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Conducting clinical trials for older adults can address the long-standing issue of the
underrepresentation of older adults and the lack of clinical evidence for them. Examining the
challenges and the value of such trials could facilitate discussion among trial sponsors on the
investment in and the prioritization of older adult-specific trials. This dissertation examines the
risk of failure and the real-world value of older adult-specific clinical trials. In Chapter 1, we
developed a model that predicts the risk of failure of older adult-specific cancer clinical trials,
using trial-level factors. The best-performing machine learning model had an acceptable

performance and included nine trial-level factors that can be measured using the trial protocol.



The model can aid in the design and prioritization of future older adult-specific clinical trials.
Future works examining the causal relationship between the important factors the trial failure can
help develop strategies to reduce the risk of failure of cancer trials for older adults. In Chapter 2,
we estimated the impact of cumulative evidence from older adult-specific trials on the
prescribing patterns, using phase 3 clinical trials for post-lumpectomy irradiation in early-stage
breast cancer (ESBC) as a case study. The difference-in-differences analysis showed that older
adult-specific trial results led to a significant decrease in irradiation use over time among older
adults and the rate of decrease was significantly accelerated by longer-term follow-up results.
These findings confirm the potential of new evidence for older adults to make a substantial
change in providers’ prescription patterns and the importance of evidence accumulation in
driving their behavioral change. Chapter 3 builds on this analysis to quantify the downstream
clinical and economic benefits of older adult-specific trial results, using a health-transition
model. We found that the older adult-specific trial results on the post-lumpectomy irradiation in
ESBC resulted in a substantial cost-saving in the US society, without significantly changing
clinical outcomes. These results can inform the discussion around whether to invest in older
adult-specific clinical trials. More case studies for trials with different types of results are
warranted to have a more comprehensive understanding of how different types of older adult-

specific trials generate value.
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Chapter 1. Introduction

The percentage of the population aged 65 or older in the United States (US) has been
increasing in the past decade and will continue to rise due to improved life expectancy and aging
of the baby boomer generation. The year 2030 will be an important demographic turning point in
the history of the United States, when the number of older adults is projected to outnumber
children, based on the US Census Bureau’s National Population Projections.[1]

Despite this demographic shift that signals the need for a change in clinical evidence
generation, older adults have been underrepresented in clinical trials.[2-6] Most trials have failed
to collect information about drug efficacy and safety specific to older patients and to measure
endpoints that matter the most to them, leading to a paradoxical situation where the outcomes of
a drug has not been adequately assessed in the subgroup that accounts for the majority of the
patient population. The lack of evidence for older adults forces providers to rely on suboptimal
evidence, potentially leading to clinical harm and low-value care, and ultimately a waste of
healthcare resources.

The US Food and Drug Administration (FDA) made several recommendations in its
recent guidance for industry, including enrolling more older adults in pivotal randomized trials,
collecting unique information for older adults, and conducting additional post-market trials.[7]
The Association for Clinical Oncology (ASCO) and the International Society for Geriatric
Oncology (S10G) also recently have called for increased efforts to conduct more studies in older
adults, highlighting the fact that there is limited evidence on how to treat older patients with
cancer.[8, 9] In Europe, the European Medicines Agencies (EMA) adopted its Geriatric

Medicine Strategy to undertake specific efforts to ensure that the needs of older people are taken



into account in the evaluation of new medicines.[10, 11] Together, these recommendations
underscore the demand for better evidence on the use of drugs in older patients.

Despite the increasing interest in conducting clinical trials in older adults, the challenges
of conducting such trials have not been well studied. Conducting clinical trials for older adults
could be difficult, leading to early termination and a waste of resources without creating any new
scientific progress. Considering the unique characteristics and treatment goals of older adults,
unique trial-level factors may play a role in predicting the failure of trials in older adults.
Identifying trial-level factors that are predictive of failure of clinical trials for older adults can
inform the design and the prioritization of future older adult-specific clinical trials, by helping
trial sponsors and researchers assess a trial’s likelihood of successful completion. Efforts to
understand the potential benefits of older adult clinical trials has also been limited. Considering
the limited resources, it is important to assess whether trials in older adults could generate
significant value to society. Understanding the clinical and economic benefits such trials can
generate in the real world may facilitate discussion on the investment in older adult-specific
clinical trials among trial sponsors such as the National Institute of Health (NIH) and industry.

The overall goal of my dissertation was to develop a model that predicts the failure of
older adult-specific clinical trials using trial-level factors and to quantify the real-world value of
older adult-specific trials that were successfully completed. The definition of older adult-specific
trials can vary but it was defined as trials with a lower age limit of 60 years or older based on
previous literatures.[12][13] This dissertation was focused on cancer because it is one of the
disease areas where treatment decision-making for older adults is particularly challenging due to
the vulnerability to adverse drug events, different treatment goals, and the drug costs. The results

of the proposed work can facilitate investment and design decisions by public and private



sponsors of clinical trials in older adults by providing a tool to assess the risk of trial failure and

highlighting the potential value of older adult-specific trials.



