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abstract

PURPOSE A previous cancer diagnosis is a negative consideration in evaluating patients for possible solid organ
transplantation. Statistical models may improve selection of patients with cancer evaluated for transplantation.

METHODSWe fitted statistical cure models for patients with cancer in the US general population using data from
13 cancer registries. Patients subsequently undergoing solid organ transplantation were identified through the
Scientific Registry of Transplant Recipients. We estimated cure probabilities at diagnosis (for all patients with
cancer) and transplantation (transplanted patients). We used Cox regression to assess associations of cure
probability at transplantation with subsequent cancer-specific mortality.

RESULTS Among 10,524,326 patients with 17 cancer types in the general population, the median cure
probability at diagnosis was 62%. Of these patients, 5,425 (0.05%) subsequently underwent solid organ
transplantation and their median cure probability at transplantation was 94% (interquartile range, 86%-98%).
Compared with the tertile of transplanted patients with highest cure probability, those in the lowest tertile more
frequently had lung or breast cancers and less frequently colorectal, testicular, or thyroid cancers; more
frequently had advanced-stage cancer; were older (median 57 v 51 years); and were transplanted sooner after
cancer diagnosis (median 3.6 v 8.6 years). Patients in the low-cure probability tertile had increased cancer-
specific mortality after transplantation (adjusted hazard ratio, 2.08; 95% CI, 1.48 to 2.93; v the high tertile),
whereas those in the middle tertile did not differ.

CONCLUSION Patients with cancer who underwent solid organ transplantation exhibited high cure probabilities,
reflecting selection on the basis of existing guidelines and clinical judgment. Nonetheless, there was a range of
cure probabilities among transplanted patients and low probability predicted increased cancer-specificmortality
after transplantation. Cure probabilities may facilitate guideline development and evaluating individual patients
for transplantation.

J Clin Oncol 39:4039-4048. Published by American Society of Clinical Oncology

INTRODUCTION

Solid organ transplantation provides lifesaving treat-
ment for patients with end-stage organ disease.
However, transplant recipients must be administered
immunosuppressive medications that target T-cell
function to prevent organ rejection, which results in an
increased incidence of cancer.1,2 In addition, there is a
concern that transplant-associated immunosuppres-
sionmay increase the risk of cancer recurrence among
patients with a previous cancer diagnosis. Indeed, the
recent success of immunotherapy for some advanced
cancers highlights the possibility that the immune
system may likewise help control cancer during re-
mission for patients with cancer treated with other
modalities.3

A previous cancer diagnosis is thus an important
negative consideration in evaluating patients with end-
stage organ disease for possible transplantation.4 The

decision regarding whether a patient is considered
eligible for organ transplantation and placed on the
waitlist takes account of comorbid medical conditions
that would make transplantation high-risk or of limited
benefit to the patient.5,6 Because many cancers recur
in the first few years after diagnosis, current guidelines
for evaluating transplant candidates with a history of
cancer typically recommend a waiting period of several
years before a patient is listed, depending on the type
of cancer (ie, site) and stage at diagnosis.7-11 Addi-
tionally, such individuals should be carefully evaluated
to confirm that there are no signs of residual cancer.
However, current guidelines are largely based on in-
formal synthesis of clinical experience regarding pa-
tients with cancer in the general population and these
guidelines have not used a systematic framework for
assessing evidence or incorporated data on patients
who subsequently receive an organ transplant.
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Two features of providing solid organ transplantation for
individuals with a previous cancer diagnosis (referred to as
patients with cancer in this article, regardless of the time
since diagnosis) pose unique challenges. First, limited
availability of donor organs implies that an organ given to
one patient with end-stage organ disease will result in
another patient being denied that organ. There is thus a
strong rationale for transplant providers to avoid futile
transplants and provide transplantation to individuals
who will most benefit.5,6 For patients with a history of
cancer, this approach would correspond to selecting in-
dividuals for transplantation who have an acceptably low
risk of cancer recurrence and death from their cancer (ie,
cancer-specific mortality). Second, for patients with a
previous cancer, the immunosuppressive medications
administered during transplantation could increase their
risk of cancer recurrence. This effect would occur if a
patient with cancer in remission harbored small undetected
foci of residual disease held in control by their immune
system.3

