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Background: The solid organ transplant population has an elevated risk of cancer
compared with the general population. Excess risk is largely due to immunosuppression.
As this population grows, understanding long-term health risks such as cancer is critical.
Population-based estimates of cancer mortality are needed since they measure the
downstream outcome following a cancer diagnosis. Furthermore, quantifying deaths

attributable to cancer can inform priorities to reduce the cancer burden.

Methods: Linked transplant and cancer registry data were used to identify incident
cancers and deaths among solid organ transplant recipients in the United States (1987-
2014). Population-attributable fractions (PAFs) of deaths due to cancer and
corresponding cancer-attributable mortality rates were estimated. Cancer-attributable
mortality rates computed using the PAF were compared to cancer-specific mortality rates

computing using cause of death (COD). The life-years lost (LYL) to cancer were



estimated using two methods: an approach using matching to construct a cancer-free

cohort and an approach using Cox proportional hazards regression models.

Results: Among 221,962 transplant recipients, 15,012 developed cancer. Thirteen
percent of deaths (PAF=13.2%) were attributable to cancer, corresponding to a cancer-
attributable mortality rate of 516 per 100,000 person-years. Lung cancer was the largest
contributor to mortality (PAF=3.1%), followed by non-Hodgkin lymphoma (NHL,
PAF=1.9%), colorectal cancer (PAF=0.7%), and kidney cancer (PAF=0.5%). Overall, the

cancer-specific mortality rate lower, 368 per 100,000 person-years.

Within 10 years post-transplant, the mean LYL was 0.16 years per transplant recipient
and 2.7 years per cancer. Cancer accounted for 1.9% of the total LYL expected in this
population. Lung cancer was the largest contributor, accounting for 24% of all LYL, and

NHL had the next highest contribution (15%).

Conclusions: Cancer is a substantial cause of mortality among solid organ transplant
recipients resulting in excess deaths and a shortened lifespan. Lung cancer and NHL are
major contributors to the cancer burden including LYL to cancer, highlighting

opportunities to reduce cancer mortality through prevention and screening.
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1. Introduction and specific aims
Solid-organ transplant recipients have a two-fold increased risk for developing cancer
compared with the general population.! The excess risk varies by cancer type and is
largely due to immunosuppression and viral infections. In addition to cancer incidence,
cancer mortality is an important measure of burden since it reflects the final downstream
outcome in a population accounting for cancer incidence, treatment, and survival
following a cancer diagnosis. Population-based mortality estimates and trends quantify
the magnitude of the cancer burden in the transplant population and can be used to
monitor changes over time. Thus, they provide valuable information for identifying
subgroups that may benefit from screening or lifestyle interventions aimed at cancer
prevention. Several studies outside of the US have shown an increased risk of death from
cancer among transplant recipients.?> Only one study of cancer mortality in this
population has been conducted in the US and it had substantial opportunity for bias and
only included kidney recipients. Also, no study has estimated cancer mortality over time,
which is likely to change along with organ allocation procedures, cancer detection and
treatment in this population.

Because accurate estimates of cancer mortality rates for the US transplant
population are not currently available, this dissertation addresses a gap in knowledge. The
overall objective is to quantify the burden of cancer mortality among US solid organ
transplant recipients using novel approaches to estimate mortality statistics that reflect
different aspects of the mortality burden. Three dimensions of the cancer mortality
burden are estimated: the proportion of deaths due to cancer, the cancer-attributable

mortality rate, and the life-years lost due to cancer.



The proportion of deaths attributed to cancer and cancer-attributable mortality
rates were estimated using two approaches. The first used the population attributable
fraction (PAF). An advantage of this method is that it does not rely on cause of death
information collected on transplant recipients that may be unreliable. The second
approach estimated these statistics using cause of death information from cancer
registries. The results from this method were compared to results using the PAF
methodology.

I then estimated the expected life-years lost (LYL) due to cancer among transplant
recipients. In contrast to the mortality rate, LYL inherently incorporates age at death
since younger people have longer potential future lifetimes. Thus, LYL can help assess
the social and economic impact associated with cancer rather than simply the number of
deaths occurring in the population. I used methods that are not widely used in cancer
epidemiology and have never been applied to the transplant population. The aims below
describe two methodologic approaches to estimate each mortality measure and a
comparison of those estimates.

Analyses were conducted using data from the National Cancer Institute’s
Transplant Cancer Match Study, which is a linkage of the US Scientific Registry of
Transplant Recipients (1987-2013) and 17 population-based state and regional cancer
registries. The transplant registry contains data on more than 290,000 solid organ
recipients who live in the cancer registry catchment areas and comprises approximately

50% of the US total.



Specific aims
Aim 1: Estimate proportion of deaths due to cancer and the cancer-attributable mortality
rates among transplant recipients using:
Aim 1.1: Population attributable fraction methodology
Aim 1.2: Cause of death (COD) from cancer registries
Aim 1.3: Comparison of estimates from aim 1.1 and 1.2
Aim 2: Estimate mean life-years lost due to cancer among transplant recipients by:
Aim 2.1: Approximating the counterfactual life years lived without cancer by
matching to recipients without cancer
Aim 2.2: Modeling the survival distributions

Aim 2.3: Comparison of estimates from aim 2.1 and 2.2



2. Background
A. Solid organ transplant recipients

Solid organ transplantation is a life-saving procedure performed for those with end-stage
organ disease. The number of solid organ transplants has been increasing over time due
to increasing need and better surgical procedures. In 2016, 33,611 solid organ transplants
were performed in the United States, almost triple the number performed in 1988.° The
most common transplanted organ was kidney with 19,061 transplants performed. This
was followed by 7,841 liver transplants, 3,191 heart transplants, and 2,327 lung
transplants. Organ allocation procedures are organ specific. In general, kidneys are
allocated based on waiting time and expected survival benefit. Livers and hearts are
allocated based on medical need and lungs are allocated based on survival benefit,
medical urgency and waiting time.’

In 2016, the majority of US transplant recipients were white and a majority were
male. Over time, the age at transplant has been increasing. In 1988, 63% of recipients
were age 35 or older and by 2016, this age group comprised 83% of recipients.® In
particular, the proportion of transplant recipients age 65 or older has been increasing. In
1988, 2% of recipients were age 65 or older and by 2016, this age group comprised over
18%.° The distribution of organs transplanted has also changed over time. In 1988, 70%
of transplants were kidney, followed by liver and heart (about 14% each). In 2016, liver
transplants increased to comprise 23% of all transplanted organs, heart transplants
decreased to 9%. The largest change was that 7% of transplanted organs were lung in
2016 compared to only 0.3% in 1988.

In order to prevent rejection of the transplanted organ, recipients must take

immunosuppressant medications. These medications are used to prevent rejection of the



organ, as induction at the time of transplant, for maintenance treatment over an extended
time, and acutely to treat the development of rejection. There are four classes of
maintenance drugs: calcinuerin inhibitors, antiproliferative agents, mTOR inhibitors, and
steroids. The specific regimen is tailored to the patient and the combinations used have
changed over time. In the early 1990s, cyclosporine was the most commonly used
calcinuerin inhibitor, used by over 90% of recipients. However, its usage declined in
favor of tacrolimus. In recent years, tacrolimus was used by 80% or more recipients.® 12
Similarly, azathioprine was the most commonly used antimetabolite in the early 1990s
but usage started to decline in the mid-1990s in favor of mycophenolate.®?

In addition to the increasing number of transplants performed, survival of the
graft and patient has improved over time. In 2010, over 90% of kidney recipients were
alive five years after transplant.'® The five-year survival rate was 74% for liver recipients
and 77% for heart recipients.”!! Lung recipients had the lowest five-year survival at
56%.% The improved survival rates are a result of better medical management including
use of more efficacious immunosuppressant drugs and changes in monitoring and
treatment for rejection.

Indeed, the increased number of transplants, improved outcomes and survival
have contributed to a growing population of transplant recipients. In 2012, the population
of transplant recipients in the US was approximately 282,200 people which was more

than double the size in 1988.!* Since the population of transplant recipients is increasing,

understanding the long-term health risks in solid organ transplant recipients is important.



B. Risk factors for cancer among solid organ transplant recipients

As survival of transplant recipients has improved over time, cancer has become one of
the leading causes of morbidity and mortality in this population. Transplant recipients
may have health behaviors known to increase cancer risk in the general population, such
as cigarette smoking, obesity, lack of physical activity, and dietary factors such as high
alcohol intake.'* Underlying medical conditions that led to organ transplantation may also
increase cancer risk. For example, lung recipients with cystic fibrosis and liver recipients
with primary sclerosing cholangitis have an increased risk of colorectal cancer (CRC). !

Kidney and lung recipients usually only receive a single transplant and one native
organ is left in place, therefore a chronic disease that led to organ transplantation may
still affect the native organ. Among kidney recipients, about 89% of kidney cancers arise
in the native kidney which may be due to kidney diseases such as acquired cystic kidney
disease.'® Similarly, the majority of lung cancers among lung recipients develop in the
native lung. These are likely caused by smoking-related lung disease such as chronic
pulmonary obstructive disease,!” or other lung conditions such as idiopathic pulmonary
fibrosis.

In addition, immunosuppression has a role in cancer development. The
mechanism of cancer development is a combination of depressed immunosurveillance of
the body to attack cancer cells, susceptibility to oncogenic viruses, and possibly direct
effects of certain immunosuppressant medications.'® Immunosurveillance occurs when
small numbers of precancerous or cancerous cells accumulate in the body, which may
provoke the immune system to respond and suppress the growth of these cells or
eliminate them.'” In one study, mice who lacked natural killer T cells, T and B

lymphocytes, rapidly developed sarcomas after injection with a carcinogen compared to



wild type mice. They also developed more spontaneous tumors than the wild-type mice.?°

Immunosurveillance also prevents the early stages of metastatic tumor development such
as lymphatic invasion, vascular emboli, and perineural invasion.'® Although decreased
immunosurveillance likely plays a role in carcinogenesis in transplant recipients, it is
difficult to quantify the independent effect since it is confounded with increased
susceptibility to viruses and the presence of other cancer risk factors.

Viruses have been associated with various malignancies. There are two primary
mechanisms by which viruses cause cancer: direct and indirect. Viruses that act directly
infect a progenitor or clonal tumor cell and then the viral genome persists in the tumor
cells. Alternatively, a virus may exert an indirect effect on cell development which
predisposes the cell to tumor development.?! Indirect mechanisms require other factors to
impact the process of carcinogenesis. For example, a virus may weaken the immune
system to where it becomes vulnerable and unable to control cancer growth. Viruses that
have been associated with malignancy include Epstein-Barr virus which causes Hodgkin
and non-Hodgkin lymphoma (NHL), hepatitis C and B viruses which cause liver cancer,
human papillomavirus which causes ano-genital cancers and human herpesvirus 8 which
causes Kaposi sarcoma.??

The direct effect of immunosuppressant medications and cancer risk is less clear,
however the shift in regimens commonly used in clinical care may lead to different
cancer risk profiles over time. For example, cyclosporine and azathioprine are both
known to have cancer promoting effects.!® Azathioprine is known to have a synergistic
effect with UVA radiation in generating mutagenic oxidative DNA damage. Thus this

medication may be associated with increased risk of skin cancer by inducing a chronic



oxidative stress. Other medications such as tacrolimus and mycophenolate, now used by a
majority of recipients, have less conclusive evidence on their association with cancer
incidence.!®

Furthermore, the duration and intensity of immunotherapy plays a role in
malignancy after transplant. Thus heart and lung recipients, who generally receive very
intensive immunosuppression, have a higher risk of cancer compared to kidney
recipients.”'® Cancers that develop post-transplant may also be more aggressive and may
have accelerated growth and spread.'® Although, transplant recipients may switch to a
different or less intense immunosuppression regimen following a cancer diagnosis, they

will still require immunosuppression to prevent rejection of the transplanted organ.

C. Epidemiology of cancer among solid organ transplant recipients

Transplant recipients are at two-fold higher risk of developing cancer compared to the
general population. From 1987 to 2008, cancer incidence among transplant recipients was
1375 per 100,000 person-years, which corresponded to an absolute excess risk of 719 per
100,000 person-years. Solid-organ transplantation has been associated with increased risk
of both infection and non-infection related cancers.' In analyses using population-based
data with recipients transplanted from 1987 to 2008, the incidence of non-Hodgkin
lymphoma was elevated 7.5-fold compared to the general population, the risk of penile
and vulva cancers was also elevated.! Also, even after excluding cancers within 6
months from transplant, the risk of liver cancer was elevated 1.5-fold among liver
recipients.”® Risks of several non-infection related cancers also were elevated including a
two-fold increase in lung cancer, 4.6-fold increase in kidney cancer, 2.4-fold increase in

melanoma, and a 3-fold increase in kidney cancer, among others.



As the population of transplant recipients grows, the number of recipients who
develop cancer and subsequently die from cancer will also increase making this an
important public health concern. Several studies conducted outside of the US have shown
increased cancer mortality among recipients of kidney,>* liver, heart and lung
transplants.?> These studies have consistently shown that risk of cancer death is 2 to 3
times more likely among transplant recipients compared to the general population.
Specifically, results from a recent Canadian study of kidney, liver, heart and lung
recipients showed that the mortality risk from cancer was higher than the general
population (SMR: 2.84, 95% CI: 2.18, 3.07).? Immunosuppression may particularly
increase the risk of death for cancers of infectious etiology. Indeed, this study found an
elevated risk of death for cancers presumed to be of infectious etiology (SMR: 6.6, 95%
CI: 5.76, 7.25). In contrast, the only previous study in the US to estimate excess cancer
mortality did not find an increased risk of cancer death among kidney recipients (SMR:
0.96, 95% CI: 0.92, 1.0).%* However, this study relied on cause of death reported to the
US Renal Data System which was unknown for 41% of the transplant recipients. These
deaths were classified as non-cancer deaths which leaves a substantial opportunity for

misclassification bias.

D. Metrics to quantify the cancer mortality burden

Cancer mortality is an important measure of burden since it reflects the final downstream
outcome in a population accounting for cancer incidence, treatment, and survival
following a cancer diagnosis. Three dimensions of the cancer mortality burden are
estimated in this dissertation: cancer-attributable mortality rates, which are the numbers

of deaths due to cancer divided by the follow-up time in the population; the proportion of



deaths due to cancer; and the LYL due to cancer. Each of these metrics provides a
different description of cancer mortality in the population.

The cancer-attributable rate is a measure of absolute effect and reflects the
magnitude of cancer deaths. It measures the instantaneous rate at which deaths are
occurring in the population and is expressed as the number of deaths over 100,000
person-years of follow-up.?® A limitation of rates is that they do not reflect the size of the
population at risk. They are, however, useful for comparing the impact of cancer on
mortality and comparing this impact among subgroups of the population with different
distributions of characteristics. The rates may also be age- and sex-standardized to
facilitate this comparison among subgroups with potentially different age distributions.

The proportion of deaths due to cancer among transplant recipients, also known as
the population attributable fraction, PAF, is a relative measure of impact since it is a
function of the risk for non-cancer causes of death. The PAF measures the extent to
which cancer causes death in the whole population in relation to overall mortality.

LYL estimate the extent to which life is shortened by cancer. Conceptually, this is
the difference between the observed lifetime in the population with cancer and the
expected lifetime in the population had no cancer occured.?® Thus, this quantity accounts
for both the number of people who died and the age at death. The LYL are larger for
cancers that cause death among children compared to cancers that lead to death among
adults, since children have longer potential future lifetimes. In contrast to mortality rates,
which quantify the number of deaths occurring in a population, LYL estimates are often
used to evaluate the social and economic burden that result from death. Furthermore, the

LYL estimates indicate which cancers are causing premature deaths.
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E. Methods to quantify the cancer mortality burden

Cancer mortality burden was estimated using data from the National Cancer Institute’s
Transplant Cancer Match Study, which is a linkage of the US Scientific Registry of
Transplant Recipients (SRTR) and 17 population-based state and regional cancer
registries. All US transplant centers and organ procurement organizations submit data to
SRTR for patients on the organ wait list. Baseline characteristics include demographics,
patient characteristics used to determine organ allocation, medical indications for
transplant, characteristics of the organ, immunosuppressant treatment. Additional data are
provided at the time of transplantation. Outcome data are also collected such as graft
failure and vital status of the patient.

The metrics to describe the cancer mortality burden were derived for specific
subgroups of the transplant population and by cancer site. Subgroups were defined by
recipient characteristics such as age, organ received, year of transplant, and time since
transplant. The cancer sites examined were those common in the transplant population
such as lung and bronchus, prostate, female breast, kidney, non-Hodgkin lymphoma,
CRC, melanoma, and thyroid cancer. Examining mortality by cancer site facilitated an
understanding of which cancers are causing the greatest mortality burden or loss of life.
For example, some cancers have a high risk of death but may not result in a high rate or
proportion of deaths due to that cancer if that cancer is rare in the population. Conversely,
cancers that have a high incidence rate may not result in a large mortality burden if they
are not particularly fatal.

The estimates by transplanted organ improve understanding of which cancers are
of particular concern to each organ subgroup. This informs screening guidelines, which

are likely to be most effective if they are tailored to the specific needs of organ recipients.
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I also estimated mortality by time since transplant, which informs patient care as patients
are surviving longer and requiring longer clinical follow-up care. These results may also
shed light on the impact of the duration of immunosuppression on cancer mortality.

The most straightforward approach to estimating the cancer mortality rate would
be to directly use cause of death information to classify deaths as cancer or non-cancer
related. The cause of death information would be used to calculate the mortality rates for
those who died from cancer and those who died of other causes. However, estimates
derived using this method are susceptible to bias since cause of death information is often
misclassified or unknown. The US study of mortality among kidney recipients relied on
cause of death reported to the US Renal Data System.?* Cause of death was unknown for
41% of the cases and is likely of low accuracy since these data are entered by clerks who
may not have adequate clinical knowledge, training, or supervision. Cause of death
information is also available from death certificates but may also be inaccurate or
incomplete. Inaccuracies arise since the individual who completes the death certificate
must assign a single underlying cause of death which can be difficult to do since a death
may be precipitated by multiple causes and thus coding is a subjective judgement.?’ This
is especially true in the population of transplant recipients who may have multiple other
health conditions. Although the contributing causes of death are recorded on death
certificates, the National Cancer Institute does not have access to contributing CODs for
national reporting of death rates based on death certificates.

An alternative approach used in aim 1.1 that avoids using cause of death
information is to estimate cancer-attributable mortality among transplant recipients using

attributable risk methodology.?® This method is based on a comparison of the all-cause

12



mortality among those with cancer to those without cancer and assumes that the excess
deaths are caused by the cancer. A similar approach was used by Simard et al.’ to
estimate the cancer-attributable mortality among people with AIDS. The calculation of
the population attributable risk depended on individuals being classified with respect to
the outcome (vital status) and exposure (cancer). Individuals in this study were followed
for five years and so their outcome and exposure status could change over the study
period. The authors divided the study period into small intervals in which the outcome
and exposure were reasonably assumed to be stable, calculated the deaths due to cancer
in each interval, and then combined those over the entire follow-up.

A modification of this method was developed by Engels et al. and recently
applied to people with HIV infection.?®*! They used a formula for the attributable risk
that requires estimation of the proportion of deaths with a prior cancer diagnosis. Since
this quantity does not fluctuate over the study period, the estimation does not need to be
performed separately for different intervals and then combined to obtain the final
estimate. There is a computational advantage to this approach since it calculates one
estimate for the entire study period. Furthermore, it avoids choosing the length of time
intervals in which the outcome and exposure are assumed to be constant.

Cause of death information collected by the transplant registry is available for all
recipients with and without cancer but is based on clinical information reported to
transplant centers and is likely inaccurate. Especially among individuals with several
health conditions, attribution to a single cause may be difficult and the death may be
misattributed. In the context of cancer, a death could be misattributed to the site of

metastasis instead of the primary tumor site.>?
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Accuracy of cause of death collected by cancer registries has been evaluated. The
concordance between cancer site recorded on death certificates and cancer diagnosis, was

1.32

evaluated by Percy et al.”~ using deaths from 1970-71 and was more recently updated by

German et al.*3

using deaths from 1993-2004. Both analyses evaluated the accuracy of
death certificates by comparing the underlying cause of death on the death certificate
with the cancer diagnosis. If the two sources, hospital diagnosis and death certificate,
indicated the same cancer site, then there was evidence that mortality statistics based on
death certificates were accurate. Although, both studies found that the overall agreement
was good, both over 80%, the accuracy varied by cancer site. For example, cancer sites
common for metastasis such as bone, liver, and brain were often overreported by death
certificates. Furthermore, if the extent of misclassification changes over time then any
time trends will be distorted.**

Cause of death on the death certificate may be misclassified by attributing the
death to another medical condition even though the underlying cause is cancer. A study
conducted by Welch and Black found that about 41% of deaths within one month of
cancer-directed surgery were not attributed to cancer.** This estimate assumes that deaths
within a short time interval after surgery as treatment for cancer should be attributed to
the cancer and not as a complication from surgery. To my knowledge, no other recent
studies have estimated the extent of misclassification of deaths due to cancer or its
treatment that are coded as non-cancer causes. It is likely that cancer deaths are
undercounted especially for deaths caused by cancer or cancer treatment that occur long

after initial diagnosis such as sequalae from radiation or chemotherapy. These inherent

limitations of cause of death information have led to the development of statistical
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techniques to estimate cause-specific mortality without relying on cause of death
information.?>

In contrast, cancer registries use algorithms to process causes of death from death
certificates to identify a single disease-specific underlying cause of death. Howlader et
al.’” developed an algorithm that more accurately captures cancer death. The algorithm
considers other causes of death along with the site of the original cancer diagnosis, tumor
sequence (e.g. only one primary tumor or first of several tumors), and some comorbidities
such as AIDS. I leveraged this algorithm designed to reclassify cancer deaths that may be
misattributed. The cause of death information collected by cancer registries for those with
incident cancers was used to estimate the cancer mortality rate in aim 1.2 and used as a
comparison to the estimates from aim 1.1.

Previous work in transplant recipients has estimated life-years gained from
kidney, liver, and lung transplants.>® The methods proposed in aim 2 were an extension of
this work by estimating the potential life-years that were lost among those transplant
recipients who developed and died from cancer. Both approaches to estimating LYL in
this dissertation rely on estimating the counterfactual survival experience. This
counterfactual represents the survival experience of the transplant population assuming
that death due to cancer cannot occur.

The approach used in aim 2.1 was to construct a cancer-free cohort using
matching methods. The primary method in this dissertation was to match on the
prognostic score. Prognostic scores, also known as disease risk scores, are used to
balance the baseline risk of the outcome between cancer and non-cancer transplant

recipients by summarizing the association between covariates and the potential response
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(death).’***! This method was an extension of Li et al.** They developed methodology
that established a counterfactual cohort by matching on the prognostic score, the
propensity score, or both simultaneously. They used this method to contrast the average
post-transplant survival function with the average survival function that would have been
observed had kidney transplantation not been available.

This method was well-suited to this application since it accommodates time-to-
event data, the time-dependent nature of cancer incidence over the study period, and
dependent censoring. However, the final estimate derived was the difference in survival
curves among the transplanted and non-transplanted. For the approach in aim 2.1, this
dissertation extended this work by estimating the difference in area between the two
survival curves, which is the difference in mean life-years between the cancer and non-
cancer cohorts. The resulting mean is the total LYL due to cancer averaged over the
number of recipients with cancer.

The approach used in aim 2.2 was to estimate the survival curves for the overall
cohort and the hypothetical cancer-free cohort using Cox proportional hazards regression
models. The mean LYL due to cancer among transplant recipients can be calculated as
the area between the survival curve of the overall cohort (with and without cancer) and
the counterfactual cancer-free cohort. This quantity is the total LYL due to cancer
averaged over the number of transplant recipients. This area is equivalent to finding a
difference in the mean survival time between the two groups, usually truncated at some
time point to facilitate estimation. Several methods to compare the mean survival time
have been proposed. Zucker** developed inference based on stratified Cox models in

which the effect of cancer can vary over time but the other covariate effects are constant

16



and do not vary between cancer and cancer-free groups. Chen and Tsiatis** also
developed methodology to compare the mean survival time but assumed separate Cox

14 proposed

models for the cancer and cancer-free groups. Finally, Zhang and Schaube
using flexible Cox models with group-specific covariate estimation to compare the
restricted mean lifetime and their method can also accommodate dependent censoring.
Although each of these methods compares the restricted mean lifetime of two
groups, they all assume that the two groups are independent. In this dissertation, the mean
survival of the overall cohort and the survival of the cancer-free cohort are not
independent as they are each estimated using some of the same patients. The only
difference is that the cancer-free curve is estimated by censoring at cancer incidence.

Since the two groups are not independent, the variance for the LYL is calculated using a

bootstrap resampling approach that accommodates the correlations.

F. Significance

Understanding the effect of cancer on overall mortality in the US transplant population is
critical especially as the transplant population grows with improving overall survival.
Population-based estimates and trends are necessary to assess the magnitude of the cancer
burden in the transplant population and also to monitor the cancer burden over time.
Mortality is used to monitor the progress against cancer, ranking which cancers are
contributing to the greatest burden and also to evaluate disparities between population
subgroups.*®#” Even in the era of precision medicine, population-based data are needed to
identify groups of individuals with differing risk for cancer death. Furthermore, current
cancer screening guidelines for transplant recipients are limited since they are based on

kidney recipients and, to a lesser extent, liver recipients.*® The mortality estimates
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identify subgroups with high risk of cancer death and thus assist in the clinical care of
these patients and also inform public planning by enabling more efficient and targeted
cancer screening or lifestyle interventions.

In addition to providing population-based cancer-attributable mortality rate
estimates that are generalizable to the US transplant population, this dissertation
developed methodology that can be applied to other population-based registry data. As
part of my work in the Surveillance, Epidemiology, and End Results (SEER) program, I
develop and apply epidemiologic methods to overcome specific challenges presented by
cancer registry data. Development of such methods is critical to estimating and ultimately
communicating the most accurate and up-to-date cancer statistics to the public. The
SEER program also produces reports for the public such as Fact Sheets and reports of
special interest such as cancer prevalence and cost of care projections.*’ The matching or
modeling methods developed in this dissertation for LYL could be added and used as part
of routine reporting to describe LYL from cancer in the US general population. The
estimates on the transplant population could also be highlighted as a special population to
describe their unique cancer profile. Reports such as these are used by the public and
clinical researchers and physicians who use these estimates for their own research or in
clinical practice. Finally, these methods could be used to estimate mortality due to HIV or
cardiovascular disease using registry data. Also, these methods may be used in other
large cohort studies in which cause of death may not be accurately collected but all-cause

mortality is available.
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G. Innovation

The primary innovation of this work is the application and development of methods to
overcome challenges inherent in estimating mortality burden using registry data. In
particular, this dissertation applied three methodologies in a unique way. The first
methodology is to calculate cancer-attributable rates and proportion of deaths using the
PAF. This dissertation is the first to apply these methods to the US transplant population
and overcomes inherent limitations in using cause of death collected by the transplant
registry.

The second methodologic development is a novel use of the algorithm that re-
classifies deaths in the cancer registry. The original purpose of this algorithm was to
calculate the survival for a specific cancer in the absence of other causes of death. This is
a measure of net survival and when COD is known it can be used directly to estimate the
cause-specific survival among cancer patients. In a cohort of cancer patients, the
denominator is comprised of newly diagnosed cancer patients. In contrast, I calculated a
mortality rate in which the denominator is comprised of the entire transplant population,
with and without cancer. This analysis is the first application of this algorithm other than
its original purpose. The results were compared with those using the PAF methodology.
The comparison helped inform the interpretation and reliability of the results from the
PAF method.

The third area of methods development is the estimation of LYL due to cancer in
this population. The matching method has not been applied to estimate the LYL. The
modeling approach is also a novel application of establishing a counterfactual control

using modeling. This is a novel approach in that I used the same cohort of recipients to
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estimate a cancer-free counterfactual. This approach was modified to accommodate that
the same recipients will contribute to the cancer-free and overall survival experience.
The goal of developing these methods is to estimate the cancer mortality burden
in the transplant population. This dissertation indeed provides estimates of three metrics
to describe different dimensions of cancer mortality. These estimates fill a gap in the
literature since they are not currently available and contribute to a deeper understanding

of cancer mortality in this population.
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3. Study design and methods

A. Data source for all aims: Transplant Cancer Match study: A linkage between US
transplant registry and cancer registries

This dissertation used data previously collected by the Transplant Cancer Match (TCM)
Study, which links the US Organ Procurement and Transplantation Network’s Scientific
Registry of Transplant Recipients (SRTR) with state and regional cancer registries.
Linkage is currently complete and the calendar years of coverage vary by registry,
ranging from 15 to 28 years of linked data. The TCM Study includes more than 290,000
solid organ transplant recipients with information on subsequent cancer diagnoses, which
represents approximately 51% of the US transplant population during this period.

All US transplant centers and organ procurement organizations submit data to
SRTR on patient characteristics, transplant and outcomes. Baseline characteristics
include demographics, medical indication for transplant, and characteristics of the organ.
Outcomes include recipients’ vital status and organ function 6 months following
transplant and each year thereafter. The SRTR also links with the Social Security Master
File to ascertain death in transplant patients who are lost to follow-up.

