortality) for most cancer sites (Table 2). These elevations mostly 

appeared stronger in the matched analysis, although the results were qualitatively similar to 

the cohort analysis (Table 2). The strongest elevations in overall mortality were seen for 
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cervical, testicular, and thyroid cancers (adjusted hazard ratios [aHRs] 3.43-4.88 in the 

cohort analysis, 3.52-4.38 in the matched analysis). The only cancer for which overall 

mortality following transplantation was not at least borderline increased in either analysis 

was myeloma (aHR 0.89 in both analyses).

In contrast, transplantation was not associated with reduced cancer-specific survival (i.e., 

increased aHRs for cancer-specific mortality) for any cancer (Table 3). Results were similar 

in the cohort and matched analyses. While most associations were null, we observed 

decreased cancer-specific mortality following transplantation in both analyses for patients 

with breast cancer (aHRs 0.65-0.67), NHL (0.50-0.51), and myeloma (0.39-0.42); the results 

for myeloma met the Bonferroni cutoff for significance in both analyses. There was also 

decreased cancer-specific mortality associated with transplantation in the cohort analysis for 

colorectal and kidney cancers (aHRs 0.66 and 0.28, respectively), with comparable but non-

significant associations in the matched analysis.

In a sensitivity analysis, additional adjustment for cancer treatment produced generally 

similar results, although with wide confidence intervals, and the association with cancer-

specific mortality was no longer significant for NHL (Table 3). Similarly, results were 

unchanged with further adjustment for race/ethnicity (Supplemental Table 3). Finally, among 

NHL subtypes, suggestive but nonsignificant inverse associations with cancer-specific 

mortality were observed for DLBCL (aHR 0.57, 95%CI 0.24-1.36; based on N=5 deaths in 

transplant recipients), follicular lymphoma (0.53, 0.13-2.13; N=2), and CLL/SLL (0.59, 

0.26-1.30; N=6).

Discussion

We evaluated 5425 patients with 17 different types of cancer who received a solid organ 

transplant following their diagnosis. In line with recent guidelines designed to select patients 

with a good prognosis (10-12), most transplanted cancer patients had localized stage cancer, 

and there was a median of 4.17 years between cancer diagnosis and transplantation. 

Compared with other untransplanted patients from the general population, those who 

received a transplant had higher overall mortality. Somewhat reassuringly, however, we did 

not detect any increase for cancer-specific mortality in transplanted patients compared to 

non-transplanted patients, and indeed, cancer-specific survival appeared better in 

transplanted patients with breast cancer, NHL, and myeloma.

It is important to interpret our findings in the context of how patients are selected for organ 

transplantation. For instance, several characteristics of the transplanted cancer patients 

reflect this selection (Table 1, Figure 1). First, transplanted patients were younger on average 

than non-transplanted cancer patients, likely a manifestation of selection by transplantation 

programs for relatively healthy individuals with few comorbidities other than their prior 

cancer and end-stage organ disease. Second, there was an over-representation in the 

transplanted group of certain cancers with good prognosis (e.g., thyroid and prostate 

cancers) and under-representation of those with poor prognosis (e.g., lung and pancreatic 

cancers, the latter being too rare to analyze). Third, wait times were longer for patients with 

more advanced stage cancers. These patterns reflect both the relatively few patients with 

Engels et al. Page 6

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lethal cancers who live long enough to be considered for transplant and selection criteria 

applied by programs to offer transplantation to patients with a high likelihood of being cured 

and good prognosis (10-12). Other factors also may have contributed. For example, the 

typically young age at diagnosis for testicular cancer and onset of end-stage organ disease 

later in life may explain the long interval between diagnosis and transplantation for this 

malignancy.

Our analyses adjusted for these characteristics, but remaining differences between the 

patient groups limited our ability to assess the effect of transplantation per se on mortality. 