One way to meet these considerations is to select for
transplantation those patients who not only have a good
prognosis but also have a high predicted probability of
being cured from their cancer. It is difficult to determine for
an individual patient whether they can be considered
cured. However, for a population of patients with cancer,
the probability of cure can be modeled statistically as the
proportion of people who will not die from their cancer or,
equivalently, who have the same overall mortality as the
general population.12-14 Statistical cure models derived for a
population can then be applied to an individual patient to
estimate the probability of that being patient cured of their
cancer, on the basis of the patient’s demographic char-
acteristics, features of their tumor, and cancer treatment.
The cure probabilities from these models can be updated
over time to capture the increasing cure probability as the
patient survives for a longer period.12-14

For these reasons, cure probabilities may be useful for
evaluating which patients with a previous cancer diagnosis
could safely be listed for solid organ transplantation.
However, no previous study has derived and applied cure
models for this purpose. In the present study, we used US
general population cancer registry data to develop cure
models for 17 common cancer types. We applied these
models to individuals with a previous cancer who under-
went solid organ transplantation to estimate the probability
that those patients had been cured of their cancer at the
time of transplantation. We then evaluated the extent to
which the cure probabilities for these patients predicted
cancer-specific mortality after transplantation. Finally, we
assessed associations of several transplant-related factors,
that is, the transplanted organ and use of specific immu-
nosuppressive medications, with cancer-specific mortality
among this population.

METHODS

Detailed methods are provided in the Data Supplement
(online only). We used data from the Transplant Cancer
Match Study, a linkage of the US solid organ transplant
registry (Scientific Registry of Transplant Recipients) with
population-based cancer registries.1,15 This study is con-
sidered nonhuman subjects research by the National In-
stitutes of Health and was approved by participating cancer
registries.

From participating cancer registries, we selected patients
with a first cancer diagnosis during 1987-2017, with one of
the 17 cancer types (Table 1).16 Using the linked transplant
registry data, we identified those patients who received a
transplant after their cancer diagnosis. We identified
cancer-specific deaths among patients using the under-
lying cause of death provided by cancer registries.17

We fitted curemodels for patients with cancer in the general
population using data from the cancer registries. These

CONTEXT

Key Objective
Solid organ transplantation requires long-term immunosuppression, which may increase recurrence in patients with

previous cancer. We sought to determine whether statistical models that predict a patient’s probability of being cured of
their cancer could inform evaluation of patients with cancer for solid organ transplantation.

Knowledge Generated
Among transplanted patients with cancer, cure probabilities at the time of transplantation were typically high but lower for

patients with adverse characteristics (eg, older age, advanced cancer stage, and shorter interval between cancer di-
agnosis and transplantation). Patients with low cure probabilities had increased post-transplant mortality because of
cancer and, consequently, overall mortality.

Relevance
Organ allocation decisions are complex, but it is reasonable to offer transplantation to patients who can be predicted to have

a high likelihood of being cured of their cancer. Cure models may provide a useful common currency for assessing
patients with previous cancer and thereby increase safety and population-level benefit of transplantation.
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TABLE 1. Characteristics of Transplanted Patients With Cancer in the United States, According to Cure Probability at Transplantation

Characteristic

Tertile of Cure Probability

Overall (N 5 5,425) Low (n 5 1,790) Medium (n 5 1,790) High (n 5 1,845)

Cancer site, No. (%)

Oral cavity or pharynx 130 (2.4) 92 (5.1) 34 (1.9) 4 (0.2)

Stomach 76 (1.4) 36 (2.0) 17 (0.9) 23 (1.2)

Colorectum 538 (9.9) 154 (8.6) 155 (8.7) 229 (12.4)

Lung 100 (1.8) 86 (4.8) 11 (0.6) 3 (0.2)

Soft tissue including heart 46 (0.8) 24 (1.3) 9 (0.5) 13 (0.7)

Melanoma 277 (5.1) 78 (4.4) 168 (9.4) 31 (1.7)