State and regional cancer registries collect data on all incident cancers excluding
non-melanoma skin cancer occurring in their catchment area. Information reported to the
cancer registries includes cancer organ site, histology, and first course of cancer
treatment. The TCM Study includes data from 17 US population-based cancer registries,
covering the states of California (1988-2012), Colorado (1988-2009), Connecticut (1973-
2009), Florida (1981-2009), Georgia (1995-2010), Hawaii (1973-2007), Illinois (1986-
2013), Iowa (1973-2009), Kentucky (1995-2011), Michigan (1985-2009), New Jersey

(1979-2010), New York (1976- 2010), North Carolina (1990-2010), Pennsylvania (1985-
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2013), Texas (1995-2010), Utah (1973-2008), and the Seattle-Puget Sound area of
Washington State (1974- 2014). The aims in this dissertation included data up to 2014.

The linkage between the SRTR and cancer registries is based on a computer-
based probabilistic matching algorithm followed by a manual review of potential
matches. Variables included in the matching are name, sex, date of birth, and social
security number. The linked data identify at least 85% of cancers, other than non-
melanoma skin cancer, in transplant recipients residing in the covered geographic areas.>°
Non-melanoma skin cancers such as squamous or basal cell carcinomas are not collected
by cancer registries and therefore not included in the linkage.

To ensure the same follow-up window for cancer identification for all transplant
recipients, transplant recipients were included in the TCM Study if they resided in a
contributing cancer registry catchment area and received their transplant after the cancer
registry start date. The registry start date is defined as the year that the cancer registry
achieved complete reporting (at least 95% of cases). Finally, recipients were included in
the study cohort at the time of their first transplant. Any incident cancer or death was

attributed to that first transplant regardless of subsequent transplants.

B. Aim 1: Estimate proportion of deaths due to cancer and the cancer-attributable
mortality rates among transplant recipients using two statistical approaches

One that does not use cause of death (COD) information and one that uses COD
from the cancer registries.

Since COD information can be unreliable, estimates derived using COD are likely to be
biased. The method used in aim 1.1 produces estimates of the fraction of deaths attributed

to cancer in the transplant population and avoids using COD. A limitation of this method
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is that the estimates may be biased if there is unmeasured confounding in the relationship
between cancer and death. The method used in aim 1.2 utilizes COD information.
However, it only uses COD information from the linked cancer registries, incorporating
information on prior incident cancer diagnoses, which is more likely to be accurate. This
method is not susceptible to bias caused by unmeasured confounding but is limited by the
accuracy of COD information. Since these methods have different limitations, they are

complementary and were compared in aim 1.3.

1) Aim 1.1: Estimate proportion of deaths associated with cancer and the
cancer-attributable mortality rate using population attributable fraction
methodology

Study Design & Participants

All adult transplant recipients who received their first solid organ transplant during a
period of cancer registry coverage and did not have a prior cancer other than non-
melanoma skin cancer were included. Prior cancers were defined as those diagnosed
before transplant or within 90 days post-transplant since these are likely to have

developed before transplant.

Measures

The primary outcome was death from any cause. Month and year of death were used
from the SRTR and cancer registries. This information has been reconciled and a
transplant recipient is recorded as dead if either source has a record of death with the
earlier death date used.

Invasive primary cancers were identified from the linked cancer registries and coded
according to the International Classification for Diseases for Oncology, version 3 and

classified using a modified version of the Surveillance, Epidemiology and End Results
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(SEER) program site recode.’! If a recipient had multiple primary cancers, only the first
primary was included. Excluding non-melanoma skin cancer, most transplant recipients
with cancer had only one primary cancer (>90%).

Data on confounders was collected by the SRTR. They include transplanted organ
and year of transplant. Demographic characteristics such as sex, race/ethnicity and age
were included.

Analysis

The population attributable fraction (PAF) associated with cancer is the fraction of deaths
attributable to cancer among all transplant recipients. Specifically, PAF =

Pa X AR cancer Where pq is the number of deaths among those with a prior cancer
diagnosis divided by all deaths in the cohort and ARy, cer 1S the proportion of deaths
attributable to cancer among people with cancer. I estimated AR gy cerr With (RR-1)/RR
where RR is the relative risk of all-cause mortality associated with cancer compared to
those without cancer.?® This avoids using the COD. These quantities are depicted
conceptually in Figure 1. The RR was estimated using an adjusted Cox proportional
hazards regression model with cancer as a time-dependent variable to ensure that person-
years without cancer among those who subsequently develop cancer were counted as
cancer-free time. The at-risk time for each person started 90 days post-transplant. The
follow-up period ended at death, loss to follow-up by the SRTR or end of cancer registry
coverage, whichever occurred first. Death from any cause was counted as an event, while
transplant recipients lost to follow-up or alive at the end of cancer registry coverage were
censored. The follow-up time started 90 days after the first transplant and ended at death

or a censoring event, regardless of any subsequent transplants or non-functioning period
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for kidney recipients. Time since transplant was used as the time scale with 90 days as
the time origin since this is the time when recipients become at risk for a post-transplant

cancer and subsequent death. I considered only first cancers in the PAF calculations.

Time since
transplant Cohort of transplant
recipients
Developed Did not develop
cancer cancer
Person—TV won:ﬁme Person-Time Person-Time
Died Alive Died Alive
(any cause) (any cause)
a
)\ )
v | ok
Mortality Rate Mortality Rate
Cancer No Cancer

Attributable RiskCancer

Mort Ratecapcer — Mort Rateyn, cancer

Mort Ratecapcer
= (RR-1)/RR

Percentage of deaths with a cancer diagnosis
p= a/(a+b) where a = number of transplant recipients with cancer who died, b=number of

transplant recipients without cancer who died

Figure 1: Population attributable fraction calculation

The models were adjusted for covariates such as sex, race/ethnicity, age at
transplant, calendar year of transplant, time since transplant, and organ. Since age is
strongly associated with both risk of cancer and death, the functional form was

thoroughly investigated (Appendix 1).

25



If the proportional hazards assumption was violated then the approach of Simard
et al.? could have been used. However, the proportional hazards assumption of the
models was checked by including an interaction term between cancer and follow-up time
in the model and this assumption help (Appendix 1.B). The other covariates in the model
also were checked (Appendix 1.C). However, non-proportionality of the hazards for other
covariates should not strongly impact the RR estimate for cancer. Another assumption of
the Cox model is that censoring is noninformative conditional on the covariates in the
Cox model. That is, that the censoring mechanisms are not related to the probability of
death. The linearity assumption of the functional form was evaluated by plotting the
Shoenfeld residuals.>

Primary analysis included all transplant recipients and all cancers combined. In
secondary analyses, I also estimated the PAF for various subgroups of the transplant
population, such as by age group, sex, time since transplant, and organ received. A
separate model was estimated for each subgroup with appropriate model fitting and
diagnostics for each. I also estimated the PAF for individual cancer sites that are common
in the transplant population. For example, the PAF was estimated for lung and bronchus,
prostate, female breast, kidney, non-Hodgkin lymphoma (NHL), CRC, melanoma, and
thyroid cancer. The PAF also was estimated for all other cancers not listed above as a
group.

PAF estimates were multiplied by the overall mortality rate to obtain the mortality
rate among transplant recipients attributed to cancer (Equation 1). I also tested for

differences between subgroups such as differences by age, cancer site and time since
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transplant. Methodology to estimate the variance and confidence intervals has been

derived by Engels et al.*°

Proportion of deaths due to cancer X Total number of deaths

Person — YearsTransplant Coho

Equation 1: Cancer-attributable mortality rate as computed in aim 1.1

Several sensitivity analyses were conducted. The first was to evaluate the
exclusion of cancer occurring within 90 days post-transplant. Although the 90 day
window is likely conservative since previous literature on cancer mortality has either not

3424 or used a 30 day window, I evaluated

excluded any cancer cases post-transplan
alternative exclusion windows up to 1 year on the estimation of the relative risk
(Appendix 1.D). Next, I evaluated how much the PAF estimates may be affected by
unmeasured confounding. While there may be some residual confounding in the
estimates of the relative risk, I did not anticipate a large impact on the PAF. The relative
risk between cancer and death is large for many cancer sites and so mathematically the
factor (RR-1)/RR is likely close to 1 and PAF= pq. It is unlikely that unmeasured
confounding would bias the relative risk enough to substantially change the PAF
estimate. However, I conducted a sensitivity analysis for cancer sites where the estimated

relative risk was lower than expected, or for cancer sites for which the relative risk of

death was not very strong (e.g. breast or prostate cancer).

Missing data is a potential problem in any epidemiologic study. There was some
missing data for the covariates used in the models. This was expected to be very low
amount of missing data since the registries have fairly complete collection of these data.

Recipients with missing data were excluded from the modeling. If the amount of missing
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data was causing 10% or more of recipients to be excluded, then multiple imputation was

used.>’

Precision Estimate

The cohort contains data on about 290,000 transplant recipients with about 11,000 having
a linked cancer diagnosis. Approximately 62,600 deaths were observed by 2016. It is
difficult to estimate the precision of the PAF before analyzing the data since the PAF
relies on the hazard ratio, the proportion of deaths with a cancer diagnosis and the
correlation between them. Two approaches were used to approximate the precision. The
first approach was to use preliminary data from a cohort of kidney transplant recipients to
estimate the PAF and its Wald confidence interval.>* As shown in Table 1 the confidence
intervals are very narrow. This interval estimate is very crude as it does not account for
the correlation between the hazard ratio and the proportion of deaths with a cancer
diagnosis, and therefore, the confidence intervals are likely too narrow. Alternatively,
results are available from a study of people with HIV, another immunosuppressed
population. Here the PAF and the confidence intervals were estimated using correct
methodology (Table 1). The PAFs from both cohorts are very similar. The confidence
intervals for the HIV cohort are wider but more accurate since they account for the
underlying correlation in the PAF estimation.

The estimates obtained in aim 1 have at least the precision of the HIV estimates
and were expected to be more precise since the cohort of transplant recipients is larger.
For example, there are 2775 people with NHL, 2824 people with lung cancer, and 1613
people with liver cancer. Thus, the estimates obtained using the cohort of transplant

recipients are even more precise.
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Cohort of Kidney Recipients Cohort of people with HIV

Method of Jewell (2004)!® Method of Engels et al.!”
Cancer Site  Total deaths  PAF 95% CI* Total deaths PAF  95% CI
All 4421 11.48 11.40,11.56 1069 9.8 9.1,10.5
NHL 583 1.69 1.67,1.70 207 2.0 1.7,2.3
Lung 738 2.56 2.54,2.57 222 2.3 2.0,2.6
Liver 74 0.26 0.26, 0.27 80 0.9 0.7, 1.1

*The 95% confidence intervals were computed using the EpiR>® package in R

Table 1: Estimated population attributable fraction and its 95% confidence interval for
two cohorts

Strengths
A strength of this method is that the PAF is estimated using the relative risk for overall
mortality associated with cancer in transplant recipients to estimate cancer and non-
cancer specific mortality rates. This is an innovative application that avoids using
potentially misclassified COD from death certificates and uses estimates of the relative
risk of death from cancer from a statistical model that is adjusted for confounders. The
advantage of this method is that it depends only on the proportion of deaths among
transplant recipients with a prior history of cancer. The proportion of deaths among
transplant recipients with a prior history of cancer was evaluated for changes over time.
This cohort has a large sample size that enables estimation of the PAF by
transplanted organ and cancer site. Since cancer risks differ by transplanted organ and
mortality rates differ by cancer site, stratified analyses may be more accurate. Finally,
because of excellent coverage in the TCM Study, PAF estimates from this cohort data are
generalizable to the US transplant population.
Limitations
Transplant recipients may have increased cancer detection due to heightened medical
surveillance. If this is the case, the estimated relative risk of death among transplant

recipients with cancer compared to those without cancer may be underestimated since
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more indolent and early stage cancers will be diagnosed. However, the proportion of
recipients who died of any cause, pq, among those with an incident cancer will be higher.
Since the RR would be biased toward the null but ps would be biased away from the null,
the PAF may be biased in either direction. These biases are not expected to be large.
Furthermore, mortality estimates were estimated by cancer site, which creates groups of
recipients that are more homogeneous with respect to other comorbidities and medical
surveillance. Finally, the estimates based on the relative risk and pq were compared to
estimates using COD. Large differences may highlight where these assumptions may not
be met.

PAF methodology generally assumes that there is a causal relationship between
cancer and mortality with no unmeasured confounding. This assumption may not hold in
this analysis where data on potential confounders including other comorbid conditions
and risk factors such as smoking were not available. For example, if another medical
condition is associated with both a specific cancer and death, the PAF may be biased
away from the null since deaths will appear to be associated with cancer when, in fact,
they are due to this other condition. The result of this bias is expected to be small since
the relative risk between cancer and death is large for many cancer sites, and
mathematically the factor (RR-1)/RR is likely close to 1 and PAF~= pq. To evaluate the
impact of unmeasured confounding, a sensitivity analysis was performed as described
above. This provides a range of plausible values for the PAF estimates.

Since cancer registries do not collect information on non-melanoma skin cancers,
these were not included in the analysis. In particular, squamous cell carcinoma has an

elevated incidence in transplant recipients>®>” While these skin cancers are a contributor
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to morbidity among transplant recipients, these cancers are not often fatal, and therefore,
do not greatly affect mortality estimates.

Finally, some cancers may be missed. This may happen if a cancer is not reported
to the cancer registry, if the linkage does not match the cancer to the transplant recipient,
or if a transplant recipient out-migrated from the catchment area. However, out-migration

is uncommon, with 94% of recipients living in the same state 10 years after transplant.!

2) Aim 1.2: Estimate the proportion of deaths due to cancer and the cancer-
attributable mortality rate using COD from the cancer registries

As discussed above, COD information from the transplant registry is likely to be
inaccurate or incomplete and information on incident cancer is not reliable. However, an
algorithm has been developed using COD information from cancer registries that corrects
for inaccuracies in the death certificate coding among people with cancer.?” This relies on
the presence of the incident cancer diagnoses in the cancer registries. Specifically, if a
cancer diagnosis is documented prior to a COD of cancer, then the likelihood that the
person died of cancer is high. In this aim, I leveraged the higher accuracy of the COD
available from the cancer registries compared to COD collected by the transplant registry.
Study Design & Participants

The participants included were the same as in aim 1.1.

Measures

COD is obtained by the cancer registries by a linkage with the National Death Index.
Invasive cancers were identified as described in aim 1.1. The primary outcome was death
from cancer as recorded by the cancer registry. The algorithm used by cancer registries to

reclassify cancer deaths is different for those diagnosed with a single primary cancer and
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those with more than one primary cancer.®’ In patients with only one cancer diagnosis,
any cancer death is attributed to the same site as the incident cancer. Also, for some
cancer sites, deaths coded as HIV related and deaths due to other diseases that were
related to the cancer are reclassified to a death due to the primary cancer site. Examples
of other noncancer diseases include a death due to liver cirrhosis in a patient with liver
cancer, certain ulcer conditions in a patient with CRC, stomach or esophageal cancer, and
certain diseases of the breast in breast cancer patients.

For patients who had more than one cancer, the algorithm reclassifies cause of
death for the first cancer. The rules include classifying cancer deaths to the site of the
first primary cancer if the underlying cause of death was attributed to the same organ
system or was attributed to multiple cancers with an unknown primary. The same rules
for noncancer causes of death are applied for those with more than one cancer and a
single primary. Finally, deaths from all other malignant cancers were not classified as
cancer deaths since they presumably are correctly attributed to subsequent incidence
cancer sites.

Analysis

The number of transplant recipients who had a linked cancer diagnosis, died, and had a
COD listed as cancer by the cancer registry was divided by the person-time at risk to
derive cancer-attributable mortality rates (Equation 2). I also estimated the PAF by
dividing the number of deaths with a COD of cancer by the total number of deaths. These

estimates were produced for the same subgroups as in aim 1.1.
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Number of cancer deaths

Person — YearSTransplant Cohort

Equation 2: Cancer-attributable mortality rate as computed in aim 1.2

Sample Size

The same sample was used as described in aim 1.1.

Strengths

The strength of this method is that it uses COD collected by the cancer registries which is
more accurate than the CODs in the transplant registry. This method is also not affected
by confounding of the relationship between cancer and death. Finally, missing data on
recipient characteristics does not affect the results since these covariates are not needed
for modeling.

Limitations

The approach assumes that transplant recipients without a linked cancer diagnosis did not
die from cancer. As in aim 1.1, some cancers may be missed. This would result in an
underestimate of the cancer-attributable mortality rate. Finally, there may be errors in the
underlying COD entered by the physician. The direction of the bias would be an
underestimation since recipients with cancer may be miscoded to noncancer deaths. The
algorithm mitigates these errors, but some may be present especially for deaths caused by

late effects of cancer treatment.

3) Aim 1.3: Compare estimates from aim 1.1 and 1.2

The cancer-attributable mortality rates from aim 1.1 and aim 1.2 were compared overall

and by major subgroups defined by transplanted organ, other recipient characteristics,
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and for the most common cancer sites. The rates were compared by assessing if their 95%
confidence intervals are overlapping. A formal statistical test was not performed since the
two comparison groups are not independent (i.e. they are estimates using the same data
produced with different methodology). Furthermore, the objective is not to determine
statistically significant differences in estimates derived using the two methods, but rather,
to evaluate the sensitivity of the estimates to the method used since the estimates should
be similar. I discuss any potential differences. For example, if they are not similar, the
PAF in aim 1.1 could be wrong due to unmeasured confounding. Alternatively, the
cancer-specific deaths obtained from cancer registries used in aim 1.2 could be incorrect.
An incorrect COD may be due to an error in the true underlying COD entered by the
physician or a misclassification by the algorithm. I explored possible reasons for any
discrepancies. For example, large differences for cancer sites with risk factors that are not
measured in the transplant registry may be indicative of a PAF estimate with residual

confounding.

C. Aim 2: Estimate mean LYL due to cancer among transplant recipients

Two methods were used to estimate LYL, which differ on the estimation of survival
had cancer not occurred in the cohort. The mean LYL due to cancer among those
who develop cancer also was estimated.

Transplant recipients with cancer are assumed to have shorter lifetimes than they would
have had without cancer. The LYL due to cancer is the difference between the actual
lifetime with cancer and what that recipient would have experienced without cancer.
Thus, calculating the LYL due to cancer requires estimation of the hypothetical lifetime
those with cancer would have lived had they not developed cancer. This is referred to as

the cancer-free counterfactual experience of those with cancer. In this aim, the mean LYL
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due to cancer was estimated using two methods. The first method, described in aim 2.1,
matches each recipient with cancer to those without cancer. The matched cancer-free
recipients were used to estimate the lifetime that would have been experienced by the
recipients had they not developed cancer. The second method, described in aim 2.2, used
survival modeling to estimate the counterfactual cancer-free experience. These methods
are based on different assumptions and the resulting mean LYL estimates were compared

in aim 2.3.

1) Aim 2.1: Estimate mean LYL due to cancer using matching methods

Each person with cancer was matched to a person without cancer to provide a
counterfactual estimate of the life-years lived without cancer.

Study design & participants

The study cohort was the same as described in aim 1.

Measures

The primary outcome is death from any cause. Invasive primary cancers and confounders
were measured as described in aim 1.1.

Analysis

The objective is to estimate the survival function that represents the hypothetical cancer-
free experience. For each transplant recipient with cancer, similar recipients without
cancer were matched to serve as the counterfactual controls. The controls are intended to
reflect what the survival time would have been had the cancer patient not developed
cancer. The mean LYL due to cancer is the difference in the areas under the hypothetical
cancer-free curve and the survival function estimated using the subset of recipients who

develop cancer.
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Prognostic score

Non-cancer controls were matched to cancer cases using a prognostic score. Prognostic
scores, also known as disease risk scores, are used to balance the baseline risk of the
outcome between cancer and non-cancer patients by summarizing the association
between covariates and the potential response.>’**! Controls were matched to each cancer
patient using these scores.*>*®> Matching on the prognostic score creates a set of cases
and controls with the same baseline risk of death (i.e. unconfounded by the set of
variables that was used in estimating the score). This is achieved by eliminating the
association between the confounders and the outcome (death).

The prognostic scores were estimated based on a Cox regression model using the
full cohort of transplant recipients with events defined as death from any cause.
Censoring occurred at the time of cancer incidence, loss to follow-up, or at 10 years post-
transplant. Since censoring occurred at the time of cancer incidence, this model reflects
the pre-cancer experience of the entire cohort. The prognostic score models were
estimated separately by organ transplanted since the association between the covariates
and death vary by organ. As in aim 1.1, the time scale used was time since transplant.
The model included all predictors of pre-cancer death and potential confounders of the
relationship between cancer and risk of death such as age, sex, calendar year of
transplant. Although, borderline significant variables remain in the model since removal
of many variables that have small amounts of confounding may accumulate and produce

less optimal scores.*! For each patient, the prognostic score was computed using their

individual covariate profile. Given by, @; = £X, where f is the vector of estimated log-
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relative risk coefficients from the prognostic Cox model and X; is the observed covariate

vector for subject /.

Matching procedure

As in Li et al., patient k£ was selected as a match to patient /, so that |log V. k| is

minimized where ., = exp (8(X; — X)). Eligible matches had the same organ
transplanted as the cancer case, were alive at the time of cancer incidence, not yet had
developed cancer, and received the transplant in the same calendar year. A control was
eligible even if they developed cancer at a later time, as long as they were cancer-free at
the time from transplant of the case’s diagnosis. The matching algorithm used matching-
with-replacement in that a subject who has not yet developed cancer may be selected as a
match to multiple cancer subjects. Controls were identified for each cancer patient using
nearest neighbor matching within a specified caliper distance.’®> The matching ensured
that the covariate distribution was balanced with respect to risk of non-cancer death
between cancer patients and the counterfactual controls. Up to 5 eligible matches within
the caliper distance were selected. If a cancer case did not have a match within the caliper
distance, then that case was excluded from the analysis. In addition, the matching allowed
for the same control to be selected to more than one cancer case. Also, a subsequent
cancer case may be selected as a control before they developed cancer.

The optimal caliper width for matching on the propensity score is well-
studied.®®®! In general, matching on a fraction of the standard deviation of the logit of the
propensity score removes a majority of the bias in the resulting treatment estimate.
However, only one study has examined caliper width when matching on the prognostic

score. A simulation study found that matching on the natural-scale may be too large for
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matching on the prognostic score.*® Similar to the literature on propensity scores, calipers
based on fractions of the standard deviation of the logit of the prognostic score performed
well in removing bias from the final estimates. However, this simulation was based on a
logistic regression to estimate the prognostic score as opposed to a survival outcome
estimated using Cox regression.

Several caliper widths were assessed to balance finding a match for every case
with using matches that were sufficiently similar to the case. The matching was evaluated
based on the marginal distribution of covariates between the cancer and non-cancer
groups. If there were large imbalances then additional stratification was needed (e.g. also
stratify by sex). Imbalance was determined by the p-value but also differences that are
clinically or substantively meaningful. Since the dataset is large, even small differences

may result in a statistically significant p-value.

LYL estimation
The mean LYL is the difference between the areas under the survival curves up to the
truncation time. This is equivalent to the difference in the restricted mean lifetime
between the non-cancer and cancer groups. The interpretation of the restricted mean
lifetime at, say, 10 years, is the average number of years lived out of the next 10. The
censoring time was chosen so that the most amount of follow-up time was retained but
there were sufficient events in all parts of the survival curve. I expected this point to be at
about 15 years since transplant.

Survival curves were estimated using the non-parametric Kaplan-Meier approach.

The mean LYL due to cancer among those who develop cancer was estimated by
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subtracting the area under the survival for the cancer cohort from the area under the
survival curve of the hypothetical cancer-free cohort. This can be written as:

LYLcase_only = LYLcontrols - LYLcancer

where LY L onerois is the area under the hypothetical cancer-free curve estimated using
data from the matched controls and LY Lg,cer is the area under the curve estimated using
data from recipients who developed cancer. The variance of the LYL was estimated using
the bootstrap.

In addition to the mean LYL due to cancer, I also computed the fraction of LYL
due to cancer in the transplant population by dividing the total LYL (i.e., mmse_only X
number of cancer cases) by the total life-years lived in the transplant population. Finally,

the mean LYL due to cancer averaged over the number of transplants (LY Lyx pop) Was

also computed by dividing the total LYL by the number of transplants. Both the mean
LYL and the fraction of LYL were estimated by transplanted organ, cancer type, age
group, and sex.
Sensitivity analyses
The following sensitivity analyses were conducted:
1) Caliper width was investigated as described above (Appendix 2.C).
2) Other scores for matching were investigated.
The matching was performed to select controls that are very similar to the cases.
Each method approaches this differently. The prognostic score creates a control
set that has the same baseline risk of death as the cases, whereas the propensity
score balances the covariate profile between the cases and controls. The

prognostic score was chosen since it is better for rare exposures and it is known to
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create better overlap between cases and controls. However, I evaluated using the

propensity score for matching (see sensitivity analyses in Chapter 7).

Strengths

The strength of this method is that it uses controls to serve as the counterfactual. The
matching based on a score is a convenient approach to handling many covariates.
Limitations

Unmeasured confounding may bias these results. For example, confounding due to other
medical conditions or risk factors may cause an overestimate of life-years lost if cancer is
associated with some other fatal medical condition. That condition may lead to the loss of
life years, but it will appear that it is due to cancer. This method also relies on Cox
models and thus the assumption is that these models are correctly specified. Finally, this
method as described cannot accommodate time-dependent confounders. Estimation of the
prognostic score using the same data to which it is applied can lead to an inflated Type 1
error for the exposure (i.e. cancer).’>*" However, this occurs when the correlation
between cancer and the confounders is very high. This is unlikely to be the case for these
data. Finally, since the time since transplant was truncated, the maximum LYL due to
cancer for any recipient is reached at the truncation time. This results in an underestimate

of the LYL due to cancer and may result in a more severe underestimate for children.

2) Aim 2.2: Estimate the mean LYL using modeling. Cox models were used to
estimate the counterfactual, which is survival had no cancer occurred among
transplant recipients.

Study design & participants

The study cohort was the same as described in aim 1.
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Measures
The primary outcome is death from any cause. Invasive cancers and confounders were
measured as described in aim 1.1.
Analysis
The mean LYL due to cancer in the transplant population was estimated by comparing
the survival curve of the hypothetical cancer-free cohort and the survival of the overall
cohort. The mean LYL due to cancer among those who develop cancer was estimated by
comparing the cancer-free survival experience to the survival function for those who
develop cancer. Each of these curves was estimated using Cox regression.

The life-years lived from transplant to time T can be estimated as the area under

the survival curve up to this time point. This is mathematically equivalent to the restricted
mean survival time up to time 7, 4 = [ OT S(t)dt. The life-years lost due to cancer among

transplant recipients up to time t is the difference in the area under the cancer-free

survival curve and the overall survival curve, shown graphically in Figure 2.

Life-years lost due to cancer “~__ Cancer-free
survival curve

Survival Probability

“~__ Overall

survival curve

Time since transplant

Figure 2: Life-years lost due to cancer among transplant recipients
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Overall survival in the cohort was estimated using a Cox regression model
adjusted for sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic,
Asian/Pacific Islander, other), age at transplant (modeled piecewise with knots at age 5
and 19), transplant year (1995-99, 2000-04, 2005-08, 2009-14), body mass index
(underweight, normal, overweight, obese), diabetes (yes, no, unknown), registry, organ-
specific reasons for transplant. Events were defined as death from any cause and
censoring occurred at loss to follow-up or 10 years post-transplant. The time scale was
time since transplant. Incident cancer was not explicitly part of the model since the
purpose is to estimate the overall survival of the cohort averaged over cancer incidence.
The model can be written: S; (t) = exp{—AOl(t)ef’)X } where Ay, (t) is the cumulative
baseline hazard function. The baseline hazard was estimated using the Breslow method.
This represents the survivor function for an individual whose covariate values are all 0. If
there are many ties in the event times in the data, other methods such as the Efron method
may be used instead.

A second model estimated the survival had no cancer occurred. This was
estimated using a Cox model adjusted for covariates with events defined as death from
any cause. In this model, censoring occurred at incident cancer, loss to follow-up, or 15
years post-transplant. The model was: Sy(t) = exp{—Ayo(t)e**}. The coefficients from
the Cox models were estimated separately for the overall and cancer-free survival curves.
The baseline hazard was estimated as described above.

The mean LYL due to cancer was calculated from average survival curves. Here,

the average survival curve is one that is adjusted for covariates and represents the average
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survival experience over all subjects in the cohort. To estimate the average survival curve
in each group there are several methods:

1. Estimate the survival curve for each individual and then average curves. For
example, fx and @x are estimated by using each individual’s covariate vector.
Then the survival functions are averaged at each event time to produce the
average overall survival curve and the average curve under the cancer-free
assumption. Event times that occur in either the overall survival or cancer-free
assumption are used to estimate the survival functions.

2. Estimate the survival curve using the average covariate values. For example, S
and &x are estimated where X is the vector of sample means for each covariate in
the sample at baseline.

3. Choose a representative profile to estimate the survival curve. For example,
estimate the survival curve for white men age 60.

I used option 1 since it represents the average curve in the sample. Once the average
survival curves are estimated then they can be used to calculate any summary statistics of
interest.