For example, the higher overall mortality in the transplanted patients, compared with 

untransplanted patients, partly reflects medical complications of transplantation, but the 

effects of end-stage organ disease also contributed. Furthermore, our observation of better 

cancer-specific survival among transplant recipients for several cancers was unexpected. We 

believe that this pattern reflects some degree of residual confounding due to strong selection 

of candidates for transplantation who have an excellent prognosis with regards to their 

cancer, rather than a protective effect of transplantation itself in preventing cancer 

recurrence. To be considered for transplantation, individuals with a prior cancer must have 

completed cancer treatment, and typically they have undergone a thorough evaluation to 

ensure there is no evidence of residual or recurrent disease. In contrast, our comparison 

group of cancer patients from the general population were a mixture of individuals with 

good and poor prognosis. We had limited information on stage and treatment, and we lacked 

data on other important predictors of outcomes, including performance status and tumor 

characteristics (e.g., molecular markers). Furthermore, while the transplant recipients 

underwent a detailed evaluation to rule out persistent cancer at the time they were 

considered for transplantation (a “healthy screening” effect), we were unable to select 

similar comparison patients from the general population.

Myeloma is a notable example, where cancer-specific survival was substantially better in 

transplanted compared with untransplanted patients and where the results met a stringent test 

of statistical significance (Table 3). The early series from the CTTR reported a very high 

recurrence rate (67%) in myeloma patients who received a solid organ transplant (9). This 

malignancy is still thought to be incurable, but prognosis has improved dramatically with the 

introduction of new treatments, and many patients can have long-term remission (18, 19). 

Recent guidelines recommend that patients with prior myeloma who are listed for 

transplantation should have evidence for a deep remission as manifested by an absence of 

circulating monoclonal immunoglobulin protein and a negative bone marrow biopsy (15). In 

contrast, many myeloma patients in our comparison group of untransplanted patients from 

the general population would not have been in deep remission. We adjusted our analyses for 

baseline characteristics of the myeloma patients and time since cancer diagnosis, but we 

lacked data on clinical stage, other prognostic markers (e.g., cytogenetic abnormalities), and 

secondary treatments (e.g., autologous stem cell transplantation) (19). Moreover, renal 

disease is a common complication of myeloma and is associated with elevated mortality 

(20). We excluded cancer patients whose transplant might have been part of the treatment for 

their cancer, including myeloma patients who received a kidney transplant. Therefore, the 

remaining transplanted group probably had little kidney involvement, which may have 

contributed to favorable overall mortality (Table 2).
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Because of the cost and complexity of organ transplantation, most transplant recipients have 

health insurance and access to advanced medical care, which is not the case for all US 

cancer patients. Socioeconomic and health insurance status have strong associations with 

cancer survival (21, 22). Such differences between transplanted and untransplanted cancer 

patients may partly explain the inverse associations that we observed for some cancers, e.g., 

breast cancer (22, 23).

We observed better cancer-specific survival among NHL patients who received a transplant, 

but this is a heterogeneous group of disease subtypes with different clinical behaviors (24). 

Unfortunately, the number of patients in our study was too small to allow evaluation of NHL 

subtypes separately. In a prior study using data from the TCM Study, Arron et al. found a 

suggestive association of increased cancer-specific mortality among melanoma patients who 

subsequently underwent transplantation (aHR 1.7, 95%CI 0.6-4.5) (25). However, that 

analysis was based on only 68 transplanted melanoma patients, and our current analysis with 

an increased number of patients (N=277) failed to confirm that finding (Table 3).

Our study has several strengths. It is the largest published series of cancer patients who 

received a subsequent organ transplant, and our population-based design ensured that our 

sample was representative of both transplanted and untransplanted cancer patients in the US. 

We used two complementary statistical approaches to systematically compare mortality in 

these two groups (cohort and matched analyses), and both approaches produced similar 

results. Nonetheless, two methodologic points related to analyses of cancer-specific survival 

should be considered. First, we relied on CODs obtained by cancer registries from death 

certificate records to identify cancer-specific deaths, and we may have missed positive 

associations between transplantation and cancer-specific mortality if some deaths were 

miscoded. Second, we may have missed associations if the hazards for death from cancer 

and other causes were not statistically independent, e.g., if transplanted individuals who 

would have died from their cancer were especially likely to die from transplant-related 

complications. Our primary analysis used standard Cox models rather than competing risk 