Breast 829 (15.3) 402 (22.5) 274 (15.3) 153 (8.3)

Cervix 92 (1.7) 5 (0.3) 12 (0.7) 75 (4.1)

Uterus 213 (3.9) 16 (0.9) 46 (2.6) 151 (8.2)

Ovary 47 (0.9) 8 (0.4) 5 (0.3) 34 (1.8)

Prostate 1,632 (30.1) 440 (24.6) 754 (42.1) 438 (23.7)

Testis 121 (2.2) 20 (1.1) 27 (1.5) 74 (4.0)

Bladder 204 (3.8) 102 (5.7) 63 (3.5) 39 (2.1)

Kidney 142 (2.6) 91 (5.1) 40 (2.2) 11 (0.6)

Thyroid 395 (7.3) 85 (4.7) 132 (7.4) 178 (9.6)

NHL 432 (8.0) 21 (1.2) 25 (1.4) 386 (20.9)

Myeloma 151 (2.8) 130 (7.3) 18 (1.0) 3 (0.2)

Cancer stage, No. (%)

Localized 3,718 (68.5) 834 (46.6) 1,532 (85.6) 1,352 (73.3)

Regional 725 (13.4) 503 (28.1) 149 (8.3) 73 (4.0)

Distant 78 (1.4) 71 (4.0) 2 (0.1) 5 (0.3)

Unstaged 583 (10.7) 151 (8.4) 43 (2.4) 389 (21.1)

Unknown 321 (5.9) 231 (12.9) 64 (3.6) 26 (1.4)

Male sex, No. (%) 3,346 (61.7) 1,113 (62.2) 1,213 (67.8) 1,020 (55.3)

Age at cancer diagnosis in years, median (IQR) 55 (47-61) 57 (50-63) 56 (49-62) 51 (42-57)

Years from cancer diagnosis to transplant, median (IQR) 5.7 (2.9-9.1) 3.6 (1.8-6.4) 5.1 (2.9-7.6) 8.6 (5.6-12.3)

Calendar year of transplantation, median (IQR) 2008 (2004-2011) 2006 (2001-2010) 2008 (2005-2011) 2009 (2006-2012)

Transplanted organ, No. (%)

Liver 900 (16.6) 331 (18.5) 281 (15.7) 288 (15.6)

Heart and/or lung 930 (17.1) 384 (21.5) 262 (14.6) 284 (15.4)

Kidney or others 3,595 (66.3) 1,075 (60.1) 1,247 (69.7) 1,273 (69.0)

Induction immunosuppression, No. (%) 3,247 (59.9) 940 (52.5) 1,123 (62.7) 1,184 (64.2)

Baseline maintenance immunosuppressive regimen, No. (%)

Tacrolimus and/or mycophenolate mofetil 4,162 (76.7) 1,221 (68.2) 1,436 (80.2) 1,505 (81.6)

Cyclosporine and/or azathioprine 427 (7.9) 228 (12.7) 102 (5.7) 97 (5.3)

Others 836 (15.4) 341 (19.1) 252 (14.1) 243 (13.2)

Baseline mTOR inhibitor use, No. (%) 339 (6.2) 133 (7.4) 120 (6.7) 86 (4.7)

Years of post-transplant follow-up, median (IQR) 5.7 (2.9-9.1) 3.6 (1.8-6.4) 5.1 (2.9-7.6) 8.5 (5.6-12.3)

NOTE. Patients with cancer 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).
Abbreviations: IQR, interquartile range; mTOR, mammalian target of rapamycin; NHL, non-Hodgkin lymphoma.
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models consider the overall population to be a mixture of
two groups: patients who are cured of their cancer and
those who will eventually die from their cancer.18 The cure
probability was modeled using logistic regression and the
survival function among uncured patients as a Weibull
function. Details are provided in the Data Supplement.

We used these models to calculate cure probabilities for
individual patients with cancer at the time of cancer diag-
nosis and (for transplanted patients) at the time of trans-
plantation. We assessed the calibration of these models by
comparing the Kaplan-Meier estimate of cumulative cancer-
specific mortality with 1 minus the cure probability.