The primary outcome of this aim is the estimate the mean life-years lost due to
cancer among transplant recipients. Similar to aim 2.1, these estimates are the restricted
mean lifetime up to the truncation time, say 15 years. Let LY, be the mean life-years lived
in the cancer-free cohort and LY; be the mean life-years lived in the overall cohort. Each
of these quantities is estimated by the area under the average survival curve. The mean

life-years lost due to cancer is the difference, i.€. LY Lty pop = LYy — LY;. The area under

the curve is truncated since the tails of the survival curves do not reach zero and would
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require estimation. To avoid estimation of the tails, a standard technique is to truncate the
follow-up time. Since the objective is to summarize as much of the survival experience
post-transplant as possible, time T was chosen to be 15 years. The time point needs to be
chosen so that it is smaller than the latest observed event time but long enough to capture
as much of the survival experience as possible. If the data do not support T = 15 then it
can be reduced until the area under the curve can be estimated.

The variance of mtx_pop was estimated using a bootstrap. The bootstrap was
used since the same subjects were used to estimate each model and, therefore, the
variance must account for the correlation between LY, and LY;. The bootstrap procedure
was:

1. Draw a sample from the cohort with replacement to create a bootstrap cohort of
the same size as the original cohort.

2. Estimate the average survival curves for each group.

3. Estimate the area under the curves and their difference and obtain mtx_pop,b

4. Repeat 1000 times.

5. The 95% confidence interval of the mean LYL estimate is given by the 5™ and

95 percentiles of the bootstrap distribution.

The total LYL was computed by mtx_pop x number of transplants. From this,
mcase_only can be computed by dividing the total LYL by the number of recipients who

developed cancer. The mean LYL was estimated by transplanted organ, cancer type, age

group, sex and year of transplant.
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Strengths
A strength of this method is that it uses the complete observed cohort of transplant
recipients to estimate the survival curves. Also, the final survival curves, comparing the
cancer group and the non-cancer controls, do not assume any specific functional form in
modeling the effect of cancer on death. Also, I obtained hazard ratio estimates for the
other confounders in the model, which enabled examination of the effect of these
confounders on survival in the presence of cancer. Finally, this method is more
statistically powerful than the approach in aim 2.1 since it relies on parametric modeling.
If the survival curves cross, then other measures that are time-point dependent
may be conflicting since the LYL is a summary measure across the entire follow-up
period.
Once the average survival curves are estimated, any other measures can be calculated.
Some examples include:

1. A. Difference in t-year survival rates. These could be used to evaluate short and
long-term LYL from cancer (e.g. difference in survival 12 months post-transplant
and difference 5 years post-transplant).

B. Difference in survival curves over time. Shows how the survival changes over
time (e.g. may see crossing of the survival curves).

2. Ratio of percentiles of the survival function.

3. Estimated residual lifetime: Probability of survival after age a.

Limitations
The limitation of unmeasured confounding is the same as in aim 2.1. One assumption is

that the survival after cancer incidence is the same as the cohort without cancer.
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3) Aim 2.3: Compare LYL estimates from both methods

The results for the mean LYL are expected to be similar from both methods. If the results
are not similar, then that may indicate poor matching. The modeling approach is less
sensitive to limited data within a specific covariate profile but relies more on correct

specification of the models and their functional forms.
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4. Cancer-attributable mortality among solid organ transplant recipients in the
United States, 1987 through 2014'

A. Abstract

Background: Solid organ transplant recipients have an elevated risk of cancer.

Quantifying deaths attributable to cancer can inform priorities to reduce cancer burden.

Methods: Linked transplant and cancer registry data were used to identify incident
cancers and deaths among solid organ transplant recipients in the United States (1987-
2014). Population-attributable fractions (PAFs) of deaths due to cancer and

corresponding cancer-attributable mortality rates were estimated using Cox models.

Results: Among 221,962 transplant recipients, 15,012 developed cancer. Thirteen
percent of deaths (PAF=13.2%) were attributable to cancer, corresponding to a cancer-
attributable mortality rate of 516 per 100,000 person-years. Lung cancer was the largest
contributor to mortality (PAF=3.1%), followed by non-Hodgkin lymphoma (NHL,
PAF=1.9%), colorectal cancer (PAF=0.7%), and kidney cancer (PAF=0.5%). Cancer-
attributable mortality rates increased with age at transplantation, reaching 1229 per
100,000 person-years among recipients 65+ years old. NHL was the largest contributor
among children (PAF=4.1%) and lung cancer among 50+ year-olds (PAFs=3.7-4.3%).
Heart recipients had the highest PAF (16.4%), but lung recipients had the highest cancer-
attributable mortality rate (1241 per 100,000 person-years). Overall, mortality attributable
to cancer increased steadily with longer time since transplant, reaching 15.7% of deaths

(810 per 100,000 person-years) 10+ years post-transplant. Comparison of cancer-

! Noone AM, Pfeiffer RM, Dorgan JF et al. (2019) 125:15. Cancer.
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attributable mortality rates with specified causes of death indicated that some deaths

recorded as other causes might instead be caused by cancer or its treatment.

Conclusions: Cancer is a substantial cause of mortality among solid organ transplant
recipients, with major contributions from lung cancer and NHL. Cancer-attributable
mortality increases with age and time since transplant, so cancer deaths will become an

increasing burden as recipients live longer.

B. Introduction

Solid organ transplant recipients have increased cancer risk compared with the
general population.! Excess risk varies by cancer type and is largely due to
immunosuppression from medications used to prevent rejection, underlying medical
comorbidities, and end-stage organ disease. Recipients have elevated risk for both virus-
related cancers (e.g., non-Hodgkin lymphoma [NHL], caused by Epstein-Barr virus
[EBV]) and virus-unrelated cancers (e.g., lung and kidney cancers).! Moreover, the
transplant population in the United States has doubled since the late 1980s due to an
increasing number of transplants and improved survival.'? Understanding long-term
health risks, including cancer, is critical.

Cancer mortality is an important measure of burden since it reflects the final
downstream outcome accounting for cancer incidence, treatment, and survival following
cancer diagnosis. For many cancers, patients with a previous transplant have an increased
risk of dying from cancer compared to those without a transplant, 5263

Immunosuppression associated with transplantation may impair control of the primary

tumor or metastases. Studies conducted outside of the US have shown that the population
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of transplant recipients overall has a 2-3-fold elevated mortality from cancer compared to
the general population.?”

Cancer mortality is usually estimated using cause of death (COD) information.
However, such estimates depend on accurate classification and reporting by physicians.
Determining single underlying CODs can be difficult since death may be precipitated by
multiple causes and determination of the underlying COD is often subjective.?’ This may
be especially true for deaths in transplant recipients, who have multiple health conditions.

An alternative approach to estimating cancer-related mortality is to compare the
overall mortality of individuals with and without cancer, attributing excess deaths in the
former group to cancer. This statistical calculation leads to a population-attributable
fraction (PAF), which describes the proportion of all deaths attributable to cancer. The
PAF depends only on ascertainment of incident cancer diagnoses and overall mortality,
thus avoiding the need for COD. Further, the cancer-attributable mortality rate can be
derived from the PAF.

Population-based estimates can help quantify the cancer burden in the transplant
population and identify specific cancers and subgroups that might benefit from
intervention. In this study, we estimated the fraction of deaths attributed to cancer and

corresponding cancer-attributable mortality rates among US transplant recipients.

C. Methods

The Transplant Cancer Match (TCM) Study links the US Scientific Registry of
Transplant Recipients (SRTR) with state and regional cancer registries.! SRTR data
include recipient demographic and transplant characteristics, vital status and organ

function. COD is based on clinical information reported by transplant centers and
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updated over time, so recipients may have multiple CODs. Seventeen cancer registries
provided data on incident cancers (excluding non-melanoma skin cancer) covering
approximately half of the US transplant population (see Table 2 footnote). The TCM
Study was approved by institutional review boards at the National Cancer Institute and
participating cancer registries.

Invasive first cancers in transplant recipients were identified from the linked
cancer registries and classified as previously described.’! The study cohort comprised
recipients who resided in areas covered by participating cancer registries at the time of
transplant, received their first transplant during a period of cancer registry coverage, and
did not previously have cancer recorded in the cancer registry. Prior cancers were those
diagnosed before transplant or within 90 days post-transplant (since those likely
developed pre-transplantation). Follow-up thus started 90 days post-transplant, and ended
at the earliest of death, loss to follow-up by the SRTR, or end of cancer registry coverage.
Since we sought to quantify the impact of cancer on mortality once a transplant is
performed, we did not censor follow-up if the transplanted organ failed or the person
received a subsequent transplant.

We calculated the PAF as the fraction of deaths attributable to cancer among this
cohort of transplant recipients. Specifically, PAF = p; X [(HR — 1)/HR] where pq is
the proportion of all deaths preceded by cancer diagnosis, and HR is the hazard ratio that
quantifies the risk of death associated with a cancer diagnosis.?® We estimated HRs using
Cox proportional hazards models with cancer as a time-dependent variable. Models were
additionally adjusted for age at transplant, sex, race/ethnicity, transplanted organ, and

calendar year of transplant (see Table 3 footnote). The time scale was time since
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transplant starting 90 days post-transplant. We calculated the cancer-attributable
mortality rate as PAF X overall mortality rate (i.e., attributable deaths per 100,000
person-years). The variance of the PAF was calculated using an influence function-based
approach.®* 95% confidence intervals were computed as PAF +/- 1.96 X standard error.

We present results for all cancers combined and separately for selected cancers.
We selected cancer sites that show elevated incidence among transplant recipients and
were expected to have sufficient cases and subsequent deaths for the PAF calculations. !
Breast and prostate cancers were included because these are common among the US
general population. We include grouped results for cancers with infectious etiology
(NHL, Hodgkin lymphoma, nasopharynx, liver, stomach, Kaposi sarcoma, anus, vulva,
cervix, penis, vagina, and oropharynx including tonsil). The HR for each cancer or
grouping was estimated using a separate model, in which recipients without the cancer of
interest were considered unaffected. We also show PAF results for subgroups of the
cohort defined by age at transplant, sex, race/ethnicity, transplanted organ, and time since
transplant.

We hypothesized that differences between cancer-attributable mortality rates
(calculated using PAFs) and cancer-specific mortality rates (calculated using CODs) may
arise because some deaths with non-cancer COD were actually caused by cancer. To
estimate this proportion, we applied our PAF methodology separately for five mortality
outcomes based on different COD categories recorded in the SRTR (cancer, infection,
graft failure, other, unknown). HRs were then estimated separately for each mortality
outcome. For each Cox model, the events were deaths due to the specified outcome, and

other individuals (including those who died of other causes) were censored at the end of
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follow-up. These results correspond to the proportion of deaths attributable to cancer for
the specified COD category, and the sum of the five cancer-attributable mortality rates
corresponds closely to the overall cancer-attributable mortality rate.

Finally, we compared CODs from the SRTR to CODs from cancer registries.>’
Analyses were restricted to deceased recipients with cancer who resided in areas covered
by 12 cancer registries providing CODs. The kappa statistic was used to quantify
agreement and should be close to 1.00 if both the SRTR and cancer registries accurately
capture cancer-related deaths in these individuals.®

Computations were performed using SAS software version 9.4.

D. Results

The study included 221,962 solid organ transplant recipients (Table 2). Mean age at
transplant was 45 years. The majority of recipients were male (61%) and non-Hispanic
white (61%). The most commonly transplanted organs were kidney (62%), liver (18%),

heart (10%), and lung (5%).

Cancer-attributable mortality
Recipients were followed for a median of 4.6 years, during which 15,012
recipients developed a first cancer and 8,123 of those with cancer died. Overall, 16.6% of

deaths were preceded by a cancer diagnosis.
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N Y%

Age at transplant, years

0-17 16,707 7.5
18-34 34,997 15.8
35-49 67,595 30.5
50-64 82,092 37.0
65+ 20,571 93
Sex
Female 86,734 39.1
Male 135,228 60.9
Race/ethnicity
Non-Hispanic white 134,535 60.6
Non-Hispanic black 40,114 18.1
Hispanic 33,726 15.2
Asian/Pacific islander 12,146 5.5
Other 1,441 0.7
Transplanted organ
Kidney 136,534 61.5
Liver 39,155 17.6
Heart 22,912 10.3
Lung 10,467 4.7
Other 12,894 5.8
Year of transplant
1987-1994 32,257 14.5
1995-1999 49,140 22.1
2000-2004 58,297 26.3
2005-2008 50,901 22.9
2009-2014 31,367 14.1

This study includes data from 17 US population-based cancer registries:
California (years of cancer registry data 1988-2012), Colorado (1988-
2009), Connecticut (1973- 2009), Florida (1981-2009), Georgia (1995-
2010), Hawaii (1973-2007), Illinois (1986~ 2013), lowa (1973-2009),
Kentucky (1995-2011), Michigan (1985-2009), New Jersey (1979-
2010), New York (1976- 2010), North Carolina (1990-2010),
Pennsylvania (1985-2013), Texas (1995-2010), Utah (1973-2008), and
the Seattle-Puget Sound area of Washington State (1974- 2014)

Table 2: Characteristics of 221,962 solid organ transplant recipients in the United States
(1987-2014)

The adjusted HR for death following a cancer diagnosis was 4.79, so the PAF for
cancer-attributable mortality was p; X [(HR — 1)/HR] = 0.166 X [(4.79 — 1)/4.79] =

13.2% (95%CI: 12.4, 13.9), corresponding to a cancer-attributable mortality rate of 516
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deaths per 100,000 person-years (Table 3). Lung cancer was the largest contributor to
cancer-attributable mortality (PAF=3.1%; Table 3) and had the highest cancer-
attributable mortality rate (121 per 100,000 person-years). This was followed by NHL

(PAF=1.9%), colorectal cancer (PAF=0.7%), and kidney cancer (PAF=0.5%).

Deaths
with Cancer-
prior attributable
Cancer cancer, PAF mortality

cases Deaths P43(%) HR* (%) 95%CI rate

Overall 15012 48831 16.6 479 13.2 (12.4,13.9) 516
Cancer site

Lung 2033 48831 34 1042 3.1 (2.8,3.4) 121
NHL 2240 48831 2.4 4.58 1.9 (1.6,2.2) 75
Colorectum 877 48831 1.0 348 0.7 (0.6, 0.9) 29
Kidney 1184 48831 0.8 242 0.5 (0.3, 0.6) 18
Pancreas 273 48831 0.5 316 0.5 (0.4, 0.6) 19
Stomach 233 48831 0.4 140 04 (0.2,0.5) 14
Breast 801 48831 0.6 1.79 0.3 (0.1,0.4) 10
Bladder 345 48831 0.4 421 0.3 (0.2,0.4) 12
Melanoma 581 48831 0.5 226 03 (0.2,0.4) 11
Liver 177 48831 0.3 1335 03 (0.2,0.4) 10
Myeloma 173 48831 0.2 6.88 0.2 (0.1,0.3) 8
Esophagus 153 48831 0.3 11.06 0.2 (0.1, 0.3) 9
Larynx 174 48831 0.2 3.27 0.1 (0.1, 0.2) 6
Thyroid 339 48831 0.1 1.40 0.0 (0.0, 0.1) 2
Prostate 1686 48831 1.0 0.99 0.0 -- -1
Infectious
etiologyt 3355 48831 3.7 4.81 3.0 (2.6,3.3) 116
Non-infectious
etiology 11657 48831 12.9 430 9.9 (9.3,10.5) 388

Table 3: Cancer-attributable mortality among solid organ transplant recipients
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Since men with prostate cancer had nominally lower risk of death than men without
prostate cancer (adjusted HR=0.99), the resulting PAF was negative. Three percent of
deaths were attributed to cancers of infectious etiology (cancer-attributable mortality rate
116 per 100,000 person-years), while the remaining cancers of non-infectious etiology
contributed almost 10% of deaths (388 per 100,000 person-years). Results for subgroups

of the cohort and individual cancers are presented in Table 4 and graphically in figures.

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa(%) PAF  95%CI1 rate
Age
0-17 Lung 0 0.0 0.0 0
NHL 297 5.2 4.1 (1.0,7.2) 71
Colorectum 1 0.1 0.1 (-0.3,0.4) 1
Kidney 9 0.1 0.1 (-0.3,0.4) 1
Pancreas 0 0.0 0.0 0
Stomach 0 0.0 0.0 0
Breast 0 0.0 0.0 0
Bladder 2 0.1 0.1 (-04,0.6) 2
Melanoma 1 0.1 0.1 (-0.3,0.4) 1
Liver 5 0.1 0.1 (-04,0.6) 2
All 438 7.5 6.1 (2.5,9.8) 107
18-34 Lung 16 0.3 0.2 (-0.2,0.7) 5
NHL 321 33 2.7 (1.2,4.1) 55
Colorectum 31 0.3 0.3 (-0.2,0.7) 5
Kidney 109 0.5 04 (-0.2,1.0) 8
Pancreas 7 0.1 0.1 (-0.2,0.5) 3
Stomach 6 0.1 0.1 (-0.2,0.5) 3
Breast 64 0.5 04 (-0.2,0.9) 8
Bladder 12 0.1 0.1 (-0.2,0.3) 2
Melanoma 40 0.2 0.1 (-0.2,0.4) 2
Liver 8 0.2 0.2 (-0.2,0.5) 3
All 1017 8.9 7.3 (4.9,9.7) 151

Table 4: Cancer-attributable mortality rates, according to individual and transplant
characteristics and cancer site
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa(%) PAF  95%CI rate
35-49 Lung 347 2.1 2.0 (1.4,2.5) 62
NHL 562 23 1.8 (1.2,2.4) 57
Colorectum 206 0.8 0.6 (0.3,0.9) 18
Kidney 430 0.8 0.4 (0.1, 0.8) 14
Pancreas 54 0.4 0.3 (0.1, 0.6) 11
Stomach 55 0.3 0.3 (0.1, 0.5) 10
Breast 262 0.6 0.4 (0.1, 0.6) 11
Bladder 63 0.2 0.2 (0.0,0.4) 6
Melanoma 137 0.4 0.3 (0.0, 0.5) 9
Liver 49 0.3 0.3 (0.1, 0.5) 8
All 3637 13.1 10.5 (9.1,11.9) 329
50-64 Lung 1319 4.8 4.3 (3.8,4.8) 228
NHL 832 2.2 1.7 (1.4,2.0) 90
Colorectum 468 1.2 0.8 (0.6, 1.1) 44
Kidney 514 0.9 0.5 (0.3,0.7) 26
Pancreas 146 0.6 0.6 (0.4,0.7) 29
Stomach 139 0.5 0.4 (0.3,0.6) 23
Breast 388 0.6 0.2 (0.0, 0.4) 11
Bladder 201 0.5 0.4 (0.2,0.6) 21
Melanoma 300 0.6 0.3 (0.2,0.5) 17
Liver 95 0.3 0.3 (0.2,0.4) 16
All 7736 19.7 15.5 (14.5,16.5) 818
65+ Lung 351 4.2 3.7 (2.9,4.4) 292
NHL 228 2.2 1.7 (1.1, 2.2) 134
Colorectum 171 1.6 1.1 (0.6, 1.5) 87
Kidney 122 0.9 0.6 (0.2,0.9) 44
Pancreas 66 0.9 0.8 (0.5, 1.2) 68
Stomach 33 0.4 0.4 (0.1, 0.6) 28
Breast 87 0.5 0.2 (-0.1, 0.4) 14
Bladder 67 0.6 0.4 (0.2,0.7) 35
Melanoma 103 0.7 0.3 (0.0, 0.6) 25
Liver 20 0.2 0.2 (0.0,0.4) 17
All 2185 20.3 15.5 (13.8,17.1) 1229
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa(%) PAF 95%CI rate
Organ Transplanted
Kidney Lung 891 3.2 3.0 (2.4,3.5) 93
NHL 1039 2.1 1.7 (1.2,2.1) 53
Colorectum 440 1.1 0.8 (0.5, 1.1) 25
Kidney 909 1.1 0.6 (0.3,0.9) 19
Pancreas 157 0.6 0.6 (0.3,0.8) 18
Stomach 123 0.4 0.4 (0.2,0.6) 12
Bladder 196 0.5 0.4 (0.2,0.6) 12
Melanoma 335 0.6 0.3 (0.1, 0.5) 10
Liver 82 0.3 0.3 (0.1,0.4) 8
All 8029 16.6 13.1 (11.9,14.3) 410
Liver Lung 397 3.2 2.9 (2.2,3.5) 118
NHL 488 24 1.8 (1.2,2.4) 74
Colorectum 221 1.2 0.9 (0.5,1.3) 36
Kidney 77 0.3 0.2 (0.0,0.4) 8
Pancreas 63 0.6 0.6 (0.3,0.9) 24
Stomach 48 0.4 0.4 (0.1, 0.6) 15
Bladder 45 0.3 0.2 (0.0,0.4) 9
Melanoma 84 0.3 0.2 (0.0,0.4) 7
Liver 66 0.5 0.5 (0.2,0.7) 19
All 2781 15.8 13.0 (11.6, 14.5) 531
Heart Lung 496 5.1 4.6 (3.8,5.4) 251
NHL 391 3.2 24 (1.8, 3.0) 132
Colorectum 114 1.0 0.7 (04, 1.0) 39
Kidney 126 0.8 0.4 (0.1, 0.7) 23
Pancreas 33 0.3 0.3 (0.1, 0.5) 18
Stomach 40 0.4 0.4 (0.2, 0.6) 22
Bladder 64 0.5 0.3 (0.1, 0.5) 18
Melanoma 118 0.8 0.4 (0.2, 0.7) 23
Liver 20 0.2 0.2 (0.0, 0.4) 11
All 2628 20.9 164 (14.8,17.9) 891
Lung Lung 207 3.5 3.0 (2.3,3.6) 349
NHL 162 24 1.7 (1.1, 2.2) 198
Colorectum 67 0.9 0.5 (0.2, 0.8) 59
Kidney 27 0.4 0.3 (0.1, 0.5) 36
Pancreas 8 0.2 0.1 (0.0, 0.3) 18
Stomach 16 0.2 0.2 (0.0,0.4) 24
Bladder 22 0.3 0.2 (0.0,0.4) 27
Melanoma 22 0.3 0.1 (-0.1, 0.3) 14
Liver 5 0.1 0.0 (-0.1, 0.1) 5
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa (%) PAF 95%CI rate
All 942 13.9 10.5 (9.2,11.8) 1241
Other Lung 42 1.1 1.0 (0.2, 1.9) 37
NHL 160 3.6 3.1 (1.6,4.6) 108
Colorectum 35 0.6 0.4 (-0.2, 1.0) 15
Kidney 45 0.7 0.5 (-0.2, 1.1) 16
Pancreas 12 0.4 0.4 (-0.1, 0.9) 14
Stomach 6 0.2 0.1 (-0.2,0.5) 5
Bladder 18 0.3 0.3 (-0.2,0.7) 9
Melanoma 22 0.3 0.3 (-0.2, 0.7) 9
Liver 4 0.1 0.1 (-0.2,0.4) 4
All 633 11.8 9.8 (7.0, 12.6) 342
Time since transplant, years
0-1.99 Lung 464 1.9 1.8 (1.0, 2.6) 68
NHL 869 23 2.1 (1.2,3.0) 80
Colorectum 200 0.3 0.3 (-0.1, 0.6) 11
Kidney 325 0.3 0.3 (-0.1, 0.6) 10
Pancreas 74 0.4 0.3 (0.0, 0.7) 13
Stomach 49 0.2 0.1 (-0.1, 0.4) 6
Breast 193 0.1 0.1 (-0.1, 0.3) 3
Bladder 70 0.2 0.2 (-0.1, 0.4) 6
Melanoma 187 0.2 0.2 (-0.1, 0.5) 7
Liver 39 0.1 0.1 (-0.1, 0.4) 5
All 4159 8.9 8.1 (6.4,9.9 313
2-4.99 Lung 825 4.0 3.7 (2.6,4.9) 126
NHL 939 1.8 1.5 (0.7,2.2) 50
Colorectum 401 1.0 0.8 (0.2,1.3) 26
Kidney 548 0.8 0.5 (0.0, 1.0) 18
Pancreas 101 0.6 0.6 (0.1, 1.0) 19
Stomach 94 0.5 0.4 (0.0, 0.8) 14
Breast 401 0.5 0.2 (-0.1, 0.6) 8
Bladder 132 0.3 0.2 (-0.1, 0.5) 7
Melanoma 317 0.5 0.3 (-0.1, 0.7) 9
Liver 75 0.3 0.3 (0.0, 0.7) 11
All 6864 16.1 13.5 (11.3,15.7) 456
5-9.99 Lung 887 4.3 3.8 (2.9,4.7) 159
NHL 1116 2.9 2.2 (1.5,2.9) 92
Colorectum 489 1.5 1.0 (0.5, 1.5) 42
Kidney 649 0.9 0.5 (0.1, 0.9) 20
Pancreas 96 0.6 0.6 (0.2,0.9) 24
Stomach 105 0.5 0.5 (0.2, 0.8) 19
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa (%) PAF 95%CI rate
Breast 517 0.8 0.3 (0.0, 0.7) 15
Bladder 212 0.7 0.5 (0.2,0.9) 22
Melanoma 344 0.7 0.4 (0.0, 0.7) 15
Liver 69 0.3 0.3 (0.1, 0.6) 13
All 8018 21.3 16.0 (14.1,18.0) 673
10+ Lung 396 4.0 33 (2.2,4.3) 168
NHL 645 33 1.9 (1.0, 2.9) 99
Colorectum 290 1.9 1.1 (0.4, 1.8) 56
Kidney 403 1.6 0.7 (0.1, 1.4) 36
Pancreas 37 0.5 0.5 (0.1, 0.9) 24
Stomach 39 0.5 0.4 (0.0, 0.8) 22
Breast 308 1.2 0.4 (-0.2,0.9) 19
Bladder 87 0.6 0.4 (0.0, 0.8) 20
Melanoma 171 0.9 0.3 (-0.2,0.7) 14
Liver 36 0.3 0.3 (0.0, 0.6) 15
All 4411 25.5 15.7 (13.0,18.4) 810
Race/ethnicity
Non- Lung 1602 3.9 3.5 (3.1,3.9) 149
Hispanic NHL 1656 2.7 2.1 (1.7,2.4) 87
white Colorectum 629 1.1 0.8 (0.6, 1.0) 32
Kidney 612 0.7 0.4 (0.2,0.6) 17
Pancreas 166 0.4 0.4 (0.3, 0.6) 18
Stomach 146 0.4 0.3 (0.2,0.5) 14
Breast 529 0.5 0.2 (0.1, 0.3) 8
Bladder 282 0.5 0.4 (0.2,0.5) 15
Melanoma 556 0.7 0.4 (0.2,0.5) 16
Liver 106 0.3 0.2 (0.1, 0.3) 10
All 10755 18.0 142 (13.4,15.1) 600
Non- Lung 275 2.7 2.5 (1.7, 3.3) 104
Hispanic NHL 204 1.2 0.9 (04,1.4) 38
black Colorectum 138 1.0 0.7 (0.3, 1.2) 31
Kidney 366 1.3 0.7 (0.2,1.2) 30
Pancreas 54 0.6 0.5 (0.2,0.9) 22
Stomach 45 0.4 0.4 (0.1, 0.7) 15
Breast 147 0.7 0.4 (0.1, 0.8) 18
Bladder 25 0.2 0.1 (-0.1, 0.3) 5
Melanoma 7 0.0 0.0 (0.0, 0.0) 0
Liver 32 0.3 0.3 (0.0, 0.5) 12
All 2241 13.4 10.2  (8.5,11.8) 423
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality

n pa(%) PAF 95%CI rate

Hispanic Lung 91 1.5 1.4 (0.5,2.2) 39
NHL 258 2.6 2.2 (1.1, 3.3) 64

Colorectum 68 0.7 0.5 (0.0, 1.0) 14

Kidney 157 0.8 0.5 (-0.1, 1.1) 15

Pancreas 38 0.7 0.7 (0.1, 1.2) 19

Stomach 18 0.3 0.3 (-0.1, 0.7) 9

Breast 82 0.5 0.4 (-0.1, 0.8) 10

Bladder 30 0.4 0.4 (-0.1, 0.8) 10

Melanoma 13 0.2 0.2 (-0.1, 0.5) 5

Liver 30 0.4 0.4 (-0.1, 0.8) 10

All 1411 13.0 10.7  (8.3,13.0) 303

Lung 51 2.5 2.3 (0.4,4.3) 59

Asian/Pacific NHL 105 3.2 2.8 (0.5,5.0) 70
islander Colorectum 41 1.3 1.0 (-0.4,2.4) 25
Kidney 37 0.7 0.4 (-0.6, 1.4) 10

Pancreas 13 0.7 0.7 (-0.4, 1.8) 18

Stomach 24 1.0 1.0 (-0.3,2.2) 24

Breast 40 0.5 0.4 (-0.5, 1.2) 9

Bladder 8 0.1 0.1 (-0.3,0.5) 2

Melanoma 4 0.0 0.0 0

Liver 9 0.3 0.3 (-0.4, 1.0) 7

All 531 16.0 13.8 (9.0, 18.6) 350

Other Lung 14 4.4 4.1 (-0.8, 9.0) 168
NHL 17 3.0 2.2 (-2.0, 6.5) 92

Colorectum 1 0.3 0.3 (-1.1, 1.8) 14

Kidney 12 0.7 0.2 (-1.8,2.3) 10

Pancreas 2 0.7 0.7 (-1.4,2.7) 27

Stomach 0 0.0 0.0 0

Breast 3 0.3 1.3 (-322, 325) 51

Bladder 0 0.0 0.0 0

Melanoma 1 0.0 0.0 0

Liver 0 0.0 0.0 0

All 75 14.8 124 (34,214 506
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Table 4 continued

Deaths
with Cancer-
Cancer prior attributable
cases, cancer, mortality
n pa(%) PAF 95%CI rate

Sex

Female Lung 645 2.8 2.5 (2.0, 3.0) 91
NHL 764 2.1 1.6 (1.2,2.1) 59
Colorectum 359 1.1 0.8 (0.5, 1.1) 28
Kidney 333 0.6 0.4 (0.1, 0.6) 13
Pancreas 97 0.5 0.5 (0.3, 0.7) 17
Stomach 67 0.3 0.2 (0.1,0.4) 8
Breast 769 1.5 0.7 (0.3, 1.0) 24
Bladder 83 0.3 0.3 (0.1,0.4) 9
Melanoma 154 0.3 0.1 (0.0,0.3) 4
Liver 33 0.1 0.1 (0.0, 0.2) 4
All 4972 14.1 11.1  (10.0, 12.2) 404

Male Lung 1388 3.8 34 (3.0,3.9) 141
NHL 1476 2.6 2.1 (1.7,2.4) 86
Colorectum 518 1.0 0.7 (0.5,0.9) 30
Kidney 851 0.9 0.5 (0.3,0.7) 22
Pancreas 176 0.5 0.5 (0.3,0.7) 20
Stomach 166 0.5 0.4 (0.3, 0.6) 17
Breast 32 0.0 0.0 (0.0, 0.1) 1
Bladder 262 0.5 0.3 (0.2,0.5) 14
Melanoma 427 0.6 0.4 (0.2,0.5) 16
Liver 144 0.4 0.3 (0.2,0.5) 14
All 10041 18.1 144 (13.4,15.3) 590

Overall and cancer-attributable mortality rates are per 100,000 person-years. Cancers
are ordered by overall PAF.