models to assess associations between transplantation and mortality outcomes, because we 

were interested in the potential biologic effects of immunosuppression rather than the 

absolute risk of death from cancer and other diseases (26). As expected, the associations 

between transplantation and cancer-specific mortality tended to be more strongly inverse in 

competing risk models, reflecting the much greater mortality from non-cancer causes among 

patients with end-stage organ disease (Supplemental Table 4). Finally, we made multiple 

statistical comparisons, which could have led to some chance findings. In particular, one 

might therefore discount the associations between transplantation and cancer-specific 

mortality for some cancers (e.g., breast cancer) that did not meet our Bonferroni threshold 

for statistical significance.

Our results provide limited evidence against an ongoing protective benefit of immunity in 

preventing relapse among cancer patients in the general population, i.e., in containing cancer 

cells in a dynamic equilibrium during remission (4), because if that biologic model were true 

we might have observed reduced cancer-specific survival among cancer patients who 

subsequently underwent solid organ transplantation. However, the issues noted above 

prevent a definitive conclusion on this question. Moreover, a possible adverse effect of 
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transplantation on containment of cancer is supported by studies that demonstrate reduced 

cancer-specific survival among patients who develop cancer after they are already 

immunosuppressed due to human immunodeficiency virus infection or transplantation 

(27-29). It also would have been informative in the present study to perform analyses 

separately for each cancer site according to stage and time from cancer diagnosis to 

transplantation. Unfortunately, the number of transplanted patients in each stratum was 

limited and the results appeared unstable. For these reasons, we cannot rule out a modest-

sized adverse effect of transplantation on survival for specific cancer sites or subgroups.

For most types of malignancy, candidate evaluation guidelines recommend that patients with 

a previous cancer diagnosis should be considered for solid organ transplantation only after 

they complete their cancer treatment, wait a variable period of several years, and manifest no 

evidence for active disease (10-12); consultation with an oncologist is recommended. We 

observed that individuals who received a transplant under US practice patterns experienced a 

similar survival from their cancer relative to other cancer patients in the general population. 

These results are reassuring and suggest that one may use data from cancer registries as a 

benchmark to gauge prognosis for potential transplant recipients with a previous cancer 

diagnosis. However, it is important to remain somewhat cautious. As noted above, these 

transplant recipients are a selected group, and we lacked information on some important 

prognostic factors that would have been useful for adjusted or stratified analyses.

In 2020, an American Society of Transplantation working group published an expert 

consensus statement (14, 15) recommending continued careful evaluation of candidates with 

a prior cancer diagnosis but, in general, fewer restrictions than prior guidelines on referral to 

transplantation. Our study does not provide data to recommend for or against reducing 

barriers to transplantation, although it may be reasonable to cautiously expand such 

opportunities. Cancer needs to be considered with other medical comorbidities when 

assessing transplant eligibility (8). Importantly, several studies have demonstrated elevated 

overall mortality among recipients with a pre-transplant cancer diagnosis compared to other 

transplant recipients without a prior cancer (30), but we did not include transplant recipients 

without cancer in the present study.

In conclusion, we did not find lower cancer-specific survival associated with solid organ 

transplantation in the US. Nonetheless, cancer patients who receive a transplant are selected 

because of their good prognosis, which limits the ability to make strong biological and 

clinical inferences from comparisons with the heterogeneous group of other cancer patients 

in the general population. Our study provides reassurance to clinicians that the prognosis of 

carefully selected patients for transplantation can be benchmarked using estimates of cancer-

specific mortality of cancer patients in the general population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characteristics of transplanted cancer patients according to cancer site. A. Stage at cancer 

diagnosis. B. Time from cancer diagnosis to transplantation. Stage at diagnosis is based on 

summary stage classification and was unavailable for non-Hodgkin lymphoma and myeloma 

patients. For other cancer sites, patients with unknown stage are not depicted; the proportion 

of such patients ranged from 3% to 14% across sites (see Supplemental Table 2 for details).
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Table 1.