We divided transplanted patients with cancer into three
groups (ie, tertiles) according to their cure probability at the
time of transplantation. We used descriptive statistics to
compare patients in these tertiles according to demo-
graphic and tumor characteristics, transplanted organ, and
immunosuppressive medications. Among transplanted
patients with cancer, we usedmultivariate Cox regression to
examine associations of cure probability at transplant,
transplanted organ, and immunosuppressive medications
with cancer-specific mortality. Similarly, we used Cox re-
gression to examine associations of cure probability with
noncancer and overall mortality.

RESULTS

Using US general population cancer registry data, we es-
timated cure probabilities for 10,524,326 patients with
cancer with 17 cancer types. At the time of cancer diag-
nosis, cure probabilities exhibited a bimodal distribution
(Fig 1), with a median cure probability of 62% (interquartile
range [IQR], 30%-81%). Cure probabilities at diagnosis
were highest for testicular cancer, thyroid cancer, and
melanoma (medians 87%-97%) and lowest for lung,
stomach, and ovarian cancers and myeloma (7%-19%;
Data Supplement). The cure models were well-calibrated
for patients in the general population, with cumulative
cancer-specific mortality approaching 1 minus the pre-
dicted cure fraction (Fig 2A).

A total of 5,425 patients with cancer (0.05%) subsequently
underwent solid organ transplantation at a median of 5.7
years after cancer diagnosis (Table 1). The most common
malignancies among transplanted patients were cancers of
the prostate (30.1% of cases), breast (15.3%), colorectum
(9.9%), and thyroid (7.3%) as well as non-Hodgkin lym-
phoma (NHL, 8.0%). Most transplanted patients were male
(61.7%), and the median age at cancer diagnosis was 55
years. The most commonly transplanted organs were
kidney (63.8%) and liver (16.6%).

At the time of transplantation, the median cure probability
among transplanted patients with cancer was 94% (IQR,
86%-98%). Thus, cure probabilities were substantially
higher in the transplanted patients at the time of trans-
plantation, compared with the general population of

patients with cancer at the time of diagnosis (Fig 1). A
similar pattern was seen for each cancer site separately,
except for testicular and thyroid cancers, where the cure
probabilities were uniformly high (Data Supplement).
Similarly, cure probabilities at diagnosis were higher for
transplanted than untransplanted patients although the
difference was less pronounced than at transplantation
(Data Supplement).

Among transplanted patients with cancer, the tertiles of
cure probabilities at the time of transplantation were divided
at 89% and 96% (Table 1). Compared with transplanted
patients in the high-cure probability tertile, those in the low
tertile more frequently had previous diagnoses of oral cavity
or pharyngeal, lung, breast, bladder, or kidney cancers or
myeloma and less frequently had colorectal, cervical,
uterine, testicular, or thyroid cancers or NHL. Compared
with transplanted patients in the high-cure probability
tertile, those in the low tertile more frequently had been
diagnosed with advanced-stage cancer (28.1% regional
and 4.0% distant stage, v 4.0% and 0.3%), had shorter
intervals between cancer diagnosis and transplantation
(median 3.6 v 8.6 years), and were older at cancer diag-
nosis (median age 57 v 51 years). In addition, patients with
low cure probability were transplanted in earlier calendar
years than those with high probability. Patients in the low
tertile more frequently received a liver, heart, or lung
transplant; were less likely to receive induction immuno-
suppression or maintenance immunosuppression limited
to tacrolimus and/or mycophenolatemofetil; and weremore
likely to receive a mammalian target of rapamycin inhibitor
as part of their maintenance regimen (Table 1).

During a median follow-up of 5.7 years (IQR, 2.9-9.1),
1,871 transplanted patients with cancer died, including
227 who died from their cancer. Patients in the low tertile
of cure probability at transplantation had greater cancer-
specific mortality compared with those in the middle and
high tertiles (Fig 2B). However, for the medium- and high-
cure probability tertiles, the cumulative cancer-specific
mortality was higher than that predicted by the cure
models. By contrast, the cumulative cancer-specific
mortality in the low-cure probability tertile remained
lower than that predicted by the cure models.