PAFs increased with age at transplant, from 6.1% of deaths among children to
15.5% of deaths among recipients aged 50+ years (Table 3, Figure 3). Cancer-attributable
mortality rates also increased steeply with age, reaching 1229 per 100,000 person-years
among recipients 65+ years old at transplant. In the youngest age group, NHL was the
largest single contributor to cancer-attributable mortality (PAF=4.1%, Figure 3). In the

oldest age groups, however, lung cancer was the largest contributor (PAFs=3.7-4.3%

61



among 50+ year-olds) along with NHL (1.7%), kidney cancer (0.5-0.6%), and colorectal

cancer (0.8-1.1%).
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Figure 3: Cancer-attributable mortality rates, according to age at transplant

The top panel displays cancer and non-cancer mortality rates per 100,000 person-years
according to age at transplant. The bottom panel displays cancer-attributable mortality
rates per 100,000 person-years according to the age at transplant for each cancer site.
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The PAF was higher among males than females (14.4% vs. 11.1%, Table 3).
Among males, the largest contributor was lung cancer (PAF=3.4%) followed by NHL
(PAF=2.1%). Although these cancers were also the largest contributors in females, their

contribution was lower (PAF=2.5% and 1.6%, respectively) (Table 4, Figure 4).
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Figure 4: Cancer-attributable mortality rates, according to sex

The top panel displays cancer and non-cancer mortality rates per 100,000 person-years
according to sex. The right panel displays cancer-attributable mortality rates per 100,000

person-years according to sex for each cancer site.



PAFs varied by race/ethnicity with non-Hispanic whites having the highest PAF
(14.2%), followed by Asian/Pacific Islanders (13.8%). Non-Hispanic blacks and
Hispanics had lower PAFs (10.2-10.7%). Although there was some variability, lung
cancer and NHL made the greatest contributions across the racial/ethnic groups (PAFs

1.4-4.1% and 0.9-2.8% respectively; Table 4, Figure 5).

PAFs varied by transplanted organ, from 16.4% among heart recipients to 9.8%
among recipients of other (miscellaneous) organs (Figure 6 and Table 3). Lung recipients
had the highest overall mortality and thus the highest cancer-attributable mortality rate
(1241 per 100,000 person-years). Heart recipients had the next highest cancer-attributable
mortality rate (891 per 100,000 person-years), followed by liver recipients (531 per
100,000 person-years). NHL and lung cancer were major contributors across all organs
(PAF=1.7-3.1% for NHL, 1.0-4.6% for lung cancer). The proportion of deaths attributed
to kidney cancer among kidney recipients was low (PAF=0.6%). The PAF for liver
cancer was small among liver recipients (0.5%), however, this was almost double

compared to recipients of other organs (0.1%-0.3%, Figure 6 and Table 4).
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Figure 5: Cancer-attributable mortality rates, according to race/ethnicity

The top panel displays cancer and non-cancer mortality rates per 100,000 person-years according
to race/ethnicity. The bottom panel displays cancer-attributable mortality rates per 100,000
person-years according to race/ethnicity for each cancer site
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Figure 6: Cancer-attributable mortality rates, according to transplanted organ

The top panel displays cancer and non-cancer mortality rates per 100,000 person-years
according to transplanted organ. The bottom panel displays cancer-attributable mortality
rates per 100,000 person-years according to the transplanted organ for each cancer site.

Overall mortality was high 0-2 years post-transplant, decreased 2-5 years post-

transplant, and then increased subsequently (Figure 7 and Table 3). PAFs increased over
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time, from 8.1% (0-2 years post-transplant) to 16.0% and 15.7% (5-10 years and 10+
years post-transplant, respectively). Thus, the cancer-attributable mortality rate increased
over time, reaching 810 per 100,000 person-years during 10+ years post-transplant. For
lung cancer, PAFs increased from 1.8% within 2 years of transplant to approximately 4%
for 2+ years post-transplant, and cancer-attributable mortality for lung cancer increased
over time from 68 to 168 per 100,000 person-years (Figure 7). The PAF for NHL was
2.1% during 0-2 years post-transplant, decreased slightly to 1.5% during 2-5 years post-
transplant, then increased again to approximately 2% for 5+ years post-transplant (Figure

7 and Table 4).
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Figure 7: Cancer-attributable mortality rates, according to time since transplant

The top panel displays cancer and non-cancer mortality rates per 100,000 person-years
according to years since transplant. The bottom panel displays cancer-attributable
mortality rates per 100,000 person-years according to years since transplant for each
cancer site.
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Comparison of cancer-attributable and cancer-specific mortality rates

Based on SRTR CODs, we calculated a cancer-specific mortality rate of 368 per
100,000 person-years, substantially lower than the above cancer-attributable mortality
rate (516 per 100,000 person-years). PAFs for each of five mortality outcomes were
assessed separately. With COD specified as cancer, a high proportion of deaths
(PAF=74%) were attributed to cancer, as expected (Table 5). Notably, additional deaths
were also attributed to cancer among deaths with other CODs. Specifically, we attributed
to cancer 4.2% of deaths with infection recorded as the COD, 4.2% of deaths with graft
failure as the COD, 5.6% of deaths with other recorded CODs, and 9.4% of unknown
CODs. The sum of the cancer-attributable mortality rates across the five COD categories
was 491 per 100,000 person-years, close to the overall cancer-attributable mortality rate

(516 per 100,000 person-years).

Mortality

outcome Deaths Cancer-
category defined with prior attributable
by COD in Mortality cancer, Pq PAF mortality
SRTR Deaths rate (%) HR* (%) rate
Cancer 4584 368 74.4 138 73.8 272
Infection 6683 537 7.4 2.3 4.2 23
Graft failure 6001 482 7.5 2.3 4.2 20
Other causes 20154 1619 9.7 2.4 5.6 90
Missing 11409 916 13.8 3.2 94 86
Overall 48831 - - - - 491

HR=Hazard ratio; PAF=Population-attributable fraction

*Hazard ratios are computed using time since transplant as the time scale and are adjusted for
sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian/Pacific
Islander, other), organ transplanted (kidney, liver, heart, lung, other), calendar year of
transplant (1987-1994, 1995-1999, 2000-2004, 2005-2008, 2009-2014) and age at transplant.
Since the effect of age on mortality was non-linear, age was modeled as a piecewise linear
function with knots at age 5 and 19 years.

Overall and cancer-attributable mortality rates are per 100,000 person-years

Table 5: PAF and cancer-attributable mortality for five mortality outcomes
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Finally, we conducted an analysis restricted to 12 cancer registries that provided
CODs for cancer cases (N=165,839). In this subgroup, approximately 25% of deceased
recipients with cancer had missing or unknown CODs in the SRTR or cancer registry.
There were 4943 recipients with a cancer diagnosis who subsequently died and had
CODs specified in both the SRTR and cancer registry. Of these, 2773 (56%) had cancer
listed as the COD in the SRTR and 2807 (57%) had cancer listed as the COD in the
cancer registry. However, only 2062 (42%) had cancer listed as the COD in both the

SRTR and cancer registry (kappa=0.40).

E. Discussion

Among US solid organ transplant recipients, 13.2% of deaths were attributed to
cancer, of which almost half were attributable to NHL and lung, kidney, and colorectal
cancers. The PAF depends on cancer incidence and its impact on mortality. The two
cancer sites with the highest PAFs (lung cancer and NHL) are both common and
associated with high mortality in transplant recipients. Moreover, transplant recipients
have worse survival following cancer diagnosis than cancer patients in the general
population,®? contributing further to cancer-attributable mortality.

Immunosuppression plays a major role in malignancy after transplant.'® Indeed,
we found that lung and heart recipients, who generally receive intensive
immunosuppression, had the highest cancer-attributable mortality. Lung and heart
recipients had high PAFs for NHL, a cancer strongly associated with EBV, and for lung
cancer, which is linked to smoking and, among lung recipients, end-stage lung disease.!”
Among the overall cohort, the cancer-attributable mortality rate also increased with time

since transplant, and lung cancer and NHL contributed prominently greater than five
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years post-transplant. This pattern partly reflects rising incidence of these cancers with
longer duration since transplant and prolonged exposure to immunosuppressant
medications. !-6:¢7

Among children, NHL was the single largest contributor to cancer-attributable
mortality. NHL, when it occurs in transplant recipients, is a type of post-transplant
lymphoproliferative disorder (PTLD), which among young recipients results from
primary EBV infection.®®7° Other cancers such as lung and colorectal cancers become
more common with age and so contribute more to mortality in older recipients. In
addition, the PAF was higher among males compared to females for all cancer sites
combined and for individual cancers, although the relative ranking of cancer sites was
similar. While there were some differences in PAFs among the racial/ethnic groups, lung
cancer and NHL comprised the largest contributors for each group.

PAF calculations rely on a causal relationship between cancer and excess
mortality, and a key assumption is that the association between cancer and death is
estimated without confounding. Our Cox models were adjusted for recipient demographic
characteristics. However, if there was substantial residual confounding, then PAFs would
not accurately reflect mortality that should be attributed to cancer. For example, tobacco
use could be a strong confounder of the association between lung cancer and mortality.
Since the SRTR does not have complete information on tobacco use, we calculated a bias
factor to adjust the HR for smoking (see Statistical details).”! This method relies on
estimates of the relative risk of death for smokers vs. non-smokers and smoking
prevalence among recipients. Our calculations yield a bias factor of 1.67 which, when

applied to lung cancer, resulted in an HR further adjusted for smoking of 6.28. Although
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this is lower than the HR of 10.42 used in our primary analyses, it results in a similar
PAF (2.5% vs. 3.1%). Therefore, we conclude that the PAF for lung cancer is not greatly
affected by unmeasured confounding by tobacco use.

Confounding likely explains the slightly negative PAF for prostate cancer since it
is implausible that prostate cancer lowers the risk of death. Most prostate cancer cases are
diagnosed through screening, and many detected cancers are indolent.”>”* The lower
mortality observed in our study among recipients with prostate cancer thus probably
reflects the relative health of men offered screening.

The cancer-specific mortality rate based on CODs from the SRTR was
substantially lower than our cancer-attributable mortality rate estimate (368 vs. 516 per
100,000 person-years). We believe this reflects inaccurate determination of CODs,
because recipients may appear to die from non-cancer CODs, such as infection or graft
failure, that are actually downstream effects of cancer or its treatment. Indeed, Table 3
shows 4% of deaths with CODs recorded as infection and 4% as graft failure were
attributable to recipients’ cancer diagnoses. In addition, 5% of deaths with other causes
and 9% of deaths of unknown cause were attributable to cancer, and numerically these
contributed substantially to the overall cancer-attributable mortality rate. Furthermore,
our comparison of CODs from the SRTR and cancer registries yielded only modest
agreement (kappa=0.40), indicating that assigning CODs is difficult and that likely
neither source is entirely accurate in distinguishing cancer from non-cancer deaths.

Strengths of our study include a large sample representative of the US transplant
population, including recipients of all organ types. We obtained incident cancer

information from population-based cancer registries that ascertain cancers in their

72



catchment areas. We assessed potential confounding of PAFs and compared our results
with cancer-specific mortality rates derived from CODs. A limitation is that cancer
registries do not collect information on non-melanoma skin cancers. While these cause
substantial morbidity among transplant recipients,’®>’ they are not often fatal and
therefore would not greatly contribute to mortality. Also, some cancers may have been
missed by the cancer registries, if the linkage did not match the cancer to the recipient, or
if recipients migrated from the catchment area. However, outmigration is uncommon. '

There are opportunities to reduce cancer mortality in transplant recipients through
prevention and screening. Most cancer screening guidelines for recipients follow
recommendations for the general population, but our results indicate that more tailored
guidelines would be useful.*® Given the high PAF for NHL (4% among children and
about 2% among adults), this cancer should be a priority. Since high levels of circulating
EBYV load can be used as a marker of PTLD, there may be opportunities to use this
biomarker to screen for NHL, especially in pediatric recipients.”* Treating underlying
liver disease (e.g., with direct-acting antiviral medications for hepatitis C virus infection)
and screening for liver cancers in high-risk recipients should also be considered,*"
including among liver recipients, among whom liver cancer contributes the most to
mortality. Finally, cancer prevention strategies aimed at modifying lifestyle cancer risk
factors, especially smoking cessation but also sun protection,’® should be prioritized to
reduce mortality from lung cancer and melanoma.

In conclusion, cancer causes substantial mortality among transplant recipients.
About 13% of deaths are attributable to cancer, with about 5% of deaths from NHL and

lung cancer combined. Cancer-attributable mortality increases with age and time since
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transplant, indicating that deaths from cancer will increase in the future as survival
following transplantation improves. Further research aimed at cancer prevention,

screening, and treatment will be required.

Statistical details

I calculated the smoking-adjusted HR using the method of Steenland and Greenland.”’ Since
smoking is hypothesized to be the strongest potential confounder of the association between lung
cancer and mortality, I applied this methodology to smoking as a potential confounder of the

lung cancer estimate.

Let “exp” denote transplant recipients who developed an incident cancer and

“nonexp” denote those who did not develop lung cancer. Let l,yp, lexp smk and

loxp nonsmk be the mortality rate among those with lung cancer in the transplant
population overall, and among smokers and non-smokers, respectively and let peyp smi
and Pexp nonsmik b€ the proportions of current smokers and non-smokers among
transplant recipients with lung cancer. Let Lyonexps Tnonexp,smk 80d Inonexpnonsmi be the
mortality rate among those without lung cancer in the transplant population overall, and
among smokers and non-smokers, respectively and let pnexp smik and Prexpnonsmk be

the proportions of current smokers and non-smokers among transplant recipients without

lung cancer. Then

Loxp Mortality rate among recipients with lung cancer

HRynaaj = = . — .
unadjusted = . Mortality rate among recipients without lung cancer
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I
exp,nonsmk
HR,y;i =0
justed
I nonexp,nonsmk

Mortality rate among non-smoking recipients with lung cancer

~ Mortality rate among non-smoking recipients without lung cancer

Iexp Iexp,smk * pexp,smk + Iexp,nonsmk * pexp,nonsmk

Inonexp = lnonexp,smk * pnonexp,smk + Inonexp,nonsmk * pnonexp,nonsmk

Let RR,, be the RR for death among smokers vs. non-smokers in the transplant
population. Assume the same RR between smoking and death for transplant recipients
with lung cancer and those without.

Iexp = RRsmk * Iexp,nonsmk * pexp,smk + Iexp,nonsmk * pexp,nonsmk

= Iexp,nonsmk [RRsmk * pexp,smk + pexp,nonsmk]

Inonexp = RRsmk * Inonexp,nonsmk * pnonexp,smk + Inonexp,nonsmk * pnonexp,nonsmk

= Inonexp,nonsmk [RRsmk * pnonexp,smk + pnonexp,nonsmk]

HR _ I exp I exp,nonsmk [RRsmk * pexp,smk + pexp,nonsmk]
unadjusted — -
Inonexp Inonexp,nonsmk [RRsmk * Pnon ,smk + pnonexp,nonsmk]

RRsmk * pexp,smk + pexp,nonsmk
HRunadjusted = HRadjusted * RR "
smk pnonexp,smk + pnonexp,nonsmk

-1

_ RRsmk * pexp,smk + pexp,nonsmk

HRadjusted - HRunadjusted * RR % +
smk pnonexp,smk pnonexp,nonsmk

The term inside the brackets in the last two lines above is termed the “bias factor.” The
parameters used to estimate the bias factor are shown in Table 6.
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Parameter

Estimate

RRmi: Relative risk of death for current vs. never
smokers in the transplant population’-

Pnonexp,smk- Prevalence of smoking among transplant
recipients without incident lung cancer’®-

Pexp,smk- prevalence of smoking among transplant
recipients with incident lung cancer

2
Range 10-30%; Assume
20%

Assume 100% to maximize
the bias factor correction

Table 6: Parameter estimates used in bias factor analysis
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5. Cancer-attributable mortality using cause of death and comparison of results
(Aim 1.2 and 1.3)

The cancer-attributable mortality rate using the PAF method was higher than when
calculated using COD from the SRTR (516 vs. 368 per 100,000 person years; Chapter 4).
This difference was investigated in several ways using data from cancer registries that
provided COD information. These were the following 12 registries: California, Colorado,
Connecticut, Georgia, lowa, Illinois, Kentucky, New Jersey, Pennsylvania, Seattle,
Texas, Michigan. COD was not available from five cancer registries: North Carolina,
Florida, Hawaii, New York and Utah. Consequently, these states were excluded from the
estimation of cancer mortality using COD from the cancer registries leaving 165,839
recipients for analysis (75% of the full cohort). Note that all results shown in this Chapter
are using data from the 12 cancer registries that provided COD data and, therefore, are
not exactly the same as those shown in Chapter 4.

First I assessed if the estimates produced using the PAF may be biased (Section

A) and the second I examined the quality of the COD coding (Section B).

A. Potential impact of unmeasured confounding on the hazard ratio used to
calculate the population attributable fraction

Estimates of the cancer-attributable mortality rate using the PAF rely on an estimate of
the HR that is unconfounded. Further analysis was conducted in addition to the bias

factor analysis performed for the impact of smoking on lung cancer in Chapter 4.

1) Estimate what the hazard ratio would need to be so that the cancer-
attributable mortality rate from the PAF method equals that from the COD
method

The hazard ratio necessary to produce the same cancer mortality rate that was estimated

using COD can be found with the algebra below. It provides insight into whether there
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may be a confounder or set of confounders that could plausibly reduce the HR
sufficiently to make the rates more similar.

Let D;otq; be the number of deaths in the cohort and D4y, cer be the number of
deaths among those with cancer in the cohort. Then the percentage of deaths with a prior

cancer diagnosis is:

Dcancer _ 6144

= =0.167
Diorar 36749

Pa =

The overall mortality rate is:

Drotar 36749

Person Years 938084 0.0392

Rategyeran =

The PAF associated with cancer can be calculated by the following:

HR—1>

PAF = X (
Pa HR

where pg is the percentage of deaths with a prior cancer diagnosis among all deaths in the

cohort and HR is the estimated hazard ratio for cancer.

The cancer-attributable mortality rate can be estimated by:
RateCancer; par = PAF X Rategyeran

HR-1

:de(HR

) X RateOUerall

Let Degneer: cop be the number of cancer deaths in the cohort as classified using the COD
algorithm.

Then the cancer mortality rate can be calculated by:

Dcancer; coD
Person Years

RateCancer; cop =

The HR necessary to produce the same cancer rate estimated using the COD is:
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RateCancer; cop = RateCancer; PAF

HR' —1
RateCancer; cop = Pa X X Rategyerau

HR'

iRateCancer; coD _ HR' -1

Da Rateoverall HR'
Ratecancer; coD 1— L
deateoverall HR'

Ratecancer; CoOD __ 1

deatBOUerall HR'

paRategyeran — RateCanceT; coD _ 1
deatQOUerall HR'
HR’ _ deatQOUerall

paRateoyeran — Ratecancer; cop
Overall, the cancer mortality rate calculated using COD from the cancer registries
was 363.4 per 100,000 person-years compared to 519.7 per 100,000 person-years using
the PAF. This results in cancer mortality rates about 30% lower than the cancer-
attributable mortality calculated from the PAF (Table 7). The difference was fairly
consistent among population subgroups and cancer sites. HR' was found overall to be
2.25, that is the HR would need to be reduced from 4.84 to 2.25 for the rates to be

equivalent. HR' ranged from 1.94 among lung recipients to 2.47 among liver recipients.
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Table 7 continued
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In order to assess if there are confounders that could plausibly reduce the HR
from 4.84 to 2.25, I first estimated the HR adjusting for several additional observed
covariates: Body mass index (BMI) and infection with Epstein-Barr virus (Table 8).
Neither of these factors changed the HR by an amount that would result in a meaningful

change to the cancer-attributable mortality rates.

HR HRemi** HREgBv

Overall 4.84 4.93 4.84
Lung 10.48

NHL 4.66 4.77 4.64
CRC 3.64 3.63

Breast (women only) 1.88 1.88

Kidney 242 2.48
Melanoma 2.25

Liver 12.82 11.57

Thyroid 1.25

Prostate 0.94

Infectious etiology 4.92

Non-Infectious etiology 4.33

HR=hazard ratio, BMI=body mass index, EV=Epstein-Barr
virus

* All models adjusted for age at transplant, sex, race,
transplant year, and organ transplanted.

**Cancers selected were those identified by the Annual
Report to the Nation (2012) and the American Cancer Society
as being associated with overweight and obesity

HRpmi adjusted for BMI (underweight, normal,, overweight,
obese)

HREegv adjusted for EBV status (positive, negative, unknown)

Table 8: Hazard ratio of death adjusted for potential confounders by cancer type

Second, unmeasured confounders could substantially reduce the HR. One method
is to estimate the E-value, which is used to evaluate the potential impact of unmeasured
confounders.”! The E-value is the minimum association an unmeasured confounder must

have with both cancer and mortality to diminish the association between cancer and
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mortality. A benefit of this approach is that it does not assume any structure of

unmeasured confounders. The E-value is calculated as follows:

RR = (1-05"F)/(1- 0.5/7/7F)
E —value = RR + \/RR * (RR — 1)

Using the HR of 4.14 from Table 7 results in an E-value of 4.68. To assess if there
are potential confounders that can explain the association ask: “Is the association between
a potential confounder and all cancers combined as strong as 4.68?” and “Is the
association between a potential confounder and death as strong as 4.68?” The answer to
both of these questions is no, therefore no plausible confounders exist with the magnitude
required to explain the association between cancer and death.

A primary concern is the potential impact of smoking on lung cancer mortality.
An extensive bias factor approach was undertaken in Chapter 4 and it showed that the
unmeasured effects of smoking are unlikely to explain the difference in the methods or be
a large source of bias.

In conclusion, I found a difference in the cancer-attributable mortality rates
calculated using the PAF method and COD. One possibility is that the HR used in the
PAF method was biased by unmeasured confounding. Two approaches were taken to
determine if such a confounder is plausible. First, I found that a confounder would need
to exist strong enough to reduce the HR from 4.84 to 2.25 in order for the cancer-
attributable rates from both methods to be equal. Second, I used the E-value to determine
that a potential confounder would need to have an association with cancer and death of at

least 4.68. Both of these approaches indicated that a confounder would need a very strong
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association with both cancer and death to result in a large bias. It does not seem likely

that any such confounder exists.

B. Coding of cause of death

The coding of COD may also contribute to a discrepancy in the cancer mortality rates
estimated using COD compared to using the PAF. CODs from both recipients who
developed cancer and those who did not were needed to investigate the coding of COD.
These were available from the SRTR data for all registries and I compared them to the

cancer registry CODs for the subset of 12 cancer registries who release COD information.

1) Comparison of cause of death from SRTR and cancer registries

There were 682 recipients with cancer coded as a COD in the SRTR but not
recorded as having a cancer diagnosis from the cancer registries (Table 9). This could
occur because the SRTR is recording PTLD or squamous cell carcinomas of the skin as
cancer COD. Neither PTLD nor non-melanoma skin cancers are recorded as cancers by
cancer registries and therefore classification as a cancer COD by the SRTR in the absence
of incident cancer could reflect differing coding rules. Another possibility is that the
recipient may have out-migrated from the cancer registry catchment area. This could
result in the cancer registry not recording that incident cancer. Finally, the SRTR CODs
are entered by clerks who may not have adequate expertise to assign COD and therefore

may be recorded incorrectly.
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No incident Incident

COD from SRTR cancer cancer Total
Cancer 682 20% 2773 80% 3455
Non-Cancer 22220  91% 2170 9% 15026
Missing

(died but no COD) 7703 87% 1201 13% 8904
Total deaths 30605 6144 36749

Table 9: Distribution of COD from SRTR among those with incident cancer and those
without

Table 10 shows the comparison of CODs from SRTR and cancer registries among
those with an incident cancer. The modest kappa statistic (0.4) indicates that agreement

between SRTR and cancer registries is only moderate.

COD from cancer registries

COD from SRTR Non cancer Cancer Total
Non cancer 1425 67% 745 27% 2170
Cancer 711 33% 2062 73% 2773
Total 2136 2807 4943
Kappa=0.40

Table 10: Comparison of COD from SRTR to COD from cancer registries among those
with cancer

2) Fraction of deaths from other causes attributable to cancer

Some deaths listed in the SRTR as other causes may be, in fact, due to cancer. Using the
PAF methodology, the proportion of deaths attributable to cancer was estimated for 5
mortality outcomes. This is discussed in more detail in Chapter 4. The results here are
restricted to recipients from the 12 registries that reported COD.

A large proportion of deaths with a COD of cancer are attributed to cancer
(79.7%; Table 11). This suggests that most, but not all deaths, with an SRTR COD of
cancer are actually caused by the cancer. The proportion of deaths with an SRTR COD

other than cancer that are attributed to cancer ranges from 9.2% of deaths with a missing
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cause to 4.3% of deaths with graft failure as the COD and 4.6% of deaths with infection
as the COD. For example, deaths with COD of graft failure could occur as a result of
reduction in immunosuppression in response to the cancer diagnosis, and deaths with
COD of infection could be due to infections caused by cancer treatment. This analysis
shows that there are deaths for which the underlying cause was likely cancer but the COD
was coded as something else. Together, these other attributable deaths account for non-

negligible mortality (24+20.4+90.6+87.6 = 222.6 per 100,000 person-years).

Mortality Deaths

outcome with

category Number  prior Outcome Cancer-
defined with cancer HR -specific  attributable
by COD Deaths  cancer s Pda for PAF mortalit mortality
in SRTR (n) and died (%) cancer (%) y rate rate
Cancer 3455 2773 80.3 1449  79.7 368.3 293.6
Infection 4910 379 7.7 2.5 4.6 523.4 24.0
Giraft 4454 329 7.4 24 43 474.8 20.4
failure

Other 15026 1462 9.7 24 57 1601.8 90.6
causes

Missing 8904 1201 13.5 3.2 9.2 949.2 87.6
Overall 36749 516.1

HR=Hazard ratio; PAF=Population-attributable fraction

*Hazard ratios are computed using time since transplant as the time scale and are adjusted for
sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian/Pacific Islander,
other), organ transplanted (kidney, liver, heart, lung, other), calendar year of transplant (1987-
1994, 1995-1999, 2000-2004, 2005-2008, 2009-2014) and age at transplant. Since the effect
of age on mortality was non-linear, age was modeled as a piecewise linear function with knots
at age 5 and 19 years.

Overall and cancer-attributable mortality rates are per 100,000 person-years

Table 11: Population attributable fraction and cancer-attributable mortality for other
causes of death among 165,839 recipients with COD from cancer registries

Finally, the sum of all the cancer-attributable mortality rates across the CODs results
in a mortality rate of 516.1 per 100,000 person-years. This is very close to the cancer-
attributable mortality rate using any cause of death and the PAF method (519.7 per

100,000 person-years). This suggests that the difference in mortality rates from the PAF
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method compared to the COD method may be due to misattribution of cancer deaths into

other COD codes.

C. Discussion

The difference between the cancer-attributable mortality rate derived from the PAF and
the cancer-specific mortality estimated using the COD was investigated by understanding
potential bias in the PAF and potential miscoding of COD. Based on several different
approaches, it does not seem likely that the HR used in the PAF method is greatly biased
by unmeasured confounding. There is, however, evidence to suggest that COD is
incorrectly coded. The moderate agreement in COD from SRTR vs. cancer registries
demonstrates that coding COD is challenging. Furthermore, many deaths can be
attributed to cancer that were coded as other causes. The cancer-attributable mortality
rate is higher than the cancer-specific mortality rate using COD because it correctly

includes deaths which were attributable to cancer.

87



6. Life-years lost to cancer among solid organ transplant recipients’
A. Abstract

Background: Solid organ transplant recipients have an elevated risk of cancer.
Quantifying the life-years lost (LYL) due to cancer provides a complementary view of
the burden of cancer distinct from other metrics and may identify subgroups of transplant
recipients who are most impacted.