Characteristics of transplanted and untransplanted cancer patients

Characteristic Transplanted
patients

Untransplanted
patients Matched patients

a

Total number 5425 10,518,901 54,363

Age at diagnosis in years, median (IQR) 55 (47-61) 65 (55-74) 55 (47-61)

Sex

 Male 3346 (61.7%) 5,160,815 (49.1%) 33,531 (61.7%)

 Female 2079 (38.3%) 5,358,086 (50.9%) 20,832 (38.3%)

Race/ethnicity

 Non-Hispanic White 3682 (67.9%) 8,224,861 (78.2%) 41,721 (76.7%)

 Non-Hispanic Black 869 (16.0%) 999,414 (9.5%) 5282 (9.7%)

 Hispanic 560 (10.3%) 812,637 (7.7%) 4651 (8.6%)

 Asian/Pacific Islander 257 (4.7%) 342,484 (3.3%) 1767 (3.3%)

 Other/unknown 57 (1.1%) 139,505 (1.3%) 942 (1.7%)

Cancer site

 Oral cavity/pharynx 130 (2.4%) 291,716 (2.8%) 1300 (2.4%)

 Stomach 76 (1.4%) 209,231 (2.0%) 735 (1.4%)

 Colorectum 538 (9.9%) 1,349,943 (12.8%) 5367 (9.9%)

 Lung 100 (1.8%) 1,545,340 (14.7%) 988 (1.8%)

 Soft tissue including heart 46 (0.8%) 84,549 (0.8%) 675 (1.2%)

 Melanoma 277 (5.1%) 450,759 (4.3%) 2770 (5.1%)

 Breast 829 (15.3%) 1,983,088 (18.9%) 8284 (15.2%)

 Cervix 92 (1.7%) 152,439 (1.4%) 920 (1.7%)

 Uterus 213 (3.9%) 405,751 (3.9%) 2130 (3.9%)

 Ovary 47 (0.9%) 203,514 (1.9%) 470 (0.9%)

 Prostate 1632 (30.1%) 1,984,788 (18.9%) 16,309 (30.0%)

 Testis 121 (2.2%) 88,320 (0.8%) 1200 (2.2%)

 Bladder 204 (3.8%) 323,797 (3.1%) 2023 (3.7%)

 Kidney 142 (2.6%) 336,220 (3.2%) 1412 (2.6%)

 Thyroid 395 (7.3%) 299,389 (2.8%) 3950 (7.3%)

 Non-Hodgkin lymphoma 432 (8.0%) 647,368 (6.2%) 4320 (7.9%)

 Myeloma 151 (2.8%) 162,689 (1.5%) 1510 (2.8%)

Stage at diagnosis

 Localized 3718 (68.5%) 5,040,332 (47.9%) 37,270 (68.6%)

 Regional 725 (13.4%) 2,303,073 (21.9%) 7292 (13.4%)

 Distant 78 (1.4%) 1,590,719 (15.1%) 744 (1.4%)

 Unstaged
b 583 (10.7%) 810,057 (7.7%) 5830 (10.7%)

 Unknown 321 (5.9%) 774,720 (7.4%) 3227 (5.9%)

Abbreviations: IQR interquartile range
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Cancer patients were contributed by the following cancer registries (calendar years of diagnosis): California (1988-2012), Colorado (1988-2014), 
Connecticut (1987-2009), Georgia (1995-2010), Illinois (1987-2013), Iowa (1987-2009), Kentucky (1995-2011), New Jersey (1987-2016), New 
York (1995-2017), Ohio (1996-2015), Pennsylvania (1987-2013), Seattle/Puget Sound (1987-2014), and Texas (1995-2014).

a
Matched patients were individually matched to transplanted patients. They had not received an organ transplant at the time of selection and were 

matched to transplanted patients according to cancer site, stage, sex, age at diagnosis (0-20, 21-40, 41-60, 61-80, 80-100 years), calendar year of 
diagnosis (1986-1992, 1993-1997, 1998-2002, 2003-2007, 2008-2012, 2013-2017), and end year of cancer registry coverage 
(2007-2009,2010-2012, 2013-2015, 2016-2017).

b
Cancer stage at diagnosis was not available for hematologic malignancies (non-Hodgkin lymphoma and myeloma).
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