In a Cox regression model, patients with cancer in the low-
cure probability tertile had significantly increased cancer-
specific mortality compared with those in the high tertile
(unadjusted hazard ratio [HR], 2.06; 95% CI, 1.47 to 2.88),
whereas those in the middle tertile did not differ (1.09; 0.74
to 1.62; Table 2). The results were similar in the fully
adjusted model, with patients in the low-cure probability
tertile having significantly elevated cancer-specific mor-
tality (adjusted HR, 2.08; 95% CI, 1.48 to 2.93). In
comparison, cure probability was not predictive of mortality
from noncancer causes (Table 2). The low-cure probability
tertile had elevated overall mortality compared with the high
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tertile (adjusted HR, 1.21; 95% CI, 1.08 to 1.36) as a result
of the association for cancer-specific mortality.

As shown in Table 3, we did not see clear associations
between transplanted organ or immunosuppressive medi-
cations and cancer-specific mortality. In unadjusted ana-
lyses, kidney recipients had lower cancer-specific mortality
than liver recipients and induction immunosuppression
was inversely associated with cancer-specific mortality, but
these associations were no longer significant after adjustment.

DISCUSSION

With improvements in cancer survival, the prevalence of
cancer has increased among people evaluated for organ

transplantation and among those who eventually receive a
transplant.19 Because of the medical complexity of trans-
plantation (including the need to administer lifelong im-
munosuppression), transplant programs must make
complex decisions that weigh benefits and risks in deter-
mining who should be referred for transplantation.5,6

To our knowledge, the present study is the first to apply a
formal statistical framework to inform the evaluation of
transplant candidates with a previous cancer diagnosis. We
used general population cancer registry data on 10.5
million patients with cancer to model statistical cure and
applied these models to calculate individual patients’ cure
probabilities. We demonstrated that these cure probabilities
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FIG 1. Cure probabilities of patients with cancer in the United States. The results are shown as overlapping
histograms for (blue) all patients with cancer in the general population at the time of diagnosis and (red) the subset
of transplanted patients with cancer at the time of solid organ transplantation.
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offer prognostic information: After transplantation, patients in
the low-cure probability tertile had twice the mortality from
cancer as patients in the other two tertiles, which translated

into an increase in overall mortality. By contrast, and as
expected, cure probability was not predictive of noncancer
mortality among transplanted patients.
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FIG 2. Observed and predicted cumulative incidence of cancer-specific mortality among patients with cancer. The observed results are shown as
Kaplan-Meier curves, and the predicted results are shown as horizontal dashed lines calculated as 1minus themean cure probability from the cure
models. (A) The results are shown for patients with cancer in the general population for tertiles on the basis of the predicted cure probability at
cancer diagnosis. (B) The results are shown for transplanted patients with cancer on the basis of the predicted cure probability at the time of
transplantation. Note that the vertical axes differ in the two panels.

TABLE 2. Associations of Cure Probability With Cancer-Specific Mortality, Noncancer Mortality, and Overall Mortality
Outcome Cure Probability Tertile Deaths, No. Unadjusted HR (95% CI) Adjusted HR (95% CI)a

Cancer-specific mortality Low 126 2.06 (1.47 to 2.88) 2.08 (1.48 to 2.93)

Middle 54 1.09 (0.74 to 1.62) 1.11 (0.75 to 1.65)

High 47 1.00 1.00

Noncancer mortality Low 686 1.20 (1.07 to 1.36) 1.12 (0.99 to 1.27)

Middle 514 1.12 (0.99 to 1.27) 1.11 (0.98 to 1.26)

High 444 1.00 1.00

Overall mortality Low 812 1.29 (1.15 to 1.44) 1.21 (1.08 to 1.36)

Middle 568 1.12 (0.99 to 1.26) 1.11 (0.98 to 1.25)