Methods: Linked transplant and cancer registry data were used to identify incident
cancers and deaths among solid organ transplant recipients in the United States (1987-
2014). The LYL to cancer within 10 years after transplant were derived from the mean
survival estimated from Cox models.

Results: Among 221,962 transplant recipients, 13,074 (5.9%) developed cancer within
10 years of transplant. During this period, the mean LYL was 0.16 years per transplant
recipient and 2.7 years per cancer. Cancer accounted for 1.9% of the total LYL expected
in this population. Lung cancer was the largest contributor, accounting for 24% of all
LYL, and non-Hodgkin lymphoma had the next highest contribution (15%). Lung
recipients had the highest proportion of total LYL to cancer, followed by heart recipients
(4.4% and 2.8%, respectively). For all organ recipients, LYL to cancer increased with
age. The youngest, age 0-34, had 0.5% of total LYL to cancer compared to 3.2% among
those age 50+.

Conclusions: Transplant recipients have a shortened lifespan after developing cancer.
Lung cancer and NHL are large contributors to the LYL to cancer, highlighting

opportunities to reduce cancer mortality through prevention and screening.

2 For submission to Cancer
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B. Introduction

Solid organ transplant recipients have increased cancer risk compared with the general
population.!®! Excess risk varies by cancer type and is largely due to immunosuppression
from medications used to prevent rejection, underlying medical comorbidities, and end-
stage organ disease.!>!%!” Moreover, the solid organ transplant population in the United
States has doubled since the late 1980s due to an increasing number of transplants and

improved survival.'?

During 1987-1999 the cumulative incidence of cancer in the first 5
years after transplantation was 4.2%, and this rose slightly to 4.4% during 2000-2008.%

An additional important measure of the impact of cancer on the transplant
population is cancer mortality since it reflects the final downstream outcome accounting
for cancer incidence, treatment, and survival following cancer diagnosis. Among US
transplant recipients during 1987-2014, 13% of deaths were attributed to cancer,
corresponding to a cancer-attributable mortality rate of 516 per 100,000 person-years.*> A
relatively high proportion of deaths was specifically attributable to lung cancer (3.1%)
and non-Hodgkin’s lymphoma (NHL, 1.9%). Cancer-attributable mortality increased
with age and time since transplant.

The benefit of transplantation among patients with end-stage organ disease can be
quantified in terms of a gain in life-expectancy (i.e., life-years).*® In a similar way,
because recipients who develop cancer will have shorter lifetimes than they would have
had without cancer, the adverse effect of cancer on mortality can be quantified by the
life-years lost (LYL) to cancer. The LYL due to cancer in the population is the difference
between the average actual lifetime with cancer and what would have been experienced

in the population without cancer.*®2® In other words, LYL estimates the extent to which

the average lifespan is shortened by cancer.
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In this study, we quantified the LYL due to cancer among US transplant recipients
over the first 10 years post-transplant. We estimated the LYL by subgroups, including
transplanted organ, age at transplant, sex, race/ethnicity, and cancer site. Evaluating the
LYL due to cancer provides insight into which cancers are causing premature deaths and
can help identify subgroups of transplant recipients in whom improved cancer prevention

or treatment interventions may be most impactful.

C. Methods

The Transplant Cancer Match (TCM) Study links the US Scientific Registry of
Transplant Recipients (SRTR) with state and regional cancer registries.! SRTR data
include recipient demographic and transplant characteristics as well as follow-up for graft
and overall survival. For the present analysis, 17 cancer registries provided data on
incident cancers (excluding non-melanoma skin cancer) covering approximately half of
the US transplant population for 1987-2014 (see Table 12 footnote). The TCM Study is
considered non-human subjects research at the National Cancer Institute and was
approved, as required, by participating cancer registries.

First primary invasive cancers in transplant recipients were identified from the
linked cancer registries. Cancers were classified based on the primary site and histology
of the tumor using a modified version of the Surveillance, Epidemiology and End Results
site recode.’! The study cohort comprised recipients who resided in areas covered by
participating cancer registries at the time of transplant, received their first transplant
during a period of cancer registry coverage, and did not previously have an invasive
cancer recorded in the cancer registry. Prior cancers were those diagnosed before

transplant or within 90 days post-transplant (since those likely developed pre-
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transplantation). Follow-up thus started 90 days post-transplant, and ended at the earliest
of death, loss to follow-up by the SRTR, end of cancer registry coverage, or 10 years
post-transplant.

For this cohort of transplant recipients, we calculated the LYL due to cancer as
the difference in average survival between a hypothetical scenario in which recipients
were cancer-free, and the actual scenario in which some recipients developed cancer. For
the cancer-free scenario, follow-up for recipients who developed cancer was censored at
the time of their cancer diagnosis. For each scenario, the mean survival was estimated
using Cox proportional hazards regression models. Both models were calculated
separately according to transplanted organ (kidney, liver, heart, lung, other/multiple), and
the covariates were sex, race/ethnicity, year of transplant (1987-94, 1995-99, 2000-04,
2005-08, 2009-14), body mass index (BMI; <18.5, 18.5-24.9, 25-29.9, 30+), diabetes
status, cancer registry, and organ-specific characteristics and reasons for transplant (Table

12 and Table 13).
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Table 13 continued
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The models were also adjusted for age at transplant, which was modeled as a
piecewise linear function with knots at age 5 and 19. The time scale for the Cox models
was time since transplant. The hazard ratios from the Cox models estimating the overall
and cancer-free models are shown in Table 14 to Table 16.

For each model, the direct adjusted survival curve was estimated and averaged
over the individual recipient profiles.®* The restricted mean survival time for each curve
was then estimated as the area under the curve up to 10 years post-transplant.®> We
censored the follow-up time at 10 years to avoid estimating the tail of the survival curves
where data were sparse. Finally, the mean LYL per transplant recipient was derived as
the difference in the areas under the curves between the hypothetical cancer-free and
actual scenarios.

Multiple imputation was used to handle missing data on recipient characteristics
shown in Table 12 and Table 13. BMI had a moderate amount of missing values ranging
from only 3% among lung recipients to 18% among kidney recipients. Tobacco use was
most frequently missing with 20% unknown for lung recipients. Five organ-specific
imputed datasets were generated using the sequential regression imputation method
implemented with IVEware.%¢ The imputation models included the organ-specific
covariates, the censoring indicator, and time since transplant. The analysis described
above was conducted for each imputed dataset separately, and the within-imputation
variance was estimated using 250 bootstrap samples. The results were then combined

using Rubin’s rule in SAS/PROC MIANALYZE.>?
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Kidney Liver

Overall survival Cancel."-free Overall survival Cancel."-free
survival survival
HR 95%CI HR 95%CI HR 95%CI HR 95%CI
Sex (ref: Male)
Female 0.9 0.88,0.93 0.93 0.90,0.96 1 0.95,1.04 1.01 0.96,1.06
Race (ref: Non-Hispanic white)
Non-
Hispanic 094 091,098 0.94 0.90,0.97 1.38 128,148 1.44 1.34,1.56
black
Hispanic 0.68 0.65,0.71 0.68 0.64,0.71 091 0.85,0.97 093 0.87,1.00
AsianPacific ) 56 065 059 055064 07 062,079 069 061,079
Islander
Other 094 0.80,1.11 0.92 0.76,1.10 096 0.74,1.25 098 0.74,1.29
Age (1 year increase)
Age<5 094 0.84,1.05 0.92 0.82,1.04 1 0.94, 1.07 1 0.93, 1.06
Age 5-18 1.08 0.95,1.22 1.09 0.96,1.25 1.05 097,1.13 1.07 0098, 1.16
Age>18 1.04 1.02,1.06 1.04 1.02,1.06 0.97 0.95,0.99 096 0.94,0.98

Transplant year (ref: 1987-1994)
1995-1999 0.58 0.12,2.77 059 0.12,2.93 0.86 0.81,0.91 0.84 0.79,0.90
2000-2004 047 0.10,2.30 047 0.09,2.41 0.78 0.74,0.83 0.77 0.71,0.82
2005-2008 0.35 0.07,1.71 034 0.07,1.72 0.82 0.76,0.88 0.82 0.75,0.88
2009-2014 0.25 0.05,1.23 0.24 0.05,1.23 0.69 0.61,0.78 0.68 0.60,0.77

BMI (ref=underweight)
Normal 0.8 072,090 0.8 0.72,0.88 0.73 0.64,0.82 0.75 0.65,0.86
Overweight  0.77 0.69,0.85 0.77 0.70,0.85 0.65 0.58,0.73 0.68 0.59,0.78
Obese 0.84 0.75,093 0.85 0.77,0.94 0.67 0.59,0.76 0.7 0.61,0.80
Diabetes (ref=No)
Unknown

(after 1995) 0.75 0.15,3.73 0.77 0.15,4.04

Yes 1.13 1.07,1.20 1.17 1.10,1.24 141 1.33,149 149 1.40,1.59

Registry (ref:

Utah)
California 1.03 0.90,1.17 1 0.87,1.16 1.03 0.83,1.29 1.11 0.86,1.42
Colorado 1.07 092,126 1.03 0.87,1.22 092 0.72,1.20 1.02 0.76,1.36
Connecticut  1.09 093,128 1.08 0.91,1.29 1.22 0.93,1.59 1.34 0.99,1.81
Florida 1.16 1.02,1.33 1.11 0.96,1.28 .11 0.89,140 1.2 0.93,1.55
Georgia 1.1 095,128 1.08 0.91,1.26 1.33 1.04,1.70 1.49 1.13,1.96
Hawaii 145 1.15,1.82 143 1.11,1.83 1.33 0.89,1.98 1.48 0.96,2.29
Iowa 097 0.83,1.14 095 0.80,1.13 1.11 0.85,1.43 1.19 0.88,1.59
Illinois 1.14 1.00,1.30 1.07 0.93,1.24 1.14 091,143 1.18 0.91,1.53
Kentucky 149 128,174 146 1.23,1.72 1.09 0.84,1.40 1.16 0.87,1.55
Michigan 1.2 1.05,1.37 1.14 0.99,1.33 1.19 0.94,1.50 1.24 0.95,1.61
I(\;I;)glfina 1.03 0.89,1.19 1 0.85,1.17 1 0.79,1.27 1.09 0.83,1.43

Table 14: Hazard ratios from the Cox proportional hazards models used to estimate the
overall survival and cancer-free survival experience for kidney and liver recipients

97



Table 14 continued

Kidney Liver
Overall survival Cancel.“-free Overall survival Cancel.“-free
survival survival
HR 95% CI HR 95% CI HR 95%CI HR 95%CI
New Jersey 1.21 1.06,1.40 1.17 1.01,1.37 1.16 092,147 124 0.95,1.61
New York 1.02  0.90,1.17 1 0.86,1.15 1.22 098,152 131 1.02,1.69
Pennsylvania 1.16 1.01,1.32 1.12 0.97,1.29 1.28 1.02,1.59 1.38 1.07,1.77

Seattle 099 0.85,1.16 093 0.79,1.10 1.14 0.89,146 1.14 0.86,1.51
Texas 1.11 097,128 1.09 0.94,1.27 1.22 0.98,1.54 1.31 1.01,1.69
Donor type 128 124,133 134 129,139
(ref=Living)
Years from initial dialysis to transplant (ref=No dialysis)
0.01-0.99 1.5 1.40,1.60 1.51 1.40,1.63
1-1.99 1.79 1.67,191 1.84 1.71,1.98
2-2.99 1.92 1.79,2.06 2.01 1.86,2.17
3-3.99 2.1 195,226 222 2.04,2.41
4-3.99 222 205,240 239 2.19,2.61
5+ 2.69 250,290 29 2.67,3.14
Reasons for Transplant (ref=No)
Glomerular 0.77 0.73,0.80 0.76 0.72,0.80
diseases
Diabetes 1.67 158,176 1.79 1.69,1.89
Polycystic 0.64 0.61,0.68 0.62 0.58,0.66
kidneys
Hypertensive 1 0 498 106 1.05 1.00,1.10
nephrosclerosis
Other 0.89 0.85,0.94 0.89 0.85,0.94
Viral hepatitis 1.26 1.19,1.33 1.33 1.25,1.41
Alcohol use 1.2 113,127 1.13 1.06,1.21
PBC/PSC 0.69 0.64,0.75 0.65 0.59,0.71
Other 0.9 085,095 091 0.85,097

Abbreviations: PBC=primary biliary cirrhosis, PSC=primary sclerosing cholangitis

Cox models used time since transplant as the time scale and were adjusted for sex, race/ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic, Asian/Pacific Islander, other), calendar year of
transplant ((1987-1994, 1995-1999, 2000-2004, 2005-2008, 2009-2014), cancer registry, organ-
specific covariates, and age at transplant. Since the effect of age on mortality was non-linear, age was
modeled as a piecewise linear function with knots at age 5 and 19 years.
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Heart Lung

Overall Cancer-free . Cancer-free
survival survival Overall survival survival
HR 95%CI HR 95%CI HR 95% CI HR 95% CI
Sex (ref: Male)
Female 1.03 098,1.09 1.07 1.01,1.14 097 091,1.02 1.02 0.90,1.15
Race (ref: Non-Hispanic white)
Non-
Hispanic 1.63 1.53,1.73 1.75 1.64,1.87 1.02 091,1.15 1.08 0.94,1.25
black
Hispanic 1.09 099,1.19 1.12 1.01,1.23 1.06 092,121 0.87 0.65,1.18
Asian/Pacific g6 116 105 089,123 096 073,125 132 0.86,2.01
Islander
Other 1.11 0.80,1.54 1.2 0.85,1.71 1.41 0.96,2.08 1.11 0.99,1.25
Age (1 year increase)
Age<5 1.03 0.99,1.08 1.02 0.98,1.07 1.13 1.01,1.27 0.87 0.76,0.99
Age 5-18 0.98 0.93,1.04 1 0.94,1.06 0.85 0.75,097 1.04 1.01,1.07
Age>18 0.99 0.98,1.01 098 0.96,0.99 1.05 1.02,1.08 096 0.10,9.47

Transplant year (ref: 1987-1994)
1995-1999 0.82 0.77,0.87 0.83 0.78,0.89 0.96 0.10,8.86 0.73 0.07,7.66
2000-2004 0.75 0.70,0.80 0.78 0.72,0.84 0.77 0.08,7.53 0.74 0.07,7.70
2005-2008 0.66 0.60,0.72 0.67 0.61,0.74 0.75 0.08,7.34 0.67 0.06,6.98
2009-2014 0.54 0.46,0.63 0.56 0.48,0.66 0.68 0.07,6.64 0.9 0.81,0.99

BMI (ref=underweight)
Normal 0.95 0.85,1.05 095 0.85,1.06 0.88 0.80,0.97 0.97 0.87,1.09
Overweight 1.01 0.90,1.12 1.03 0.92,1.16 0.95 0.86,1.06 1.01 0.88,1.17
Obese 1.07 096,121 1.1 0.98,1.25 098 0.86,1.12 1.16 1.03,1.29
Diabetes (ref=No)
Yes 1 1.00,1.00 1.28 1.19,1.39 1.17 1.06,1.30 1.22 0.82,1.81

Registry (ref: Utah)
California 1.12 092,137 1.06 0.85,1.32 126 0.91,1.75 139 0.96,2.00

Colorado 1.03 0.81,1.32 I 076,132 1.14 0.80,1.63 1.22 0.82,1.81
Connecticut 1.16 0.90,148 1.16 0.88,1.52 1.23 0.82,1.85 1.39 0.89,2.17
Florida 0.99 0.80,1.21 094 0.75,1.19 0.92 0.66,1.29 0.97 0.66,1.42
Georgia 1.08 0.85,1.37 1.03 0.79,1.35 1.25 0.87,1.78 138 0.93,2.05
Hawaii 1.74 112,270 1.5 0.91,2.48 234 091,6.07 2.83 1.07,7.48
Iowa 1.01 0.78,1.31 091 0.68,1.22 0.99 0.67,1.47 1.06 0.68,1.64
Ilinois 1.18 0.96,145 1.13 0.90,1.43 098 0.71,1.37 1.06 0.73,1.54
Kentucky 144 1.13,1.83 1.44 1.10,1.88 1.47 1.04,2.08 1.59 1.08,2.35
Michigan 1.11 0.89,1.38 1.04 0.81,1.33 1 0.71,1.41 1.04 0.71,1.52
Igg(t)lllina 1.14 092,141 1.07 0.84,1.36 1.15 0.82,1.61 1.24 0.84,1.81
New Jersey 1 081,124 093 0.74,1.19 .12 0.79,1.59 1.21 0.82,1.80

New York 1.11 090,136 1.08 0.86,1.36 1.23 0.88,1.72 132 0.90,1.92
Pennsylvania 1.11 0.90,1.36 1.05 0.84,1.32 1.11 0.80,1.54 1.19 0.82,1.73
Seattle 0.66 0.51,0.85 0.51 0.38,0.69 1.02 0.72,1.45 1.07 0.72,1.58
Texas 1.24 1.01,1.52 1.24 0.99,1.57 1.33 096,1.85 1.42 0.98,2.06
Table 15: Hazard ratios from the Cox proportional hazards models used to estimate the

overall survival and cancer-free survival experience for heart and lung recipients
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Table 15 continued

Heart Lung
Overall Cancer-free . Cancer-free
. . Overall survival .
survival survival survival
HR 95% CI HR 95% CI HR 95% CI HR 95%CI
Cardiomyopathy 09 0.83,0.97 091 0.84,0.99
Coronaryartery 59 101,118 1.1 1.01,1.20

disease

Other 0.89 0.80,0.98 0.92 0.82,1.03

Tobacco use

(ref=Yes) 0.99 0091,1.08 1.02 0.93,1.11
Lung transplant

(ref=double) 1.31 123,141 126 1.17,1.36
Reasons for

transplant

COPD (ref=No) 1.14 1.01,1.27 1.14 1.01,1.29
Cystic fibrosis 1.15 099,134 1.11 0.94,1.30
Idiopathic

pulmonary 1.11 0.99,1.25 1.07 0.94,1.21
fibrosis (ref=No)

Other (ref=No) 1.01 0091,1.12 1 0.90, 1.12

Cox models used time since transplant as the time scale and were adjusted for sex, race/ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic, Asian/Pacific Islander, other), calendar year of
transplant ((1987-1994, 1995-1999, 2000-2004, 2005-2008, 2009-2014), cancer registry, organ-
specific covariates, and age at transplant. Since the effect of age on mortality was non-linear, age was
modeled as a piecewise linear function with knots at age 5 and 19 years.
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Other/multiple organs

Cancer-free

Overall survival survival
HR 95% CI HR 95% CI
Sex (ref: Male) Female 1.04 0.96,1.12 1.04 0.96, 1.14
Non-Hispanic
Race (ref: Non-Hispanic white) black 1.14  1.00, 1.29 1.15 1.01,1.32
Hispanic 0.95 0.83,1.09 0.93  0.80, 1.08
Asian/Pacific
Islander 1.04 0.78,1.38 1.13  0.84,1.52
Other 0.90  0.64,1.28 0.95  0.66,1.36
Age (1 year increase) Age<5 1.00 0.92,1.09 1.00 0.92, 1.09
Age 5-18 0.94 0.85,1.04 0.94  0.85,1.04
Age>18 1.08 1.05,1.11 1.08 1.05, 1.11
Transplant year (ref: 1987-1994) 1995-1999 1.35  1.17,1.56 1.36 1.16, 1.58
2000-2004 1.10  0.94,1.28 1.11 0.94, 1.30
2005-2008 0.96 0.81,1.14 097  0.81,1.16
2009-2014 0.89 0.71,1.12 0.89 0.70,1.14
BMI (ref=underweight) Normal 0.68 0.57,0.81 0.67 0.56, 0.80
Overweight 0.65 0.55,0.78 0.64  0.53,0.77
Obese 0.70  0.55,0.88 0.72  0.56,0.91
Unknown (after
Diabetes (ref=No) 1995)
Yes 0.54 049, 0.61 0.54 0.48,0.61
Registry (ref: Utah) California 1.09 0.74, 1.61 1.04  0.69, 1.58
Colorado 0.81 0.50,1.31 0.81 0.49, 1.35
Connecticut 1.50 092,245 1.42 0.84, 2.40
Florida 1.21  0.81,1.82 1.22  0.79,1.87
Georgia 0.95 0.61,1.48 0.90  0.56,1.44
Hawaii 1.29 0.55,3.03 0.80  0.27,2.35
Iowa 0.89 0.56,1.42 0.84  0.51,1.37
Ilinois 1.09 0.73,1.61 1.06  0.70, 1.60
Kentucky 1.56  1.00,2.43 1.57  0.99,2.51
Michigan 1.12 0.74, 1.68 1.08  0.70, 1.68
North Carolina 094 0.62,1.43 0.93 0.59, 1.45
New Jersey 1.10  0.72, 1.68 1.11 0.71, 1.73
New York 1.20  0.80,1.81 1.16  0.75,1.78
Pennsylvania 1.15  0.77,1.70 1.07 0.71, 1.63
Seattle 0.99 0.65,1.52 092  0.58,1.45
Texas 1.04  0.69, 1.57 1.04  0.67,1.61

Cox models used time since transplant as the time scale and were adjusted for sex, race/ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic, Asian/Pacific Islander, other), calendar year of
transplant ((1987-1994, 1995-1999, 2000-2004, 2005-2008, 2009-2014), cancer registry, organ-
specific covariates, and age at transplant. Since the effect of age on mortality was non-linear, age
was modeled as a piecewise linear function with knots at age 5 and 19 years.

Table 16: Hazard ratios from the Cox proportional hazards models used to estimate the
overall survival and cancer-free survival experience for recipients of other or multiple
organs
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We calculated the proportion of total LYL due to cancer by dividing the total
LYL by the expected person-years in a cancer-free cohort. The expected person-years
was calculated as the mean survival of the cancer-free cohort multiplied by the number of
recipients. The estimates were produced by transplanted organ, age group, sex,
race/ethnicity, and specific cancer sites (colorectum, liver, lung, melanoma, breast,
prostate, kidney, thyroid, non-Hodgkin lymphoma [NHL], and cancers of infectious
etiology [see Table 12 note]). We also estimated the LYL per cancer, i.e., total LYL
divided by the number of incident cancers. Finally, we estimated a cancer site’s
contribution to the LYL to cancer (i.e. the proportion of the LYL to cancer) by dividing
the LYL for that specific cancer site by the total LYL due to cancer. To obtain estimates
that combined recipients of different organs, the LYL for recipients of each organ were
summed.

We present a sensitivity analysis using a different method, based on incorporating
Kaplan-Meier curves showing the survival estimates for transplant recipients under the
actual scenario and the hypothetical cancer-free scenario (i.e., censoring at the first
cancer diagnosis). Using these curves, we derived an alternative non-parametric estimate
of mean LYL per transplant recipient as the difference in the areas under the curves up to
10 years post-transplant. The 95% confidence interval (95%CI) for the difference was
estimated using 250 bootstrap samples. Computations were performed using SAS

software version 9.4 (Cary, NC).

D. Results

This study included 221,962 solid organ transplant recipients (Table 12). The majority

were male (61%) and non-Hispanic White (61%). The most frequently transplanted
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organs were kidney (62%), liver (18%), heart (10%) and lung (5%). Overall, about 30%
of recipients were 35-49 years old and 46% were age 50 or older; while heart and lung
recipients were older than recipients of other organs. Eight percent of recipients were
children under age 18.

This cohort of transplant recipients was followed for 1,118,284 person-years
within 10 years of transplant (mean 5.0 years per person). Overall, 13,074 recipients
(5.9%) developed cancer during this period. In total, 35,371 life-years were lost to cancer.
Thus, the mean LYL was 0.16 years per transplant recipient within this 10-year follow-up
period (95%CI: 0.15, 0.17) and 2.7 years per cancer (Table 17). This resulted in a loss

due to cancer of 1.9% of all life-years that would be expected under a cancer-free

scenario.
Proportion of
LYL per total life-years
transplant lost to cancer
Cancer recipient o ’
Transplant  cases, n Yo
recipients, (% of Total o o
n cohort) LYL Mean 95% CI  Mean 95% CI
13,074
Overall 221,962 (5.9%) 35,371  0.16  0.15,0.17 1.9 1.8, 1.9
Transplanted organ
. 7127
Kidney 136,534 (5.2%) 19,148 0.14  0.13,0.15 1.6 1.5, 1.6
Liver 39,155 2366 6890 0.18  0.16,0.19 2.1 1.9,2.2
, (6.0%) . .16, 0. . 9, 2.
2182
Heart 22912 (9.5%) 5171 0.23 0.21,0.24 2.8 2.5,3.0
875
Lung 10,467 (8.4%) 2878 0.27  0.24,0.31 4.4 39,49
. 524
Other/multiple 12,894 (4.1%) 1445 0.11 0.09,0.13 1.3 1.1, 1.5
Sex
Male 135,228 8802 24,647 0.18 0.17,0.19 2.1 3.0,2.2
, (6.5%) , . 17, 0. . .0, 2.
Female 86,734 4272 10,674 0.12  0.12,0.13 1.3 1.3, 1.5
, (4.9%) , . 12, 0. . 3, 1.

Table 17: Life-years lost to cancer among US solid organ transplant recipients
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Table 17 continued

Proportion of

LYL per total life-years
transplant
Cancer .. lost to cancer,
recipient °
cases, n %o
Transplant
. . (% of Total o 95%
rec1p;ents, cohort) LYL Mean 95% CI  Mean o
Age at transplant,
years
0-34 51,704 1186 2226 0.04  0.04,0.05 0.5 0.5, 0.6
s (20%) . . s U, . HOPRVA
2946
35-49 67,595 (4.0%) 6442 0.1 0.09,0.10 1.1 1.0, 1.1
8942
50+ 102,663 (4.0%) 26,837 0.26 0.25,0.27 32 32,33
Race/ethnicity
Non-Hispanic 9248
White 134,535 (6.9%) 24,750  0.18 0.18,0.19 22 21,22
Non-Hispanic 2047
Black 40,114 (5.1%) 5334 0.13 0.13,0.14 1.6 1.5,1.7
. . 1256
Hispanic 33,726 (3.7%) 3527 0.1 0.09,0.12 1.2 1.0,1.3
Asian/Pacific 593
Islander and 13,587 N 1728 0.13 0.11,0.15 1.4 1.2,1.6
other (3-8%)

LYL=life-years lost; Cl=confidence interval

Mean life-years lost were derived from organ-specific Cox models using time since transplant as the
time scale and included variables for sex, race/ethnicity (non-Hispanic White, non-Hispanic Black,
Hispanic, Asian/Pacific Islander, other), calendar year of transplant (1987-1994, 1995-1999, 2000-
2004, 2005-2008, 2009-2014), cancer registry, organ-specific covariates, and age at transplant. Since
the effect of age on mortality was non-linear, age was modeled as a piecewise linear function with
knots at age 5 and 19 years.

The sum of the LYL across subgroups does not equal the total because the LYL depends on non-linear
contributions from the Cox models.

The Kaplan-Meier curves for the actual cohort experience and hypothetical
cancer-free cohort are shown in Figure 8, where the LYL to cancer is the area between

the two curves (0.19 years per transplant recipient).
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Figure 8: Kaplan-Meier curves for the cohort of transplant recipients under actual and
hypothetical cancer-free scenarios

LYL varied by cancer site (Table 18). Lung cancer contributed the largest life-years lost
in the cohort (0.45% of total expected life-years, or 24% of all LYL to cancer). NHL had
the next highest contribution (0.29% of total expected life-years, or 15% of all LYL to
cancer). Cancers of infectious etiology, which include NHL, were associated with 0.43%
of total expected life-years (23% of all LYL to cancer). Among recipients who developed
cancer, those with lung or liver cancer had the highest LYL to their cancer (4.7 and 4.9
years, respectively), while recipients who developed NHL, colorectal cancer, or
melanoma lost 1.6-2.8 years (Table 18). Finally, recipients who developed kidney,
thyroid, or breast cancer lost 0.5-1.3 life-years from their cancer. Prostate cancer was not

statistically significantly associated with LYL.
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Cancer LYL per transplant P;“(;portlonloftt(:tal LYL per cancer

Cancer cases,n Total recipient He-years ?)S o case

site (% of LYL cancer, %
cohort) Mean  95% CI  Mean  95%CI  Mean 95% CI

Lung (égf,f) 8401  0.035 00350040 045 042,048 47 45,49
. (1)

NHL ((1)99709) 5430  0.022  0.022,0.027 029  0.26,0.32 28 25,30
. (1)

Colorectum 742 1639 0.007  0.006,0.009 0.09  0.07,0.10 22 1.9,2.5
(0.3%)
. (1)

Kidney ((1)05105) 1348 0.006  0.005,0.007 0.07  0.06,0.09 1.3 1.1,1.6
. (1)

Melanoma 524 830  0.004  0.003,0.005 0.04  0.03,0.06 1.6 1.2,2.0
(0.2%)
. (1)

Liver 149 732 0.003  0.003,0.004 0.04  0.03,0.05 49 41,57
(0.1%)
. (1)

Breast 695 571 0.003  0.002,0.003 0.03  0.02,0.04 0.8  06,1.1
(0.3%)

Thyroid (03101/) 160  0.0007 0.0002,0.001 0.01 0.002,0.02 05 01,09
. 0
1500

Prostate 0.7%) 46 0.0002 -0.001, 0.001 0 -0.01,0.01  0.03 -0.1,0.2

Infectious 2924

etiology* (13%) 8161  0.037  0.034,0.040 043  0.40,0.47 28  26,3.0

LYL-~life-years lost; ClI=confidence interval, NHL=non-Hodgkin lymphoma

*Cancers with infectious etiology include NHL, Hodgkin lymphoma, Kaposi sarcoma, and
cancers of the nasopharynx, liver, stomach, oropharynx including tonsil, anus, vulva, cervix,
penis, and vagina.