High 491 1.00 1.00

NOTE. Bold results indicate statistical significance (P , .05).
Abbreviations: HR, hazard ratio; mTOR, mammalian target of rapamycin.
aThe models include adjustment for calendar year of transplantation, transplanted organ, induction immunosuppression use, baseline maintenance

immunosuppressive regimen, and baseline mTOR inhibitor use.
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Clinicians have used existing guidelines and informal
clinical judgment to select patients with a previous cancer
diagnosis to list for transplantation. Reflecting this selection
process, the cure probabilities that we calculated were
much higher in transplanted patients than for patients in
the general population. Some characteristics of the
transplanted group reflected their good prognosis, for ex-
ample, patients with lung cancer were under-represented
and those with testicular or thyroid cancers were over-
represented, and most transplanted patients had local-
ized stage cancer. A typical patient with cancer had more
than 5 years elapse between cancer diagnosis and
transplantation.

Importantly, however, there was a range in prognosis
among transplanted patients, as manifested by the long left
tail in cure probabilities at the time of transplantation (Fig
1). Among transplanted patients with low cure probability,
there were relatively large fractions with adverse charac-
teristics, including advanced cancer stage, older age, and
shorter time between cancer diagnosis and transplantation
(Table 1). The low-cure probability tertile had relatively
large proportions of patients receiving organs other than a
kidney, which may reflect greater urgency in providing
transplantation to such individuals, whereas patients with
cancer with end-stage kidney disease have an option of
maintenance dialysis. There was also a trend for later
calendar year of transplantation with increasing cure
probability, which may reflect an increase in stringency of
selection for transplantation over time.

The elevated cancer-specific mortality among patients in
the low-cure tertile suggests that this group had a relatively

high prevalence of undetected residual cancer at the time
of transplantation. Notably, however, we did not see any
associations of transplanted organ or immunosuppressive
medications with cancer-specific mortality. Compared with
kidney transplantation, heart and lung transplantation
requires more intensive immunosuppression and liver
transplantation requires less. Induction immunosuppres-
sion causes substantial immunosuppression in the period
immediately after transplantation. The lack of association
of these factors with cancer-specific mortality argues
against a strong effect of immunosuppression in increasing
recurrence among transplanted patients with cancer who
have achieved an initial remission. Mammalian target of
rapamycin inhibitors are believed to have anticancer
properties, but this protection may be limited to selected
malignancies,20,21 and we did not observe any reduction in
cancer-specific mortality.

We propose that cure probability may be useful for eval-
uating potential transplant candidates with a previous
cancer because it is reasonable to offer transplantation to
individuals whose cancer, in the absence of transplanta-
tion, would be predicted not to have a fatal recurrence.
Several features of cure models support such an appli-
cation. First, cure probability models can be readily esti-
mated from publicly available data from population-based
cancer registries.12-14 Second, as noted above, these es-
timated cure probabilities predict cancer-specific mortality
after transplantation. Third, cure probabilities plausibly
provide a common currency for equivalently assessing
diverse patients with different cancer types and clinical
features.

TABLE 3. Associations of Transplanted Organ and Immunosuppressant Medications With Cancer-Specific Mortality
Characteristic Cancer-Specific Deaths, No. Unadjusted HR (95% CI) Adjusted HR (95% CI)a

Transplanted organ

Liver 50 1.00 1.00

Heart and/or lung 38 0.83 (0.54 to 1.26) 0.83 (0.54 to 1.29)

Kidney or others 139 0.71 (0.51 to 0.98) 0.87 (0.61 to 1.24)

Induction immunosuppression

No 126 1.00 1.00

Yes 101 0.71 (0.55 to 0.92) 0.76 (0.57 to 1.02)

Baseline maintenance immunosuppressive regimen

Tacrolimus and/or mycophenolate mofetil 149 1.00 1.00

Cyclosporine and/or azathioprine 34 1.24 (0.85 to 1.82) 1.21 (0.79 to 1.87)

Others 44 0.95 (0.68 to 1.33) 0.93 (0.64 to 1.35)

Baseline mTOR inhibitor use

No 214 1.00 1.00

Yes 13 0.72 (0.41 to 1.27) 0.72 (0.41 to 1.29)