Table 18: Life-years to cancer among US solid organ transplant recipients, by cancer site

The LYL results varied by transplanted organ (Table 17). Lung recipients had the
highest mean LYL per person (0.27 years). This also corresponded to the highest
proportion of life-years lost due to cancer (4.4% of total expected life-years).
Furthermore, lung recipients comprised 5% of the entire cohort but disproportionately
had 8.1% of the total LYL. The mean LYL per person was similar for heart recipients
(0.23 years), and the proportion of life-years lost to cancer among heart recipients was
2.8%. However, since there were more heart than lung recipients, 15% of the total LYL

among all organ recipients occurred among heart recipients. Kidney recipients had an
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average of 0.14 LYL per person and 1.6% of expected life-years were lost due to cancer.
The results were very similar in our sensitivity analysis based on the difference in areas
between Kaplan-Meier curves for the actual and hypothetical cancer-free scenarios
(Table 19). Measures of LYL to cancer increased with age (Table 17). The youngest age
group had a proportion of total expected LYL to cancer of 0.5%. This increased to 1.1%
LYL to cancer among 35-49 age group, while those age 50 years and older had the
greatest LYL to cancer (3.2% of expected life-years). In addition, the oldest group
comprised 46% of the cohort but 76% of the total LYL. This pattern was consistent for
all organs (Figure 9) In particular, lung recipients aged 50 years and older had the highest
proportion of LYL to cancer (5.9% of expected life-years). Of the total LYL among lung
recipients age 50+, 31% were related to lung cancer and 11% related to NHL. Heart
recipients aged 50+ lost 4.2% of expected life-years to cancer, with a similar proportion
of these LYL related to lung cancer (30%) and NHL (14%) as seen in lung recipients.
Recipients under age 35 had the smallest proportion of total expected LYL across organs,
ranging from 0.4% of expected life-years among kidney recipients to 1.2% among lung

recipients. Of the LYL to cancer in this age group, 46% were associated with NHL.
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Table 19: Comparison of estimated life-years lost to cancer among solid organ transplant

recipients using two approaches, one based on survival curves estimated from the Cox
proportional hazards model and one based on Kaplan Meier (KM) survival curves
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Figure 9: Proportion of expected life-years that were lost to cancer by age and
transplanted organ

The mean LYL per person was higher for males compared to females (0.18 vs.
0.12 years, Table 17). This corresponded to 2.1% of total expected LYL due to cancer
among males compared to 1.4% among female recipients. Non-Hispanic Whites had the
highest mean LYL per person and proportion of total LYL to cancer (2.2%) followed by
non-Hispanic Black recipients (1.6%). The proportion of total LYL to cancer for the

other race/ethnic groups was lower (1.2-1.4% of expected life-years).

E. Discussion

Among US solid organ transplant recipients, an average of 0.16 years of life per person
was lost to cancer within 10 years after transplant. Although this may seem like a small
amount, the LYL per person translated into 1.9% of all life-years among this population
expected in the absence of cancer. The total LYL depends on the proportion of recipients

who develop cancer and the impact of cancer on mortality. The two cancer sites with the
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highest impact were lung cancer and NHL, which are common and associated with high
mortality in transplant recipients.®® These two cancer sites were responsible for 39% of
the total LYL due to cancer in the cohort. Furthermore, once a recipient developed either
lung cancer or NHL, they lost an average of almost five life-years.

Lung and heart recipients had the highest LYL to cancer. Moreover, lung cancer
and NHL contributed a large portion of the total LYL in these recipients, especially
among recipients age 50 and older. Lung and heart recipients receive the most intensive
immunosuppression, which plays an important role in cancer incidence and mortality
after transplantation.'®# NHL is a type of post-transplant lymphoproliferative disorder
(PTLD) that results from poor immune control of Epstein-Barr virus (EBV) infection,
and NHL risk is greatly elevated in transplant recipients due to the overall
immunosuppression burden.! Among lung recipients (many of whom receive only a
single transplanted lung), lung cancers most often arise in the native lung,®’ related to
underlying lung disease and other risk factors, such as smoking, that put them at high risk
for lung cancer. Other cancers contributed less to the overall LYL estimates (Table 18).

Although the proportion of LYL to cancer among recipients age 35 or younger
was small (0.5% of all life-years), NHL was a large contributor. Among transplant
recipients in this age group, NHL typically results from primary EBV infection.%7 It is
important to note that the LYL that we estimated for young recipients were restricted by
the censoring of follow-up that we imposed at 10 years after transplant. Indeed, the
absolute LYL to cancer would be much larger for recipients if they were followed over a
longer interval, and this would most substantially affect the estimates for younger

recipients who have the longest potential lifetimes after transplant. Males had a higher

110



proportion of LYL to cancer compared to females, partly reflecting their higher cancer
incidence. Non-Hispanic White recipients had the highest proportion of LYL due to
cancer compared to other races, although most differences by race/ethnicity were modest.

Several methods have been proposed to estimate LYL attributable to disease by
comparing the mean survival times in two groups.** In our analyses, the mean survival
times under the actual and hypothetical cancer-free scenarios were not independent, as
they were each estimated using the same cohort of patients. We therefore used a
bootstrap method that accommodated correlations to estimate the variances of the LYL.
We obtained similar results using two approaches, namely, one based on Cox models that
adjusted for baseline recipient demographic, medical, and transplant-related
characteristics, and another sensitivity analysis that utilized a non-parametric comparison
of areas under the two Kaplan-Meier curves.

Strengths of our study include its large sample of transplant recipients
representative of the overall US transplant population, including recipients of all organ
types. We obtained incident cancer information from population-based cancer registries
that systematically ascertain cancers in their catchment areas. A limitation is that cancer
registries do not collect information on non-melanoma skin cancers, so we could not
include them in our analyses. These are common and cause substantial morbidity among
transplant recipients.*®>” One recent study estimated that non-melanoma skin and lip
cancer were responsible for 15% of all cancer deaths among transplant recipients in
Australia and New Zealand.®® However, the study did not separate lip and skin cancers as
causes of cancer-related death, and both are more common in those countries than the US

due to high ultraviolet radiation exposure. Finally, some cancers may have been missed
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by the cancer registries in our study, if the linkage to the transplant registry did not match
the cancer to the recipient, or if recipients migrated from the catchment area. However,
outmigration was likely too uncommon to substantially affect our LYL estimates during a
10-year period after transplantation.’

The results of our study show that transplant recipients have a shortened life span
after developing cancer compared to recipients who do not develop cancer. There are
opportunities to reduce cancer mortality and extend the lives of transplant recipients
through prevention and screening. Given that a large proportion of LYL are due to NHL
and lung cancer, these cancers should be a priority. High levels of circulating EBV load
can be used as a marker of PTLD risk, providing potential opportunities to screen for
NHL, especially in pediatric recipients.”* Following the recommendations for lung cancer
screening in the general population, transplant providers should consider screening older
transplant recipients with a smoking history using low-dose computed tomography.*
Finally, cancer prevention strategies aimed at modifying lifestyle risk factors, especially
smoking cessation,’° should be prioritized to reduce cancer mortality.

In conclusion, our study demonstrates that cancer is associated with shortened lifespan
among solid organ transplant recipients. Approximately 2% of all expected life-years in
the first 10 years following transplantation are estimated to be lost to cancer. A large
fraction of these LYL are associated with lung cancer and NHL. Further efforts aimed at

cancer prevention, screening, and treatment for this population will be required.
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7. Life-years lost due to cancer estimated using matching and comparison of results
(Aim 2.1 and 2.3)

A. Introduction

In aim 2.1, the objective was to estimate LYL to cancer using matching. That is,
recipients with cancer were matched to those who were cancer-free at the time of
selection to serve as a cancer-free control group. Matching was conducted on the

prognostic score with a sensitivity analysis using the propensity score.

B. Methods

The cohort was selected using data from the TCM study as described in chapter 0. In
brief, first invasive cancers were identified from the linked cancer registries. Recipients
with a prior cancer were excluded. Prior cancers were those diagnosed before transplant
or within 90 days post-transplant. Follow-up thus started 90 days post-transplant, and
ended at the earliest of death, loss to follow-up by the SRTR, end of cancer registry
coverage, or 10 years post-transplant. Missing covariate values were imputed using
multiple imputation.

The LYL due to cancer is estimated by the difference in mean survival between
two groups: The group of recipients who developed cancer post-transplant and the group
of controls who were similar to the cancer cases but represent a counterfactual cancer-
free survival experience. The control group was selected by matching cases to controls
using the prognostic score.

Prognostic scores are used to balance the baseline risk of the outcome between
cancer and control recipients by summarizing the association between covariates and
death.***! That is, matching on the prognostic score creates a set of cases and controls

with the same baseline risk of death. The prognostic scores were estimated from an
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organ-specific Cox model with covariates shown in Table 12 and Table 13. In these
models, events were death from any cause. For recipients who developed cancer, the
follow-up time was censored at the time of cancer diagnosis. For those who did not
develop cancer, the follow-up time ended at loss to follow-up or end of cancer registry
coverage. The prognostic score was estimated from each of the five imputed data sets and
averaged to produce one score per recipient.

The matching criteria used to form the control group for each case were as
follows: 1) controls must have the same transplanted organ and transplant year as the
matched case; 2) controls must be within five years of age at transplant as the case; and
3) controls must be alive and cancer-free at the time of the case’s cancer diagnosis.
Controls can be matched to more than one case and may become a case at a later time.
Up to five controls were selected that were within 0.2 difference of the prognostic score
(i.e. caliper width) of the case. The number of controls available for different caliper
widths is shown in Appendix 2.C.

The mean LYL per cancer was calculated as the difference in the mean survival of
the cancer cases and matched controls. The mean survival for each group was estimated
using a Kaplan-Meier curve with the follow-up time censored at 10 years post-transplant.
The time scale origin was the date of cancer diagnosis for cancer cases or, for controls,
the date of the matched case’s cancer diagnosis. Separate Kaplan-Meier estimates were
obtained for strata of case and control groups defined by the time since transplant to
cases’ cancer diagnosis in one year intervals. One-year groups from time since transplant

were used for stratification (i.e., 0-1 years post-transplant, 1-2 years, ..., 9-10 years).
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This stratification was used since it accounted for the survival difference between
those diagnosed shortly after transplant (blue line in Figure 10) compared to those
diagnosed further from transplant (green line). The survival in the first few years
following cancer diagnosis is very similar regardless of when the cancer occurred post-
transplant. However, the survival for those diagnosed shortly after transplant is higher
with time from cancer diagnosis. Although it is less pronounced, the same survival
pattern is seen among the matched controls (Figure 11). Since the follow-up time was
censored at 10 years post-transplant, recipients who were diagnosed 8 to 10 years post-
transplant can only contribute a maximum of two years of follow-up. This is shown
graphically by the green lines in Figure 10 and Figure 11. Consequently, only recipients
who were diagnosed soon after transplant contribute to the estimation of end of the
survival curve. Graphically this is shown by only the recipients diagnosed 0 to 4 years
post-transplant contributing to the end of the survival curves. Since it does appear that
there is a survival difference based on time of cancer diagnosis post-transplant, only
using survival from those diagnosed soon after transplant to estimate the end of the
survival curve may be biased. The stratification ensures that the survival comparison

between cases and controls is controlled for time since transplant.
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Figure 10: Kaplan-Meier curves for Figure 11: Kaplan-Meier curves for
cancer cases stratified by time since matched controls stratified by time since
transplant selection

A sample calculation on how the total LYL were estimated for kidney recipients
in shown in Table 20. The first row of the table shows that there were 1260 cancer cases
diagnosed 0 to 1 year after transplant and they were matched to 6265 controls. Since
cancer diagnosis occurred within 1 year of transplant, they had a maximum follow-up
time of 10 years. The mean survival time was estimated as the area under the Kaplan-
Meier curves for cases and controls. The LYL per cancer is the difference in the mean
survival and the total LYL in that stratum is the product of the LYL per cancer and the
number of cancer cases. This was repeated for each stratum. Then the total LYL was
obtained by summing the LYL over all strata. E.g. for kidney recipients, the total LYL
was 13,875. Finally, the 95% confidence interval bounds were the 2.5 and 97.5%

percentiles from the bootstrap distribution with 1000 bootstrap replicates.
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Mean survival

Cancer
Years since cases  Maximum
transplant to with follow-up LYL
cancer Controls matches time per Total
diagnosis (n) (n) (years) Controls Cases cancer LYL
0to<l 6265 1260 10 8.2 54 2.8 3534
1to<2 5127 1031 9 7.4 4.6 2.7 2809
2to <3 4439 894 8 6.6 4.1 2.6 2284
3to<4 3939 795 7 59 3.6 2.2 1777
4to <5 3698 745 6 5.1 33 1.8 1358
510 <6 3221 651 5 4.4 2.9 1.5 969
6 to <7 2522 510 4 3.6 2.6 1.0 504
7 to <8 2329 473 3 2.8 2.0 0.7 347
8 to <9 1998 409 2 1.9 1.3 0.6 243
9to 10 1569 321 1 1.0 0.8 0.2 51
Total 35,107 7089 4.7 3.1 2.0 13,875

LYL~Life-years lost

Table 20: Example LYL calculation using matching with time stratified by time since
diagnosis/case selection for kidney recipients

Sensitivity analyses

In addition to the LYL estimated from the stratified Kaplan-Meier curves, several other
methods were used after the matching. The first alternative was to use Cox models with
delayed entry to the cohort instead of the stratified Kaplan-Meier curves. In this
approach, separate Cox models were fit for cancer cases and for matched controls. The
follow-up time was calculated as time from transplant until cohort exit or 10 years post-
transplant, whichever came first. Cancer cases entered the cohort at the time of cancer
diagnosis and controls entered at the time of selection. The mean life-years for cancer
cases and controls was estimated by computing the area under the estimated baseline
hazards.® In a second Cox model-based method, separate Cox models were again fit for
the cancer cases and matched controls. However, here the time scale for the Cox models
was calculated as the time from cancer diagnosis/selection to the end of follow-up or 10

years post-transplant without delayed entry or other adjustment.
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Finally, the LYL per cancer case and total LYL were estimated from Kaplan-
Meier curves using the propensity score as an alternative to the prognostic score for
selecting controls. The propensity score was estimated from a Cox models with any
cancer as the event. Death and loss to follow-up were censoring events. The time scale
was the time since transplant. As with the prognostic score, the propensity score was
estimated for each recipient and averaged from the five imputed data sets and used for

matching.

C. Results

The estimates from the pooled Cox regression models used to estimate the prognostic
score are shown in Table 21 through Table 23. A prognostic score was estimated for each
organ recipient. The distributions of the prognostic scores are shown in Figure 12 for
those who developed cancer and those who did not. The prognostic scores have good
overlap for cases and their potential controls indicating that finding close matches to each

case should be achievable.

Kidney Liver
n=136534 n=39155

HR  9s%ct B HR  9swar P
Gender (ref: Male)
Female 0.93  (0.90,0.95) <0.001 1 (095,1.05) <0.001
Race (ref: NH white)
NH black 0.95 (0.91,0.98) <0.001 1.46 (1.36,1.58)
Hispanic 0.66 (0.63,0.69) 0.91 (0.85,0.97)
API 0.59 (0.55,0.63) 0.67 (0.59,0.77)
Other 0.9 (0.75,1.07) 0.95 (0.72,1.25)

Table 21: Pooled estimates from the Cox model using imputed data for kidney and liver
transplant recipients
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Table 21 continued

Kidney Liver
n=136534 n=39155
HR 95%ct P HR 9% CI D e

Transplant year (ref: 1987-1994)
1995-1999 1.18 (0.03,51.9) 0.11 4.55 (2.85,7.28) 0.38
2000-2004 0.93 (0.02,42.8) 424 (2.65,6.79)
2005-2008 0.67 (0.01,31.2) 4.6 (2.87,7.38)
2009-2014 0.49 (0.01,22.6) 3.79 (2.34,6.15)
BMI (ref=underweight)
Normal 0.8 (0.73,0.88) <0.001 0.76 (0.67,0.86) <0.001
Overweight 0.78 (0.71,0.86) 0.7 (0.61, 0.80)
Obese 0.89 (0.81,0.97) 0.73 (0.64,0.83)
Diabetes (ref=No)
Pre-1995 1.53 (0.03,70.6) <0.001 5.39 (3.38,8.60) <0.001
Yes 1.18 (1.10,1.27) 1.51 (1.42,1.60)
Donor type (ref=Living) 1.35 (1.30,1.40) <0.001
Time from initial dialysis to transplant (ref=None)
0.01-0.99 1.51 (1.40,1.63) <0.001
1-1.99 1.84 (1.70,1.98)
2-2.99 2 (1.85,2.17)
3-3.99 221 (2.03,2.40)
4-3.99 239 (2.18,2.61)
5+ 2.9 (2.66,3.16)
Reasons for transplant (ref=No)
Glomerular diseases 0.76 (0.72,0.79) <0.001
Diabetes 1.83 (1.71,1.95) <0.001
Polycystic kidneys 0.63 (0.59,0.67) <0.001
Hypertensive nephrosclerosis 1.06 (1.01,1.11) 0.02
Other 0.89 (0.84,0.94) <0.001
Viral hepatitis 1.35 (1.27, 1.44)
Alcohol 1.17 (1.10,1.25)
PBC/PSC 0.65 (0.59,0.71)
Other 0.9 (0.84, 0.96)

Baseline hazard was stratified in 1 year age groups.

The pooled type 3 p-value was combined using the method in Schafer, J.L. (1997) Analysis of
Incomplete Multivariate Data. London: Chapman and Hall.
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Heart Lung

n=22912 n=10467
HR 95%c1 P HR  95% CI P
value value

Gender (ref: Male) 1.07 (1.01,1.14) 0.02 1.01 (0.95,1.08) 0.7
Female
Race (ref: NH white) 1.78  (1.66,1.90) <0.001 1.06 (0.93,1.20) 0.35
NH black .12 (1.02,1.23) 1.12  (0.97,1.29)
Hispanic 1.08  (0.92,1.26) 0.93  (0.69, 1.25)
API 1.17  (0.83,1.67) 1.27 (0.82,1.96)
Other
Transplant year (ref: 1987-1994)  0.45  (0.06, 3.67) 0.04 1.09 (0.50,2.35) <0.001
1995-1999 0.41 (0.05,3.44) 0.8 (0.36, 1.78)
2000-2004 0.35 (0.04,2.91) 0.79 (0.35,1.77)
2005-2008 0.29 (0.04,2.42) 0.71 (0.32, 1.60)
2009-2014
BMI (ref=underweight) 094 (0.83,1.07) <0.001 0.92 (0.83,1.02) 0.06
Normal 1.06 (0.93,1.20) 0.99 (0.88,1.11)
Overweight 1.15 (1.01, 1.32) 1.03 (0.89,1.18)
Obese
Diabetes (ref=No) 0.55 (0.07,4.54) <0.001 1.07 (0.48,2.40)
Pre-1995 1.37 (1.27,1.47) 1.15 (1.03,1.28)
Yes 1.07 (1.01,1.14) 0.02 1.01 (0.95,1.08) 0.7
Tobacco use (ref=Yes)
No 1.03 (0.92,1.15) 0.57
Lung transplant (ref=double) 122 (1.13,1.31) <0001
Single
Reasons for transplant (ref=No)
Cardiomyopathy 0.93 (0.85,1.01) 0.08
Coronary artery disease 1.14 (1.05,1.25) 0
Other 0.96 (0.85,1.07) 0.45
COPD 1.13  (0.99,1.29) 0.06
Cystic fibrosis 0.96 (0.81,1.14) 0.64
Idiopathic pulmonary fibrosis 1.06 (0.93,1.20) 0.39
Other 1.03 (0.92,1.15) 0.62

Baseline hazard was stratified in 1 year age groups.

The pooled type 3 p-value was combined using the method in Schafer, J.L. (1997) Analysis of
Incomplete Multivariate Data. London: Chapman and Hall.

Table 22: Pooled estimates from the Cox model using imputed data for heart and lung
transplant recipients
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Other/Multiple

n=12894
HR  9s%cr P

Gender (ref: Male) 1.05  (0.97,1.15) 0.23
Female
Race (ref: NH white) 1.14  (0.99,1.31) 0.22
NH black 0.92  (0.80,1.07)
Hispanic 1.05 (0.78,1.41)
API 091  (0.63,1.33)
Other
Transplant year (ref: 1987-1994)  0.69  (0.22,2.14) <0.001
1995-1999 0.56 (0.18,1.75)
2000-2004 0.48 (0.15,1.51)
2005-2008 0.45 (0.14, 1.40)
2009-2014
BMI (ref=underweight) 0.7 (0.59,0.84) <0.001
Normal 0.67 (0.56,0.81)
Overweight 0.75 (0.59,0.95)
Obese
Diabetes (ref=No) 0.54 (0.17,1.71) <0.001
Pre-1995 0.59 (0.52,0.67)
Yes 1.05 (0.97,1.15) 0.23

Baseline hazard was stratified in 1 year age groups.

The pooled type 3 p-value was combined using the method in
Schafer, J.L. (1997) Analysis of Incomplete Multivariate Data.
London: Chapman and Hall.

Table 23: Pooled estimates from the Cox model using imputed data for transplant

recipients of other organ types

Table 24 shows the number of cancer cases, the number eligible for matching and the

number of controls matched per case. For all organ types, very few cancer cases had no

matched controls (<3%), and most cases had the maximum of five matched controls.
The distributions of demographic characteristics for cancer cases and their

matched controls are shown in Table 25 and Table 27. Overall, the cases and controls

appeared to be well-matched based on the similarity of covariate distributions.
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The LYL per cancer case and total LYL to cancer are shown in Table 28. The
LYL per cancer case ranges from 2.0 years for kidney and lung recipients to 2.4 years
among for liver recipients. The total LYL is highest among kidney recipients in part
because this metric is dependent upon the number of cancer cases occurring in that
subgroup. This measure will primarily be used to compare results from the various

methods (Section D).

Kidney recipients Liver recipients
By Case/Control; K-S test: p<0.001 By Case/Control; K-S test: p=0.03
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Figure 12: Estimates of prognostic score by cancer status in whole population before
matching
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Figure 12 continued
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By Case/Control; K-S test: p<0.001
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Table 24: Number of cancer cases and available matches within caliper width of 0.2
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Kidney Liver

Cases Controls Cases Controls
Number of
recipients: 7089 35107 2349 11515

Phi

Mean (SD) 0.56 0.61 056 060 -0.04 033 -0.04 0.32
Sex

Male 4636 65% 21189 60% 1481 63% 7045 61%

Female 2453 35% 13918 40% 868 37% 4470 39%
Race

NH white 4342 61% 20423 58% 1901 81% 9340 81%

NH black 1568 22% 7112 20% 142 6% 548 5%

Hispanic 810 11% 5059 14% 236 10% 1267 11%

API 328 5% 2325 7% 61 3% 317 3%

Other 41 1% 188 1% 9 0% 43 0%
Transplant Year

1987-1994 1236 17% 6037 17% 407 17% 1969 17%

1995-1999 1986 28% 9871 28% 709 30% 3508 30%

2000-2004 2271 32% 11291 32% 794 34% 3891 34%

2005-2008 1295 18% 6424 18% 350 15% 1718 15%

2009-2014 301 4% 1484 4% 89 4% 429 4%
Age

0-17 154 2% 735 2% 102 4% 493 4%

18-34 527 7% 2598 7% 75 3% 341 3%

35-49 1723 24% 8631 25% 579 25% 2893 25%

50-64 3409 48% 17071 49% 1295 55% 6448 56%

65+ 1276 18% 6072 17% 298 13% 1340 12%
BMI

Underweight 126 2% 679 2% 64 3% 228 2%

Normal 2221 31% 10834 31% 791 34% 3786 33%

Overweight 1958 28% 9667 28% 728 31% 3688 32%

Obese 1309 18% 6713 19% 538 23% 2858 25%

Unknown 1475 21% 7214 21% 228 10% 955 8%
Diabetes

Yes 1578 22% 8677 25% 323 14% 1561 14%

No 3971 56% 18902 54% 1538 65% 7709 67%

Unknown 304 4% 1491 4% 81 3% 276 2%

Unknown

(before 1995) 1236 17% 6037 17% 407 17% 1969 17%

Table 25: Comparison of characteristics of cases and controls for kidney and liver
recipients based on top 5 matches and caliper width of 0.2
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Table 25 continued

Kidney Liver
Cases Controls Cases Controls
Donor type
Deceased 4807 68% 24148 69%
Living 2282 32% 10959 31%
Dialysis
No dialysis 676 10% 3035 9%
0-1 1464 21% 7519 21%
1-2 1553 22% 7552 22%
2-3 1007 14% 5252 15%
3-4 701 10% 3607 10%
4-5 458 6% 2477 7%
5+ 1164 16% 5328 15%
Unknown 66 1% 337 1%
Reasons for transplant
Glomerular
diseases 1903 27% 8971 26%
Diabetes 1585 22% 8912 25%
Polycystic
kidneys 785 11% 4015 11%
Hypertensive
nephrosclerosis 1587 22% 7509 21%
Other 962 14% 4532 13%
Viral hepatitis 703 30% 3780 33%
Alcohol use 822 35% 3725 32%
PBC/PSC 405 17% 1766 15%
Other 730 31% 3606 31%

SD=standard deviation, BMI=body mass index, PBC=primary biliary cirrhosis,

PSC=primary sclerosing cholangitis
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Heart Lung

Cases Controls Cases Controls
Number of
recipients: 2160 10051 865 4167

Phi

Mean (SD) -0.63 025 -0.64 0.24 0.07 0.21 0.07 0.21
Sex

Male 1795 83% 8791 83% 520 60% 2217 53%

Female 365 17% 1760 17% 345 40% 1950 47%
Race

NH white 1785 83% 9012 85% 773 89% 3718 89%

NH black 207  10% 782 7% 48 6% 249 6%

Hispanic 122 6% 508 5% 26 3% 151 4%

API 39 2% 212 2% 13 2% 33 1%

Other 7 0% 37 0% 5 1% 16 0%
Transplant Year

1987-1994 568 26% 3732 35% 98 11% 448 11%

1995-1999 747  35% 3672 35% 213 25% 1024 25%

2000-2004 552 26% 2728 26% 302 35% 1483 36%

2005-2008 246 11% 1192 11% 194 22% 941 23%

2009-2014 47 2% 227 2% 58 7% 271 7%
Age

0-17 89 4% 428 4% 13 2% 52 1%

18-34 45 2% 220 2% 52 6% 241 6%

35-49 260  12% 1223 12% 120 14% 542 13%

50-64 1461 68% 7294 69% 549 63% 2795 67%

65+ 305 14% 1386 13% 131 15% 537 13%
BMI

Underweight 74 3% 317 3% 92 11% 383 9%

Normal 853 39% 4351 41% 357 41% 1908 46%

Overweight 740 34% 3566 34% 284 33% 1316 32%

Obese 283 13% 1396 13% 100 12% 419 10%

Unknown 210 10% 921 9% 32 4% 141 3%
Diabetes

Yes 300 14% 1414 13% 71 8% 282 7%

No 1224 57% 6229 59% 678 78% 3335 80%

Unknown 68 3% 176 2% 18 2% 102 2%

Unknown

o 0 0 o
(before 1995) 568 26% 2732 26% 98 11% 448 11%

Table 26: Comparison of characteristics of cases and controls for heart and lung based on
top 5 matches and caliper width of 0.2
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Table 26 continued

Heart Lung
Cases Controls Cases Controls
Tobacco use
Yes 533 62% 2542 61%
No 142 16% 746 18%
Lung transplant
Single 553 64% 2628 63%
Double 312 36% 1539 37%
Reasons for transplant
Cardiomyopathy 952 44% 4403 42%
Coronaryartery 1558 sgo, 644l 61%
disease
Other 124 6% 440 4%
COPD 49% 2236 54% 49%
Cystic fibrosis 8% 288 7% 8%
Idiopathic
pulmonary 28% 1018 24% 28%
fibrosis
Other 19% 778 19% 19%
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Other/multiple

Cases Controls
Number of
recipients: 506 2332

Phi

Mean (SD) 2122 029 -124 027
Sex

Male 305 60% 1385  59%

Female 201 40% 947  41%
Race

NH white 382 75% 1937  83%

NH black 55 11% 181 8%

Hispanic 57 11% 157 7%

API 10 2% 42 2%

Other 2 0% 15 1%
Transplant Year

1987-1994 81 16% 367 16%

1995-1999 143 28% 664 28%

2000-2004 168 33% 786  34%

2005-2008 87 17% 406 17%

2009-2014 27 5% 109 5%
Age

0-17 24 5% 81 3%

18-34 85 17% 306 17%

35-49 258 51% 1230 53%

50-64 130 26% 601  26%

65+ 9 2% 24 1%
BMI

Underweight 23 5% 78 3%

Normal 237 47% 1262 54%

Overweight 119 24% 588  25%

Obese 44 9% 174 7%

Unknown 83 16% 230  10%
Diabetes

Yes 323 64% 1578  68%

No 95 19% 366 16%

Unknown 7 1% 21 1%

Unknown

(before 1995) 81 16% 367 16%

Table 27: Comparison of characteristics of cases and controls for recipients of other
organs based on top 5 matches and caliper width of 0.2
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Cancer LYL Total LYL

Organ Controls cases per among

transplanted (n) (n) case cohort 95% CI
Kidney 35,107 7,089 2.0 13,875 13,218 14,565
Liver 11,515 2,349 2.4 5,639 5,230 6,063
Heart 10,551 2,160 2.2 4,380 3,984 4,692
Lung 4,167 865 2.0 1,905 1,651 2,120
Other 2,332 506 2.3 1,141 915 1,318

LYL: Life-years lost, CI=confidence interval

Table 28: Life-years lost to cancer by organ using the matching method with stratified
Kaplan-Meier curves

Sensitivity analyses

The results from the stratified Kaplan-Meier method and the Cox regression models using
the time scale since cases’ cancer diagnosis/selection were the most similar, especially
when accounting for the 95% confidence intervals (Table 29). Two potential contributors
to the differences are the censoring and the risk sets constructed by each method. Since
all methods incorporate censoring at 10 years post-transplant this is unlikely a source of
any differences in the results. So the risk sets are the likely cause of these differences in
LYL estimates. The risk set in the stratified Kaplan-Meier approach is comprised of the
cancer cases diagnosed in each stratum (e.g. diagnosed 0 to 1 years after transplant) and
their matched controls who survived to time ¢, where ¢ is the time from the cases’
transplant to cancer diagnosis. The risk set for the Cox models with time since transplant
as the time scale (delayed entry) are cancer cases and controls who have survived to time
t after transplant. Finally, the risk sets in the Cox models with time since cancer diagnosis
as the time scale includes the cancer cases and their matched controls who survived to

time ¢, but does not take into account when the cancer occurred post-transplant. So this
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method constructs risk sets similar to the stratified approach but compares cancers and

controls who are a mix of when the cancer occurred.

Cancer
cases Total
with LYL
matches Controls among
Organ transplanted (n) (n) cohort 95% CI
Kidney
Stratified KM 7089 35,107 13,875 13,218 14,565
Cox models witime since 7089 35107 42,022 39,358 44,876
transplant
Cox models w/time since 7089 35107 20,788 19,738 21,658
cancer dx/selection
Liver
Stratified KM 2349 11,515 5,639 5,230 6,063
Cox models witime since 2349 11,515 14,758 13,084 16,417
transplant
Cox models w/time since 2349 11515 8,687 6959  9.445
cancer dx/selection
Heart
Stratified KM 2160 10,551 4,380 3,984 4,692
Cox models witime since 2160 10,551 13,874 12,004 15,702
transplant
M 2160 10551 7058 6.640  7.634
cancer dx/selection
Lung
Stratified KM 865 4167 1,905 1,651 2,120
Cox models w/time since 365 4167 4,016 3377 4712
transplant
Cox models w/time since 865 4167 2502 2208 2,792
cancer dx/selection
Other/Multi
Stratified KM 506 2332 1,141 915 1,318
Cox models w/time since 506 2332 3.109 2.601 3.698
transplant
Cox models w/time since 506 2332 1767 1,499 2,035

cancer dx/selection

CI=Confidence interval, KM=Kaplan-Meier, dx=diagnosis

Table 29: Comparison of life-years lost to cancer from each method after matching
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Since the risk sets for the stratified Kaplan-Meier approach and the Cox models
with time since cancer diagnosis/selection are similar except for the control over when
the cancer developed post-transplant, it is not surprising that these results are the most
similar. The different results using the Cox models with time since transplant as the time
scale may perhaps be explained by an interaction happening between the two time scales
and when deaths occur. I have chosen the results using the stratified Kaplan-Meier
method as the primary results, because it provides some control as to when the cancer
occurred post-transplant.

Finally, the LYL using the propensity score for matching compared to the
prognostic score are shown in Table 30. In general, more cases were matched using the
propensity score. However, there were no substantive differences in results between the

two scores.
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Number

cancer Total
Score cases LYL LYL
used for with per among
matching  matches case cohort 95% CI

Kidney
Prognostic 7089 20 13,875 13,218 14,565
Propensity 7117 2.0 14,005 13,259 14,703

Liver
Prognostic 2,349 2.4 5,639 5,230 6,063
Propensity 2,361 2.4 5,679 5,225 6,048
Heart
Prognostic 2,160 2.0 4,380 3,984 4,692
Propensity 2,176 2.1 4,462 4,072 4,797
Lung
Prognostic 865 22 1,905 1,651 2,120
Propensity 855 2.2 1,900 1,619 2,082
Other/Multi
Prognostic 506 2.3 1,141 915 1,318
Propensity 519 2.3 1,216 976 1,370

Table 30: Comparison of life-years lost from matching controls on prognostic vs.
propensity scores

D. Comparison and discussion of methods

Table 31 shows results from using the matching method and the modeling method to
construct the cancer-free experience. Here the results from stratified Kaplan-Meier are
shown since they were selected as the primary results from the matching method. For the
modeling method, results from both the Kaplan-Meier and Cox models are shown.

The differences between the matching method results are discussed above.
Among the modeling methods, the Cox models resulted in slightly lower estimates of
total LYL compared to using the Kaplan-Meier curves. The main difference between the
two methods is that the Cox models were adjusted for covariates whereas Kaplan-Meier

curves are not adjusted for covariates.
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The covariate adjustment in the Cox regression models addresses potential
confounding of the risk of death. However, the quantity of interest here is the LYL. This
quantity is the difference in mean survival of the cancer cases with their hypothetical
cancer-free experience. If the cancer cases and the recipients who comprise the cancer-
free experience differed on some covariate distribution, then the LYL estimate could be
confounded. However, the same recipients and their baseline data are used to estimate the
survival from the cancer and cancer-free models. Therefore, the survival curves from the
cancer and cancer-free models cannot be confounded. In fact, since they are the same
recipients at baseline the estimates are completely unconfounded because their covariate
distributions are exactly the same.

Finally, comparing the results from the modeling method using Cox regression
models to the results using the stratified Kaplan-Meier with matching shows that the total
LYL to cancer is higher when estimated using the modeling method. These differences

are discussed in the Discussion (Chapter 8).
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Total
LYL
among
Organ transplanted cohort 95% CI

Kidney
Matching, Stratified KM 13,875 13,218 14,565

Modeling, KM 22,200 21,379 23,037

Modeling, Cox model 19,148 18,052 19,983
Liver

Matching, Stratified KM 5,639 5,230 6,063

Modeling, KM 7,345 6,918 7,811

Modeling, Cox model 6,890 6,326 7,393
Heart

Matching, KM 4,380 3,984 4,692

Modeling, KM 5,659 5,283 6,061

Modeling, Cox model 5,187 4,765 5,577
Lung

Matching, Stratified KM 1,905 1,651 2,120

Modeling, KM 3,012 2,721 3,321

Modeling, Cox model 2,878 2,546 3,211
Other/Multi

Matching, Stratified KM 1,141 915 1,318

Modeling, KM 1,519 1,286 1,736

Modeling, Cox model 1,453 1,189 1,701
LYL=life-years lost, CI=confidence interval, KM=Kaplan-
Meier

Table 31: Comparison of the total LYL and proportion of LYL from the selected
matching method and modeling methods
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8. Discussion

The objective of this dissertation was to compare several population-based mortality
metrics for the US transplant population. The estimates provided herein have not
previously been reported for this population. Moreover, novel biostatistical methods were
utilized and several approaches were taken to estimate each statistic.

Cancer is a large contributor to mortality among solid organ transplant recipients.
I found that 13% of deaths were attributable to cancer, corresponding to a cancer-
attributable mortality rate of 516 per 100,000 person-years. Furthermore, cancer results in
an average of 2.7 years of life lost per recipient with cancer within the first 10 years post-
transplant. These results vary by population subgroups and cancer sites. Based on cancer
site specific results, I infer that immunosuppression likely plays a large role in cancer

mortality among organ transplant recipients.

A. Risk factors for cancer

Several characteristics of organ transplant recipients and their post-transplant
treatment place these patients at increased risk of cancer. Transplant recipients may have
health behaviors known to increase cancer risk in the general population, such as
cigarette smoking, obesity, lack of physical activity, and dietary factors such as high
alcohol intake.'* Indeed, smoking history has been associated with increased cancer risk
among kidney and liver recipients.’'”> While no studies have explicitly examined an
association between lack of physical activity and cancer risk in the transplant population,
recipients have been found to have lower levels of physical activity which may increase

cancer risk as in the general population.”>*” Also, alcohol consumption is associated with
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increased risk of several cancers in the general population and is associated with worse
outcomes among liver recipients.’®%

Underlying chronic disease that contributed to organ failure may affect the native
organ left in place among some kidney and lung recipients. The majority of kidney
cancers arise in the native kidney of kidney recipients and may be due to kidney diseases
such as acquired cystic kidney disease.!®!9-192 Similarly, the majority of lung cancers

17.103 and are likely caused by smoking-

among lung recipients develop in the native lung,
related lung disease such as chronic pulmonary obstructive disease,'” or other lung
conditions such as idiopathic pulmonary fibrosis.!'**

Immunosuppression is a hallmark of post-transplant treatment and contributes to
cancer development. This is particularly true for cancers caused by viruses as Hodgkin an
non-Hodgkin lymphoma (Epstein-Barr virus), liver cancer (hepatitis C and B viruses),
ano-genital cancers (human papillomavirus), and Kaposi sarcoma (human herpesvirus
8).22 The duration and intensity of immunotherapy influences the development of
malignancy after transplant even for non-infection related cancers. Thus, heart and lung
recipients who generally receive very intensive immunosuppression have a higher risk of
cancer compared to kidney recipients."'® Cancers that develop post-transplant may also
be more aggressive exhibiting accelerated growth and spread.'®!9:1% For example,

melanomas in recipients present at more advanced stages and are associated with worse

survival compared to non-immunocompromised persons. %

B. Cancer incidence and mortality in the transplant population

Solid-organ transplant recipients have an increased risk for developing cancer compared

with the general population. 6667197112 A population-based study in the US from 1987 to
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2008 found cancer incidence among transplant recipients was 1375 per 100,000 person-
years, which corresponded to an absolute excess risk of 719 per 100,000.! This
corresponded to about a two-fold higher risk of developing cancer compared to the
general population.

Furthermore, cancer incidence varies by transplanted organ. A registry study
conducted in the UK found that risk of cancer was about 2-fold higher for recipients of
kidney and liver transplants and 3 times higher in recipients of heart or lung transplants.®’
A meta-analysis of 21 studies found similar results with a 3-fold increased risk of cancer
among heart recipients and 4-fold increased risk among lung recipients. "’

Solid-organ transplantation has been associated with increased risk of both
infection and non-infection related cancers, although risk is substantially higher for
infection-related cancers.! %1110 For example, in analyses using population-based data
with recipients transplanted from 1987 to 2008, the incidence of non-Hodgkin lymphoma
was elevated 7.5-fold compared to the general population, the risk of penile and vulva
cancers was also elevated.! Similar results were found in a meta-analysis with incidence
significantly increased for cancers with known or suspected infectious cause.!!! Also,
even after excluding cancers within 6 months from transplant, the risk of liver cancer was
elevated 1.5-fold among liver recipients.?® Risks of several non-infection related cancers
were elevated such as a two-fold increase in lung cancer, 4.6-fold increase in kidney
cancer, 2.4-fold increase in melanoma, and a 3-fold increase in kidney cancer, among
others.

In addition to cancer incidence, cancer mortality is an important measure of

burden since it reflects the final downstream outcome in a population accounting for
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cancer incidence, treatment, and survival following a cancer diagnosis. As the population
of transplant recipients grows, the number of recipients who develop cancer and
subsequently die from cancer will also increase making this an important public health
concern. Thus, a comprehensive understanding of the cancer mortality burden among
recipients is critical.

Cancer mortality can be measured using different statistics, each providing a
different view of the cancer mortality burden. One metric is the standardized mortality
ratio which estimates the risk of cancer death among recipients compared to the general
population. This statistic informs which cancers cause excess risk of death beyond what
is expected among the general population. Indeed, several studies conducted outside of
the US have shown increased cancer mortality among recipients of kidney,>* liver, heart
and lung transplants.?® These studies have consistently shown that risk of cancer death is
2 to 3 times more likely among transplant recipients compared to the general population.
Specifically, results from a recent Canadian study of kidney, liver, heart and lung
recipients showed that the mortality risk from cancer was higher than the general
population (SMR: 2.84, 95% CI: 2.18, 3.07).2 In contrast, the only previous study in the
US to estimate excess cancer mortality did not find an increased risk of cancer death
among kidney recipients (SMR: 0.96, 95% CI: 0.92, 1.0).2* However, this study relied on
cause of death reported to the US Renal Data System which was unknown for 41% of the
transplant recipients. These deaths were classified as non-cancer deaths which leaves a
substantial opportunity for misclassification bias.

The cancer mortality burden can also be characterized by the cancer-specific

mortality rates. These statistics are useful to compare subpopulations and trends over
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time. In a population-based study using SRTR data, the cancer-specific mortality rate was
114 per 1,000 person-years.'? Mortality rates varied greatly by cancer site and were
highest for pancreatic and lung cancers (1166 and 538 per 1,000 person-years,
respectively). In contrast to relative measures such as the SMR, mortality rates estimate
the number of persons who develop cancer over time.

In addition, other dimensions of the cancer mortality burden can be estimated.
One such metric is the proportion of deaths attributed to cancer. This relative metric,
estimated using the population-attributable fraction, summarizes how much of the
mortality burden is due to cancer relative to other causes of death. This measure is useful
for identifying particular cancers that may be contributing to cancer mortality and these
may be the cancers to target for enhanced screening or prevention. Finally, mortality may
also be summarized by the life-years lost to cancer. This is primarily used to evaluate the
economic and social burden of cancer since it captures how much life was shortened by
cancer. This dissertation is the first study to provide estimates of the fraction of deaths
attributable to cancer and the life-years lost to cancer among recipients. This addresses a

research gap and augments other published cancer mortality statistics.

C. Statistical methods

In my dissertation, I conducted two descriptive epidemiology studies utilizing novel
biostatistical methods to quantify the burden of cancer mortality among US solid organ
transplant recipients. Three dimensions of the cancer mortality burden were estimated:
Proportion of deaths due to cancer, cancer-attributable mortality rate, and life-years lost

due to cancer. Each quantity was estimated using two different statistical approaches.
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The proportion of deaths due to cancer among transplant recipients, also known as
the population attributable fraction, is a relative measure of impact since it is a function
of the risk for non-cancer causes of death. This measures the extent to which cancer
causes death in the whole population in relation to overall mortality. This measure gives
an indication of the cancer’s relative ranking compared to other individual or combined
causes of death. The attributable fraction among those with cancer is represented in
Figure 13. The all-cause mortality rate among recipients who never developed cancer is
shown in the left bar and the mortality rate among receipts who developed cancer is
shown in the right bar. The difference in the mortality rates (shaded in blue) is the excess
mortality attributed to incident cancer. An assumption is that the two groups are similar
except for cancer incidence (i.e. the association between cancer and mortality is

unconfounded).
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Figure 13: Graphical representation of the population attributable fraction among those
with cancer

Mathematically, the attributable fraction is calculated as shown in , which makes
it clear that the attributable fraction is a function of the relative risk of cancer. Notably,

this attributable fraction will be close to 1 when the relative risk of death is large. In order
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to control for potential confounding in the estimation of the relative risk, the adjusted

hazard ratio (HR) estimated from a Cox model was used.

Mort ratecancer—Mortrateng cancer

Attributable fraction g, cerr (AF cancer) = VP —

= (RRy4-1)/RR4
where Mort rate=all-cause mortality rate per 100,000 person-years among
recipients with cancer and without and RR4=risk of death associated with a cancer
diagnosis
Equation 3: Attributable fraction

The population attributable fraction is then obtained by multiplying the attributable

fraction by the percentage of deaths with a prior cancer diagnosis (Equation 4).

Population attributable fraction (PAF) = AFcancer * pd
where pq= percentage of deaths with a prior cancer diagnosis

Equation 4: Population attributable fraction

Finally, the cancer-attributable mortality rate can be estimated from the PAF and
mortality rate among those from cancer (). The PAF determines how much of the cancer

mortality rate is due to cancer.

Cancer-attributable mortality rate = PAF X Mort rate ,pcer

Total number of deaths

=PAF X

Person'yearsTransplant cohort

Equation 5: Cancer-attributable mortality rate

The LYL estimates the extent to which life is shortened by cancer.? Figure 14 is a
schematic of this quantity. The actual lifetime of a recipient is observed from the time of
transplant through cancer diagnosis to subsequent death. I assume that this recipient’s

lifetime would have been longer had no cancer occurred. This is shown by the
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counterfactual lifetime that cannot be observed. The life-years lost to cancer is the

difference between the actual lifetime and the counterfactual lifetime (shaded box).

Actual
lifetime
LYL
Counterfactual
cn - |

lifetime
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Transpla  Cancer Death Death estimation

nt (after cancer) (g cancer)

Figure 14: Schematic showing estimation of life-years lost

Statistically, the mean LYL due to cancer is estimated by comparing the survival
curve of the overall cohort, which is an estimate of the actual lifetime, and the
hypothetical cancer-free cohort, which represents the counterfactual lifetime. In this
dissertation, the area between the two survival curves was estimated from Cox models
and then using Kaplan-Meier curves in a sensitivity analysis. In contrast to mortality
rates, which quantify the number of deaths occurring in a population, LYL estimates are

often used to evaluate the social and economic burden that result from death.

143



o
)

2

:_T_D:

0.8

S

e

07 /

2

=]

v 06 Life-years lost
Va

0

0 2 4 6 8 10

Years since transplant

— Hypothetical cancer-free scenario Actual scenario

Figure 15: Life-years lost due to cancer among transplant recipients

The proportion of deaths due to cancer, the cancer-attributable mortality rate and
the LYL to cancer were estimated using data from the National Cancer Institute’s
Transplant Cancer Match Study, which is a linkage of the US Scientific Registry of
Transplant Recipients (SRTR) and 17 population-based state and regional cancer
registries. SRTR data include recipient demographic and transplant characteristics, vital
status and organ function. COD is based on clinical information reported by transplant
centers and updated over time, so recipients may have multiple CODs. The cancer
registries provided data on incident cancers (excluding non-melanoma skin cancer) and
COD covering approximately half of the US transplant population. The study cohort

included 221,962 solid organ transplant recipients and 13,074 incident cancers.
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D. Population-attributable fraction and cancer-attributable mortality rate

My dissertation is the first study to estimate the proportion of deaths due to cancer and
the cancer-attributable mortality rate among recipients. In my first study, I found that
13% of deaths were attributable to cancer, corresponding to a cancer-attributable
mortality rate of 516 per 100,000 person-years. Lung cancer was the largest contributor
to mortality (PAF=3.1%), followed by non-Hodgkin lymphoma (NHL, PAF=1.9%),
colorectal cancer (PAF=0.7%), and kidney cancer (PAF=0.5%). The PAF depends on
cancer incidence and its impact on mortality. The two cancer sites with the highest PAFs
(lung cancer and NHL) are both common and associated with high mortality in transplant
recipients. Although pancreatic cancer was highly fatal, it was not very common and so
did not result in a high PAF (0.5%).

Some of the findings are likely related to differences in immunosuppression. For
example, I found that lung and heart recipients, who generally receive intensive
immunosuppression, had the highest cancer-attributable mortality (121 and 75 per
100,000 person-years, respectively). Lung and heart recipients had high PAFs for NHL, a
cancer strongly associated with EBV (PAF=1.7% and 2.4%, respectively). These
recipients also had high PAFs for lung cancer, which is linked to smoking and, among
lung recipients, end-stage lung disease.!” Among the overall cohort, the cancer-
attributable mortality rate also increased with time since transplant, and lung cancer and
NHL contributed prominently greater than five years post-transplant. This pattern partly
reflects rising incidence of these cancers with longer duration since transplant and
prolonged exposure to immunosuppressant medications. 6667
Cancer-attributable mortality rates increased with age at transplantation, reaching

1229 per 100,000 person-years among recipients 65+ years old. NHL was the largest

145



contributor among children (PAF=4.1%). NHL, when it occurs in transplant recipients, is
a type of post-transplant lymphoproliferative disorder (PTLD), which among young
recipients results from primary EBV infection.®®”° Lung cancer was a large contributor
among 50+ year-olds (PAFs=3.7-4.3%). Heart recipients had the highest PAF (16.4%),
but lung recipients had the highest cancer-attributable mortality rate (1241 per 100,000
person-years). Overall, mortality attributable to cancer increased steadily with longer
time since transplant, reaching 15.7% of deaths (810 per 100,000 person-years) 10+ years
post-transplant. This pattern partly reflects rising incidence of these cancers with longer
duration since transplant and prolonged exposure to immunosuppressant
medications. !-66:¢7

The interpretation of the PAF relies on a causal relationship between cancer and
excess mortality, and a key assumption is that the association between cancer and death is
estimated without confounding. The Cox models were adjusted for recipient demographic
characteristics. However, if there was substantial residual confounding, then PAFs would
not accurately reflect mortality that should be attributed to cancer. One approach to
assessing the impact of a potential confounder is to note that the PAF is a function of
(HR-1)/HR, where HR is the hazard ratio estimating the risk of death among those with
cancer compared to those without cancer. Since the association between cancer and death
is generally strong (i.e. a large HR), this component of the PAF formula approaches 1 and
the PAF is very close to the proportion of deaths preceded by a cancer diagnosis (i.e. pd).
A potential confounder would need to have a profound reduction on the HR between

cancer and death to substantially shift the PAF results.
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I conducted a sensitivity analysis to assess the potential impact of tobacco use
which is likely to be the largest unmeasured confounder for lung cancer mortality
estimates. I estimated the bias factor to adjust the HR for smoking.”! The HR further
adjusted for tobacco use was 6.3 and, although this was lower than the HR of 10.4 found
in the primary analysis, the resulting PAFs were similar. Specifically, the PAF for lung
cancer was 2.5% compared to 3.1% found in the primary analysis. Therefore, we
conclude that the PAF for lung cancer is not greatly affected by unmeasured confounding
by tobacco use. While there may be other unmeasured confounders, it is unlikely that any
are so large as to clinically change the PAF results.

Finally, PAF is a relative metric and useful to compare the impact of cancer on
death relative to other causes. However, it is important to consider the PAF in the context
of overall mortality. About 21% of deaths in the US general population were associated
with cancer in 2017.'!® This is higher than the estimate of 13% among recipients. One
reason for a lower PAF among recipients is that they have other competing risks of death
either from the transplant itself or other health conditions and so the proportion due to
cancer is lower. However, transplant recipients have a substantially higher cancer-
attributable mortality than the US general population (516 vs. 153 per 100,000). This
indicates that while cancer mortality is elevated among recipients, it may comprise a
smaller piece of the total overall mortality because recipients have many other competing

risks of death.

E. Cancer-attributable mortality using cause of death

An alternative approach is to use COD information to estimate the cancer-specific

mortality rates. I estimated the cancer-specific mortality rates using the CODs obtained
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by the SRTR to compare with the cancer-attributable mortality rates estimated using
PAFs. Based on SRTR CODs, I calculated a cancer-specific mortality rate of 368 per
100,000 person-years, substantially lower than the above cancer-attributable mortality
rate (516 per 100,000 person-years). This difference is likely a reflection of inaccurate
CODs. This may occur because recipients may appear to die from non-cancer CODs,
such as infection or graft failure, that are downstream effects of cancer or its treatment.
Although these estimates may reflect some inaccuracies, both estimates are vastly higher
than the cancer mortality rate in the general population of 153 per 100,000 person-years.

In order to evaluate how many non-cancer CODs were likely due to cancer, I used
the PAF methodology. With COD specified as cancer, a high proportion of deaths were
attributed to cancer, as expected (PAF=74%). Notably, additional deaths were also
attributed to cancer among deaths with other CODs. Specifically, I attributed to cancer
4.2% of deaths with infection recorded as the COD, 4.2% of deaths with graft failure as
the COD, 5.6% of deaths with other recorded CODs, and 9.4% of unknown CODs.

The PAF methodology was chosen since it is likely that the CODs are indeed
missing deaths caused by cancer. Determining single underlying CODs can be difficult
because death may be precipitated by multiple causes and determination of the
underlying COD is often subjective. This may be especially true for deaths in transplant
recipients, who have multiple health conditions. The agreement of cancer vs. non-cancer
COD from cancer registries compared to the SRTR was 70% with a kappa statistic of 0.4

indicating that COD may not be reliably recorded.

148



F. Life-years lost to cancer
This is the first study to estimate the LYL to cancer among recipients. The mean life-
years lost per transplant recipient was 0.16 years within 10 years post-transplant and 2.7
years per cancer. This resulted in a loss due to cancer of 1.9% of all life-years that would
be expected under a cancer-free scenario. The two cancer sites with the highest impact
were lung cancer and NHL, which are common and associated with high mortality in
transplant recipients.®® These two cancer sites were responsible for 39% of the total LYL
due to cancer in the cohort. Furthermore, once a recipient developed either lung cancer or
NHL, they lost an average of almost five life-years.

Similar to the PAF results, the effect of immunosuppression on LYL is notable.
Lung and heart recipients had the highest LYL to cancer. Moreover, lung cancer and
NHL contributed a large portion of the total LYL in these recipients, especially among
recipients age 50 and older. Lung and heart recipients receive the most intensive
immunosuppression, which plays an important role in cancer incidence and mortality
after transplantation.!%3

Among young recipients, age 35 and younger, the proportion of LYL was small
(0.5%). However, NHL was a large contributor again indicating the role of
immunosuppression. Among transplant recipients in this age group, NHL typically results
from primary EBV infection.®®° It is important to note that the LYL that we estimated
for young recipients were restricted by the censoring of follow-up imposed at 10 years
after transplant. Indeed, the absolute LYL to cancer would be much larger for recipients
if they were followed over a longer interval, and this would most substantially affect the

estimates for younger recipients who have the longest potential lifetimes after transplant.
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These results were derived from Cox regression models used to estimate the
survival experience of the cohort overall and what would be expected under a cancer-free
scenario. The Cox regression models under both scenarios were adjusted for the same
observed confounders. The differences in the areas under the survival curves are not
confounded since the same recipients comprise both groups and their baseline data are
used to generate the survival curves. So there cannot be a variable that has a distribution
in the overall cohort and different from the distribution in the cancer-free scenario since
they are the same group at baseline. Moreover, I also estimated the LYL using Kaplan-
Meier curves instead of Cox regression models. The results were very similar and not
statistically different.

An assumption of any survival analysis is uninformative censoring. In the
modeling of the cancer-free scenario, this assumption implies that the remaining
recipients are representative of those who were censored at cancer (i.e. the censoring time

is independent of the failure time) after controlling for covariates.

G. Life-years lost to cancer using a matching method

An alternative approach was to match recipients who developed cancer to those who did
not to serve as a control group. Thus, the cancer-free scenario was comprised of the
matched controls. The matching was conducted using the prognostic score which
estimates the baseline risk of death using baseline information. Several approaches were
used to estimate the survival experience and derive the LYL to cancer. They were
Kaplan-Meier curves stratified by time since diagnosis/selection, Cox models with cancer
diagnosis/selection as the delayed entry time, and Cox models starting the time scale at

diagnosis/selection. I found that the total LYL to cancer was most similar from the
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estimates using the stratified Kaplan-Meier and the Cox models with time since
diagnosis/selection as the time scale. This is likely because the risk sets generated using
these methods are the most similar. The risk sets are the same except that the stratified
Kaplan-Meier method uses stratification to limit the risk sets according to when the
cancer occurred post-transplant whereas the Cox models using time from
diagnosis/selection have a mix of when cancers occurred. The Cox models with delayed
entry time resulted in higher estimates of the LYL to cancer. The risk set in this method is
comprised of cancers and controls who have survived to time ¢ since transplant. This
difference is likely driven by an interaction between the time scales and when deaths
occur. The Kaplan-Meier was selected to generate the final results using matching
because it controls for when the cancer occurred post-transplant and the matching
controls for differences in the baseline risk of death between cases and controls.

The total LYL estimates were higher using the modeling method (primary
analyses presented in Chapter 0) compared to the matching method. Among kidney
recipients, the total LYL was 38% higher using the modeling method compared to the
matching method (19,148 (95% CI: 18,052, 19,983 vs. 13,875 (95% CI: 13,218, 14,565)).
Similarly, the total LYL was 22% higher among liver recipients, 18% higher for heart
recipients and 27% higher for recipients of other organs. Among lung recipients the total
LYL was 51% higher using the modeling method, however, the absolute difference was
small (2,878 LYL for modeling vs. 1,905 LYL for matching).

The matching method is conceptually straightforward and I was able to construct
a control group that had good overlap on the prognostic score, and many matches were

found for the vast majority of cancer cases. However, the modeling method was chosen
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because stratification of models was not needed, thereby providing a more streamlined

method.

H. Strengths and limitations

Strengths of the studies in this dissertation include a large sample representative of the
US transplant population, including recipients of all organ types. I obtained incident
cancer information from population-based cancer registries that ascertain cancers in their
catchment areas. Alternative statistical methods were utilized for both studies. Since two
different approaches yielded similar results, I am confident that the estimates are
consistent with the quantities we aimed to estimate.