NOTE. Bold results indicate statistical significance (P , .05).
Abbreviations: HR, hazard ratio; mTOR, mammalian target of rapamycin.
aThe model for cancer-specific mortality includes adjustment for cure probability tertile, calendar year of transplantation, and mutual adjustment for the

variables listed in the table.
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Nonetheless, the decision to offer transplantation is com-
plex and must incorporate many considerations. Cancer is
only one of many comorbid medical conditions that affects
patients with end-stage organ disease, but we did not
compare post-transplant outcomes in recipients with and
without a pretransplant cancer. Furthermore, because
waitlist mortality is very high, many end-stage organ disease
patients with cancer might benefit from transplantation
even if their predicted cure probability is low. If cure
models were adopted, the cure probability threshold at
which end-stage organ disease patients with cancer would
be considered eligible for transplantation would need to be
determined through consensus discussion among trans-
plantation stakeholders. One direct application could be to
inform guidelines regarding transplant waiting periods. For
example, guidelines might specify waiting periods for
various categories of patients with cancer on the basis of the
minimum elapsed interval after diagnosis when the esti-
mated cure probability first exceeds the accepted thresh-
old. Cure probabilities increase as patients survive for
longer time after diagnosis, which is the mathematical
justification for the common clinical approach of wait-and-
see to select patients with good prognosis.

Importantly, there are disparities related to race or ethnicity
and socioeconomic status in both cancer and organ
transplantation, which have multiple causes.22,23 We did
not address these factors in our analyses. Of interest, our
statistical models (which do not include terms for race or
ethnicity) yield different average cure probabilities across
racial or ethnic groups, but these differences appear small,
and the pattern varies among cancer sites (Data Supple-
ment). It is possible that the use of cure probabilities from
models such as ours could lead to differences across racial
or ethnic groups in the proportions of patients with cancer
referred to transplantation. The extent to which this as-
sessment would unfairly limit access to transplantation for
disadvantaged groups is difficult to determine,24 and fur-
ther consideration of this issue is beyond the scope of the
present study.

Several study limitations should be noted. First, we used a
simplified system to classify cancers as localized, regional,
or distant stage at diagnosis, and we lacked staging for NHL
and myeloma. We also lacked additional important prog-
nostic information on cancers (eg, molecular tumor char-
acteristics) and treatment details, including the use of new

targeted medications and immunotherapies. Second, our
models relied only on information available at cancer di-
agnosis. By contrast, it is likely that clinicians’ selection of
some patients for transplantation incorporated data from
follow-up imaging or circulating tumor markers to rule out
residual disease. The additional reassurance provided by
such testing may explain, for example, why the cancer-
specific mortality among low-cure probability patients was
less than predicted (Fig 2B). Third, we relied on causes of
death obtained by cancer registries from death certificate
records. The algorithm that we used to classify deaths as
cancer-related, on the basis of the cause of death, has been
validated against measures of relative survival for patients
with cancer in the general population.17 Nonetheless, some
deaths might have been incorrectly specified among
transplanted patients with cancer, who have more complex
medical problems than patients in the general population
and are also at increased risk of developing new cancers
after transplantation (Data Supplement). Misclassification
of causes of deaths among transplant recipients may be
another reason for the lack of calibration of the cure models
with respect to the observed cancer-specific mortality in
this population (Fig 2B).

In conclusion, statistical cure probability may provide a
useful framework to inform transplant guidelines and
evaluate individual patients. Before application of this
approach in a real-world clinical setting, our results should
be replicated using additional data, ideally incorporating
detailed tumor and treatment information. If validated, cure
models could be readily translated into the form of an
application program for use in clinical settings and a pa-
tient’s updated cure probability and its trajectory could then
be calculated and assessed in real time. Furthermore,
although these probabilities can serve as an appropriate
benchmark, it would be reasonable for clinicians to use
additional patient data, including tests regarding the
presence or absence of residual disease, to modify their
estimate of a patient’s cure probability. This approach
might result in some low-risk patients being offered
transplantation earlier than under the current approach,
whereas other high-risk patients who are currently offered a
transplant would be deferred. Our results suggest that
evaluation and referral of patients with cancer on the basis
of cure probability could help increase the safety and
overall population-level benefit of transplantation.
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