This dissertation provides estimates of the cancer mortality burden that have not
been previously published, such as the PAF and LYL to cancer. Previous studies have
reported the SMR comparing the risk of cancer death among recipients to the general
population.>® Cancer mortality rates for kidney recipients have been previously published
using COD data.?* Kiberd et al. estimated a cancer mortality rate of 206 per 100,000
person-years among kidney recipients. This was fairly similar to the rate I found using
COD of 297 per 100,000 person-years. However, my analysis showed that COD is often
misclassified and thus the cancer-attributable mortality rate of 410 per 100,000 estimated
from the PAF is more accurate. Furthermore, I was able to estimate cancer mortality rates
for five transplanted organ types, population subgroups and from time since transplant.

A limitation is that cancer registries do not collect information on non-melanoma
skin cancers. While these cancers cause substantial morbidity among transplant
recipients,’®*’ they are not often fatal and, therefore, would not greatly contribute to

mortality. Also, some cancers may have been missed by the cancer registries if the
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linkage did not match the cancer to the recipient, or if recipients migrated from the

catchment area. However, outmigration is uncommon. '

I. Prevention and screening

There are opportunities to reduce cancer mortality in transplant recipients through
prevention and screening. Most cancer screening guidelines for recipients follow
recommendations for the general population, but these results indicate that more tailored
guidelines would be useful.*3

Given the high PAF and LYL for NHL, this cancer should be a priority. Since
high levels of circulating EBV load can be used as a marker of PTLD, there may be
opportunities to use this biomarker to screen for NHL, especially in pediatric recipients.”
One practice guideline suggests that EBV serostatus be determined on all transplant
recipients to identify those at high risk for PTLD and then monitored closely for clinical
symptoms.!!'* The baseline serostatus combined with routine EBV viral load monitoring
can be used to detect EBV infection and estimate risk for PTLD.!!® This strategy could
result in better prevention of PTLD and thus reduce risk of NHL.

Lung cancer is a major contributor to cancer mortality among recipients.
Although high-risk current and heavy smokers in the general population are
recommended for annual chest CT,” no recommendations are currently provided for
recipients. Screening high risk recipients may provide a benefit. Lung recipients have
unique considerations for screening. Among single lung recipients, lung cancers
primarily arise in the native lung and the majority of recipients who develop lung cancer
had COPD and idiopathic pulmonary fibrosis (IPF).}” Recipients of single lung

transplants may benefit from continuous screening for lung cancer especially since risk of
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lung cancer increases with time post-transplant.®” Triplette et al. caution that
interpretation of screening CT may be complicated by pre-existing lung disease and may
not confer a survival benefit.

Liver cancer resulted in the highest LYL to cancer. Hepatitis C virus (HCV)
infection is one of the main indications for liver transplantation, and these recipients are
likely to experience re-infection with HCV in their donor liver. Treating underlying liver
disease (e.g., with direct-acting antiviral medications for hepatitis C virus infection)
either pre- or post-transplant may improve outcomes. !¢ Screening for liver cancers in
high-risk recipients should also be considered.*”

Finally, cancer prevention strategies aimed at modifying lifestyle cancer risk
factors, especially smoking cessation but also sun protection,’® should be prioritized to
reduce mortality from lung cancer and melanoma, respectively. Although melanoma was
not a major contributor to cancer mortality, behavioral strategies aimed at sun protection
may reduce incidence and mortality of skin cancer. Sun protection education may

increase sun protection behaviors among recipients.!!7-!18

J. Conclusion

In conclusion, this dissertation provides new population-based estimates of cancer
mortality for transplant recipients in the United States. Cancer is a substantial cause of
mortality among recipients and results in a shortened lifespan. Among recipients, the
cancer-attributable mortality is increasing with age and time since transplant, indicating
that deaths from cancer will increase in the future as survival following transplantation

improves.
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Appendix 1: Statistical considerations in estimating the population-attributable
fraction

A. Modeling of age in the Cox regression model used to estimate the population-
attributable fraction

Since age is strongly associated with cancer incidence and death, the functional form of
how age should enter the Cox model was thoroughly examined. Several functions of age

were examined in a model with cancer as a time-dependent variable.

Age in 5-year categories

In this model, age was entered as a categorical variable with 17 dummy categories
resulting in estimating 16 parameters. The estimated beta coefficients were plotted
(Figure 16). The plot shows that children age 0 to 4 have a higher mortality risk
compared to children age 5 to 9. Children aged 5 to 19 have an increasing mortality risk

that levels off starting at age 20 and then increases linearly with age starting at age 30.

log(Hazard ratio)

Age at transplant

Figure 16: Estimated log-hazard ratios for age as a categorical variable from the Cox
model used to estimate the population-attributable fraction

155



Age as restricted cubic spline

Age modeled with a restricted cubic spline can account for the non-linear effect of age on
mortality risk. A restricted cubic spline was estimated using the method of Stone and Koo
as implemented in the SAS macros written by Harrell.!'®!?° This method fits a piecewise
cubic polynomial with smooth transitions at the knots and restricted to linear ends. Figure
17 shows the estimated spline transformation for age. The knots, indicated by vertical
lines, are chosen based on percentiles of the age distribution, the first knot is
approximately at 13 years. The placement of this knot does not allow the spline to capture

the increased mortality among the youngest ages.
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Figure 17: Estimated spline transformation of age from the Cox model used to estimate
the population-attributable fraction

Knots are shown by vertical lines at age 13, 41, 54, and 67. Note: Only age was in the
model that generated this plot.

Stratified by age
The baseline hazard of the Cox model was stratified by age in 5 strata (age 0-17, 18-34,

35-49, 50-64 and 65+).

Age as categorical within strata
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In this model, age was categorical within each stratum. The categories were
approximately 3- year age groups. The estimated log-hazard ratios were plotted to show
the functional form for age within each strata. The oldest age group was selected as the
reference group within each strata. The plot shows the same effect of age as when it is in
5 year categories. That is, mortality risk in the youngest stratum (light orange line) is
highest among the 0 to 4 year olds and is not linear within this stratum (Figure 18). The

other age stratum do show a linear effect of age.

Age as continuous within strata
In this model, the same strata were used but age was modeled as a continuous variable
within each strata. Based on Figure 18, a linear effect for age is not appropriate for the

youngest age stratum.

0.1 Age group within strata

log(hazard ratio)
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N

—()-17 18-34 35-49 50-64 o065+
Figure 18: Estimated log-hazard ratios from Cox model stratified by age and then age as

categorical within strata

Age modeled with a piecewise linear spline
Based on the model with age as 5-year categories, there was a changepoint in the

mortality risk at about at 5 and 19. Age was entered in the model as a piecewise linear
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spline with knots chosen at age 5 and 19. The mortality risk was a linear slope in between
the knots and the slopes could be different between the changepoints but were restricted

so that the segments were joined at the knots. The log hazard ratio for age controlling for

cancer incidence is shown in Figure 19.

log(Hazard ratio)
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Figure 19: Estimated log hazard ratio association from model with age as a piecewise
linear spline controlling for cancer

Summary

Table 32 shows the impact of the various functional forms of age used in the Cox

regression models as measured by the AIC. There is not much difference in the AIC,

however the spline models have far fewer degrees of freedom.
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DF  AIC*

Categorical Age (17 five-year age groups) 17 966637
Stratified on Age with Age as Categorical within Strata 19 966637
Stratified on Age with Age as Continuous within Strata 2 966734
Linear Piecewise Spline 4 1095281

Restricted Cubic Spline 4 1095150
DF=Degrees of freedom; AIC: Akaike information criterion
**Lower values of the statistic indicate a more desirable model

Table 32: Summary of AIC for Cox models with different functional forms for age

Impact on the estimate of cancer
Table 33 shows the estimates for cancer from the models described above with different
functional forms for age. The estimate for cancer, which is the primary interest in this

analysis, is very robust to the functional form for age.

Estimate 95%
of Hazard Confidence
cancer SE Ratio Interval

Categorical Age (17 five-year age
groups) 1.61 0.01 5.02 490, 5.15
Stratified on Age with Age as
Categorical within Strata 1.60 0.01 4.94 4.81, 5.07
Stratified on Age with Age as
Continuous within Strata 1.60 0.01 4.95 4.83, 5.08
Linear Piecewise Spline 1.62 0.01 5.04 491, 5.17
Restricted Cubic Spline 1.61 0.01 5.01 4.88, 5.14

Table 33: Estimated effect of cancer with different functional forms for age

The form chosen is age modeled as a linear piecewise spline. This was chosen since it
captures the shape of the relationship and is more parsimonious than the model
with 17 age groups.
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B. Estimate of the population-attributable fraction in the presence of an interaction
between cancer and follow-up time in the Cox model

Combining hazard ratios for cancer

A model was considered that included an interaction between cancer and the time since
cancer diagnosis. This model is shown below with indicator variables that represent the
interaction between incident cancer and time. Time since cancer diagnosis was
categorized into four intervals, <1 year, 1-3 years, 3-5 years, and 5 or more years, thus

four hazard ratios for cancer were estimated from the model.

This Cox model can be written as:
A(t) = B1Cy + B3C5 + BsCs + Bs.Cs, + v Sex+y,Race + ysYear + ysAge (1)
where: t is the time since transplant

_ {1 if person has cancer and it is 1 year following cancer diagnosis
! 0 otherwise

Cs
_ {1 if person has cancer and it is more than 1 year but less than 3 years following cancer diagnosis
0 otherwise

Cs
_ {1 if person has cancer and it is more than 3 years but less than 5 years following cancer diagnosis
0 otherwise

_ {1 if person has cancer and it is more than 5 years following cancer diagnosis
> 0 otherwise

In order to obtain one PAF to represent the entire follow-up period, these hazard ratios

must be combined.

Extension of formula using one hazard ratio

The PAF associated with cancer can be calculated by the following:

PAF =p, x (22) )
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where p, is the percentage of deaths with a prior cancer diagnosis among all deaths in the
cohort and HR is the estimated hazard ratio for cancer.

An extension of this formula is to calculate the PAF associated with cancer for each time
interval and then to sum over each time interval to obtain the PAF for the entire follow-
up. Let D;y¢q; be the number of deaths in the cohort and D4y, ce be the number of deaths
among those with cancer in the cohort. Then the percentage of deaths with a prior cancer

diagnosis in a particular time interval is:

Da;, = % where i= <1, 1-2.99, 3, 4.99, 5+ years between cancer and death 3)
total

Then the PAF in each interval is calculated by:
HR;-1
PAF; = pg, * ( ) @)

HR;
And then summed over each time interval:

PAF = Y}_, PAF; (%)

No variance estimator is readily available for this PAF quantity.

Attributable risk methods for survival analysis
Given that the outcome under study was time-to-event and an interaction between cancer
and time since cancer diagnosis was identified, attributable risk methods for survival

1.12! reviewed several methods for estimating the

analysis were considered. Gassama et a
attributable risk in this setting. Four methods were reviewed and tested in a simulation
study. Three of these methods define the attributable risk as a function of time and so
there is not one summary measure of the attributable risk over the whole follow-up

period. However, the method proposed by Spiegelman et al.'?? does produce one single

estimate of the attributable risk in a cohort study. In this method, the relative risk of
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cancer can be estimated using the Cox model and the person-years of follow-up are used

for the exposure prevalence in the cohort.

The PAF is then estimated by the following extension of the PAF for multivariate

exposures:
ng:l ps(RRs—1) 1
PAF = S R —
1+Z§=1 ps(RRs—1) Zf:l Ps(RRs)
(6)

In this model, the levels of exposure are the stratum created by the cancer by time
since diagnosis interaction. This is a benefit since it accounts for the person-time
accumulated in each cancer by time since diagnosis interaction. The variance of the PAF

was derived and is implemented by the authors in a SAS macro.

This method performed well in the simulation study with relatively no bias and
good coverage probabilities.'>! However, the simulation tested this method using an
unadjusted binary exposure and with proportional hazards. A limitation of this study is

that the PAF adjusted for covariates was not evaluated.

Discussion

Both extensions of the PAF given in equations 2 and 6 are valid if the exposure of
interest is not confounded. Indeed, the simulation study showed good performance of the
estimator in equation 6 under ideal conditions (binary exposure, proportional hazards,
unadjusted relative risks). However, the PAF in equation 6 is not valid if confounding
exists.?®!23 Rather, the multivariate extension of equation 2 should be used and is given in

equation 5.
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A challenge to applying this formula to the model with an interaction between
cancer and time since diagnosis is that a variance estimator is not readily available. The
difference between estimates for cancer given in equation 1 and the simpler model with
cancer as a time-dependent variable is in how the risk of death from cancer is averaged
over the follow-up period. Specifically, in the model with an interaction with time, four
estimates of the risk of death are produced and then averaged in the calculation of the
PAF weighted by person-time. In the simpler model, the risk of death from cancer is
averaged over follow-up time on the hazard scale and this summary risk is used in the

calculation of the PAF.

Table 34 shows the estimates from each of these methods: Method 1 uses hazard
ratios estimated from the simple model with cancer as a time-dependent variable; Method
2 uses the four hazard ratios estimated from Model 1 and combined using equation 5;
Method 3 uses the four hazard ratios estimated from Model 1 and combined using

equation 6.

The PAF estimates from Method 1 and 2 were similar using both adjusted and
unadjusted hazard ratios. The PAF estimated from Method 3 were similar but only using
the unadjusted hazard ratios. Since the PAF formulation used in Method 3 is valid for
unadjusted hazard ratios, the results were expected to be similar. The adjusted PAF
estimates using Method 3 were consistently lower than the PAF estimates produced using
Methods 1 and 2. This is likely because the PAF formulation is not appropriate for use

with adjusted risk estimates.
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In conclusion, since the PAF point estimates for Method 1 and 2 are almost equal
in each stratum and the variance estimate using Method 2 is not available, Method 1 was

used to compute the PAF estimates in the final analysis as shown in chapter 4.
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C. Validity of proportional hazards assumption for the Cox model used to estimate
the population-attributable fraction

Validity of proportional hazards assumption of other covariates for aim 1.1

The proportional hazards assumption for each covariate was evaluated by plotting the
survival probability (S(t)) vs. time (t) and the log(-log(S(t)) vs. log(t). The survival
probability was estimated using the Kaplan-Meier and so it is the unadjusted probability
of survival. The plot of S(t) vs. time may indicate non-proportional hazards if the survival
curves are crossing. Moreover, if the lines for each stratum in the plot of log(-log(S(t)) vs.
log(t) are parallel then that indicates that the assumption of proportional hazards has been
met.

Figure 20 to Figure 23 show these plots for each covariate of interest. By
examination of the plots, race, sex, and year of transplant all meet the assumption of
proportional hazards. The plots by transplanted organ type may indicate non-proportional
hazards. In the plot of log(-log(S(t)) vs. log(t), the line for other/multi organs crosses
several of the other lines. Similarly, the estimate for pancreas crosses the estimates for the
other organs. Since the combination organ groups are small, they were combined into the
Other/Multi category. The plots indicate that the proportional hazards assumption is met

(Figure 24).
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Figure 20: Survival plots by race
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Figure 21: Survival plots by sex
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Figure 22: Survival plots by year of transplant
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Figure 23: Survival plots by transplanted organ
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Figure 24: Survival plots by transplanted organ with collapsed groupings

Adjusted model

The model was adjusted for sex, age, year of transplant, race and organ transplant. Cancer

was estimated as a time-dependent covariate.

Schoenfeld residuals
The residuals were estimated from the adjusted model. These were plotted against time to
evaluate non-proportional hazards for each variable (Figure 25 to Figure 28). A pattern in

the residuals indicates that the proportional hazards assumption may not be met.
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Figure 25: Schoenfeld residuals with loess for sex
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Figure 28: Schoenfeld residuals with loess by year of transplant (1987-1994 is reference
group)

Assessment of residuals
The residual plots for sex, race and organ all show a linear trend without a definitive
pattern. However, the plots for year at transplant show a definite pattern indicating an

interaction with this variable.

Separate models by sex, race, organ and year of transplant
Separate models were run to assess if there were any interactions between the covariate

and cancer. The models are shown in Table 35 to Table 38.
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Sex Women Men

n=86,734 n=135,228
HR 95% CI1 HR 95% CI

Cancer 4.79 (4.58, 5.00) 479 (4.64,4.94)
Race

NH white Ref

NH black 1.30  (1.25,1.35) 1.28 (1.24,1.32)

Hispanic 0.94 (0.90, 0.99) 0.93  (0.90,0.97)

API 0.72  (0.66, 0.78) 0.85 (0.79, 0.90)

Other 1.09 (0.91, 1.32) 1.20 (1.04, 1.39)
Year of transplant

1987-1994 Ref Ref

1995-1999 0.89 (0.86,0.93) 0.85 (0.82,0.88)

2000-2004 0.78 (0.75, 0.82) 0.74 (0.72,0.77)

2005-2008 0.66 (0.63,0.70) 0.66 (0.64, 0.69)

2009-2014 0.55 (0.50, 0.60) 0.54 (0.50,0.57)
Organ Transplanted

Kidney Ref Ref

Liver .22 (1.18,1.27) 1.27  (1.23,1.31)

Heart 1.70  (1.62, 1.79) 1.25 (1.21,1.29)

Lung 3.74 (3.57,3.92) 3.18 (3.05,3.32)

Other/Multi 1.58 (1.48,1.68) 1.32  (1.25,1.39)
Age at transplant; 1 year
increase

0-5 1.01  (0.97, 1.05) 0.96 (0.92,1.00)

6-19 0.99 (0.94,1.04) 1.04 (0.99, 1.09)

20+ 1.04 (1.03,1.05) 1.04 (1.03,1.05)

HR=hazard ratio, CI=confidence interval, NH=non-Hispanic,
API=Asian/Pacific islander

Table 35: Relative risk of death among recipients by sex
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Assessment of models

The point estimates of the hazard ratio for cancer are the same for men and women
(Table 38). There are some differences in the hazard ratio for cancer by organ and age.
However, the hazard ratio for cancer varies widely by year of transplant. Specifically, the
hazard ratio is 4.12 and 4.15 for 1987-1994 and 1995-1999 respectively. The hazard ratio
increases to 5.37 for transplant year 2000-2004 and is the highest in the most recent
period at 10.67.

One hypothesis is that there is an interaction between transplant year and duration
of follow-up. Transplants in 2009-2014 had much shorter follow-up time to assess cancer

and mortality.

Interaction between transplant year and duration of follow-up

Model 1: Censor all recipients 3 years post-transplant

In this model, all recipients are censored 3 years post-transplant thus giving all recipients
equal follow-up time for cancer and mortality assessment. If the mortality risk is the same
for each year of transplant, then there is evidence of an interaction between transplant
year and duration of follow-up.

Table 39 shows separate models by transplant year. The estimates of the hazard
ratio for death for cancer are very similar which supports the hypothesis that there is an

interaction between transplant year and duration of follow-up.

Model 2: Model interaction between cancer and time since cancer

In this model, the hazard ratio for death was allowed to vary by the time since cancer

diagnosis. To explore the hypothesis that mortality associated with cancer is the highest
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soon after the cancer diagnosis models were fit allowing the hazard ratio for death to vary
by the time since cancer diagnosis. Table 40 shows that the hazard ratio for death does
vary by time since cancer diagnosis. Specifically, the risk of death is highest soon after a
cancer diagnosis.

Since the hazards ratios for the categories of time since cancer diagnosis were
similar, these were combined to simplify the model (Table 41).

Next this effect of cancer was evaluated by testing the interaction between cancer
and follow-up time. Since risk of death varies by time since cancer diagnosis, this
interaction has several terms to represent the effect of cancer changing over the follow-up
(Table 42). Although the interaction terms are statistically significant, the estimated
coefficients are small (range: -0.034 to -0.013). This interaction effect was eliminated
from the final model since the interaction does not have a substantial impact on the
resulting hazard ratios and to retain a more parsimonious model. Thus, the model shown

in Table 41 is the final adjusted model.
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HR 95% CI

Time since cancer

<1 year 10.68  (10.36,11.01)

1-3 years 341 (3.25,3.58)

3-5 years 1.97 (1.82,2.13)

5-7 years 1.66 (1.49, 1.85)

7-9 years 1.55 (1.34, 1.79)

9-15 years 1.43 (1.22, 1.68)

15+ years 1.14 (0.63, 2.07)
Sex

Female vs. Male 0.95 (0.93, 0.96)
Race

NH white Ref.

NH black 1.29 (1.26, 1.33)

Hispanic 0.93 (0.91, 0.96)

API 0.79 (0.75, 0.83)

Other 1.16 (1.04, 1.30)
Year of transplant

1987-1994 Ref.

1995-1999 0.87 (0.85, 0.90)

2000-2004 0.76 (0.74, 0.78)

2005-2008 0.67 (0.65, 0.69)

2009-2014 0.54 (0.52, 0.58)
Organ Transplanted

Kidney Ref.

Liver 1.24 (1.21, 1.27)

Heart 1.37 (1.33, 1.41)

Lung 3.39 (3.28,3.49)

Other/Multi 1.41 (1.36, 1.47)
Age; 1 year increase

0-5 0.99 (0.96, 1.02)

6-19 1.01 (0.97, 1.05)

20+ 1.04 (1.03, 1.05)

HR=hazard ratio, CI=confidence interval,
NH=non-Hispanic; API=Asian/Pacific islander

Table 40: Hazard ratios for associations with death among recipients with an interaction
between cancer and time since cancer diagnosis
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HR 95% CI

Time since cancer

<1 year 10.68 (10.36, 11.01)

1-3 years 341 (3.25,3.58)

3-5 years 1.97 (1.82,2.13)

5+ years 1.57 (1.45, 1.69)
Sex

Female vs. Male 0.95 (0.93,0.96)
Race

NH White

NH black 1.29 (1.26, 1.33)

Hispanic 0.93 (0.91, 0.96)

API 0.79 (0.75, 0.83)

Other 1.16 (1.04, 1.30)
Year of transplant

1987-1994

1995-1999 0.87 (0.85, 0.89)

2000-2004 0.76 (0.74, 0.78)

2005-2008 0.67 (0.65, 0.69)

2009-2014 0.54 (0.52,0.58)
Organ transplanted

Kidney

Liver 1.24 (1.21, 1.27)

Heart 1.37 (1.33,1.41)

Lung 3.39 (3.28, 3.49)

Other/Multi 1.41 (1.36, 1.47)
Age; 1 year increase

0-5 0.99 (0.96, 1.02)

6-19 1.01 (0.97, 1.05)

20+ 1.04 (1.03, 1.05)

-2LoglL: 1084538.4
HR=hazard ratio, CI=confidence interval, NH=non-
Hispanic; API=Asian/Pacific islander

Table 41: Hazard ratios for associations with death among recipients with an interaction
between cancer and collapsed categories for time since cancer diagnosis
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p-value HR 95% CI1

Time since cancer

<1 year <.0001 12.89 (12.26, 13.55)

1-3 years <.0001 3.74 (3.39,4.11)

3-5 years <.0001 2.16 (1.77,2.63)

5+ <.0001 1.90 (1.48,2.46)
Interaction between time since cancer and follow-up time

<1 year <.0001 0.97 (0.96, 0.97)

1-3 years 0.02 0.99 (0.97, 1.00)

3-5 years 0.24 0.99 (0.97,1.01)

5+ 0.07 0.98 (0.96, 1.00)
Sex

Female vs.

Male <.0001 0.94 (0.93,0.96)
Race

NH White

NH black <.0001 1.29 (1.26, 1.33)

Hispanic <.0001 0.93 (0.91, 0.96)

API <.0001 0.79 (0.75, 0.83)

Other 0.01 1.16 (1.04, 1.30)
Year of transplant

1987-1994

1995-1999 <.0001 0.87 (0.85, 0.89)

2000-2004 <.0001 0.76 (0.74, 0.78)

2005-2008 <.0001 0.67 (0.65, 0.69)

2009-2014 <.0001 0.54 (0.52,0.58)
Organ transplanted

Kidney

Liver <.0001 1.24 (1.21,1.27)

Heart <.0001 1.37 (1.34,1.41)

Lung <.0001 3.38 (3.27,3.49)

Other/Multi <.0001 1.41 (1.36, 1.47)
Age at transplant

0-5 0.35 0.99 (0.96, 1.02)

6-19 0.64 1.01 (0.97, 1.05)

20+ <.0001 1.04 (1.03, 1.05)

-2LogL: 1084451.5
HR=hazard ratio, SE=standard error, CI=confidence interval,
NH=non-Hispanic; API=Asian/Pacific islander

Table 42: Relative risk of death among recipients with interaction between cancer effect
and follow-up time
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D. Sensitivity of the PAF to exclusions of cancers within one year after transplant

In the primary analysis, cancers were excluded if they occurred within 90 days of
transplant. A sensitivity analysis was conducted to evaluate if using a one year exclusion
window post-transplant impacted the results (Table 43). The PAF and cancer-attributable
mortality rates are similar overall (516 vs. 518 per 100,000 person-years) and by
subgroup. The largest absolute differences are in the time since transplant subgroups.
This was expected since the largest differences between the two criteria occur in the time

post-transplant. No other differences were found in the results.
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Appendix 2: Statistical considerations in estimating the life-years lost to cancer
A. Selection of censoring at 10 years post-transplant
The distribution of follow-up time is shown in Figure 29 and the number of deaths in
each time interval post-transplant are shown in Table 44. Although, there are deaths
occurring at years 15 and beyond, I encountered problems with the estimation for various
subgroups. Full follow-up data were used for the estimation of the Cox regression models
in aim 2.1 and 2.2. However, estimation of the LYL to cancer was censored at 10 years to

avoid extrapolation beyond the data into the tail.

Follow-up time censored at cancer incidence

206 950)

Mo cancer (N

Percent

TE012)

Incident cancer (M

0 5 10 15 20 25 30

Years since transplant

Figure 29: Distribution of follow-up time among recipients who developed incident
cancer and those who did not
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Follow-up time, 10- 15- 20- 25-

years 0-4.99 5999 " 1499 1909 2499  29.99
All organs 24892 10943 3953 861 59 0
Kidney 11308 5735 1826 310 19 0
Liver 5192 2043 890 247 18 0
Heart 3623 1764 813 226 12 0
Lung 3296 843 195 25 1 0
Other/Multi 1473 558 229 53 9 0

Table 44: Deaths at each time interval with censoring at cancer incidence

B. Functional form of continuous covariates

There were two covariates that could be modeled as continuous: Age at transplant and

time from initial dialysis to transplant for kidney recipients.

Age at transplant

Age is modeled with a piecewise linear spline as described in Appendix 1, section A.

Time from initial dialysis to transplant
Years from initial dialysis to transplant was categorized into 8 categories and the
estimated beta coefficients were plotted (Figure 30). Time from initial dialysis was

modeled as categorical to accommodate the missing and No dialysis categories.
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Figure 30: Estimates log hazard ratios for years from initial dialysis to transplant among
kidney recipients

C. Selection of caliper width for matching

The caliper used for matching was the distance in the prognostic score between a cancer
case and a potential control as described in Chapter 7. The number of matches available
for several caliper widths were examined (Table 45). Note that these case counts are
before final exclusions performed in the final analysis and shown in Table 24. A
difference of 0.2 was selected as the optimal width since there appears to be a drop in the
number of cases without available controls compared to 0.01 or 0.1. Yet, this distance
seems reasonable as it represents a 22% difference in the risk between cases and matched

controls (i.e. e%? = 1.22).
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Controls per case

Number
Difference of
Organ in linear cancer Number No
transplanted predictor  cases of cases 1 2 3 4 5 5+ controls
Kidney 0.01 8028 971 860 797 718 611 2661 1098
0.1 109 118 124 127 121 728 134
0.18 54 65 65 72 71 407 72
0.25 32 51 42 44 60 315 56
0.3 30 29 50 40 39 257 44
0.4 31 19 34 29 24 185 29
0.5 18 18 17 22 29 151 24
Any distance 8 9 10 12 8 68
Range of difference: 0-3.29
Liver 0.01 2781 421 309 233 198 168 628 650
0.1 85 72 70 83 77 431 84
0.2 41 52 42 47 54 252 33
0.3 16 29 32 35 29 183 22
0.4 10 15 25 25 20 126 16
0.5 10 11 19 20 17 104 13
Any distance 8 4 7 9 14 67
Range of difference: 0-2.07
Heart 0.01 2628 338 240 211 177 136 562 445
0.1 79 92 &4 70 77 394 93
0.2 45 42 53 53 36 235 46
0.3 33 24 35 25 39 193 25
0.4 26 20 26 17 30 158 19
0.5 20 17 23 16 24 128 16
Any distance 14 9 16 13 20 100
Range of difference: 0-1.7
Lung 0.01 942 180 96 67 63 58 164 333
0.1 44 46 29 35 35 200 55
0.2 26 27 24 21 28 144 27
0.3 24 22 14 21 22 119 20
0.4 20 19 1220 20 115 19
0.5 18 21 12 17 19 113 19
Any distance 18 21 12 17 18 111

Range of difference: 0-0.83

Table 45: Number of controls per case for a range of caliper widths
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Table 45 continued

Controls per case

Difference Number
in linear of cancer Number
Organ transplanted predictor  cases of cases 3 5+
Other/Multi
0.01 633 80 49 36 39 26 116 161
0.1 44 34 36 19 25 104 63
0.2 32 20 29 23 13 98 29
0.3 26 20 21 23 10 93 19
0.4 24 14 22 20 8 83 13
0.5 17 16 21 19 8 82 13
Any distance 12 13 13 18 5 78

Range of difference: 0-1.12
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