Chapter 2. Can We Predict Trial Failure among Older Adult-specific

Clinical Trials using Trial-level Factors?

2.1 Abstract

Objectives: Conducting older adult-specific clinical trials can help overcome the lack of clinical
evidence for older adults due to their underrepresentation in clinical trials. Understanding factors
contributing to the successful completion of such trials can help trial sponsors and researchers
prioritize studies and optimize study design. We aimed to develop a model that predicts trial
failure among older adult-specific cancer clinical trials using trial-level factors.

Methods: We identified phase 2-4 interventional cancer clinical trials that ended between 2008
and 2019 and had the minimum age limit of 60 years old or older using Aggregate Analysis of
ClinicalTrials.gov data. We defined trial failure as closed early for reasons other than interim
results or toxicity or completed with a sample of less than 85% of the targeted size. Candidate
trial-level predictors were identified from a literature review. We evaluated eight types of
machine learning (ML) algorithms to find the best model. Model fitting and testing were
performed using 5-fold nested cross-validation. We evaluated the model performance using the
area under receiver operating characteristic curve (AUROC).

Results: Of 209 older adult-specific clinical trials, 87 (42%) were failed trials per the definition
of trial failure. The model with the highest AUROC in the validation set was the least absolute
shrinkage and selection operator (LASSO) (AUROC in the test set = 0.70; 95% ClI: 0.53, 0.86).
Nine trial-level factors included in the best model were the study sponsor, the number of

participating centers, the number of modalities, the level of restriction on performance score,



study location, the number of arms, life expectancy restriction, and the number of target size.
Results were robust to different definitions of trial failure.

Conclusion: We identified multiple trial-level factors predictive of trial failure among older
adult-specific clinical trials and developed a prediction model that can help estimate the risk of
failure before a study is conducted. The study findings could aid in the design and prioritization

of future older adult-specific clinical trials.



2.2 Introduction

Although the aging population signals the need for a change in clinical evidence
generation, older adults have been underrepresented in clinical trials.[14, 15] The US Food and
Drug Administration (FDA) made several recommendations in its recent guidance for industry to
address the lack of clinical evidence in older adults, including enrolling more older adults in
pivotal randomized trials or conducting additional post-market trials.[16] The Association for
Clinical Oncology (ASCO) and the International Society for Geriatric Oncology (SIOG) also
have called for increased efforts to conduct more studies in older adults, highlighting the fact that
there is limited evidence on how to treat older patients with cancer specifically.[8, 9]

Conducting clinical studies, however, is often time-consuming and expensive.
Furthermore, trial failures can arise for various reasons, such as administrative, logistical, and
patient recruitment-related issues.[17][18, 19] Unsuccessful completion of a clinical trial
represents a waste of resources and time invested in all prior trials and the loss of benefits from
alternative studies that could have been pursued. Therefore, it is important for researchers and
trial sponsors to ensure that conducted clinical trials can generate meaningful clinical knowledge
that can potentially inform clinical practice in older adults.

Considering the increasing demand for older adult-specific clinical evidence,
understanding the factors attributable to unsuccessful completion of clinical trials in older adults
will become more crucial in the coming years. Several studies have investigated the associations
between the trial-level factors and outcomes related to unsuccessful completion of clinical trials
(e.g., early termination or low accrual), although they have focused on clinical trials in general
patients.[20-32] These studies found that unsuccessful completion of a trial is associated with

several trial-level factors such as background, study design-related, disease-related, and



intervention-related factors, suggesting that the probability of trial failure can be estimated
before a study is launched.[18]

Older adults often have unique characteristics or treatment goals compared to younger
adults, and thus unique trial-level factors may play a role in predicting the failure of trials
specific to older adults. For example, older adults’ participation may be more challenging and
affected by different factors than those affecting the recruitment of general patients.[33] Also,
older adult-specific trials may suffer from different logistic or administrative issues (e.g., the lack
of funding or interest of sponsors). Although one study examined factors associated with the
accrual of older adults in cancer clinical trials, the study mainly examined exclusion criteria-
related factors and did not focus on trials specific to older adults.[33] Additional studies specific
to clinical trials in older adults and investigating a broader set of trial-level factors could help
develop a more comprehensive understanding of how trial-level factors predict the failure of
trials among older adults. Ultimately, the study findings would help researchers and trial
sponsors better allocate their research budgets to generate evidence in older adults and help
design studies that are less likely to fail.

The aim of this study was to identify trial-level risk factors for trial failure in older adult-
specific clinical trials. We focused on clinical trials in cancer because it is a disease area where
the underrepresentation of older adults has been an important issue.[14][16] Also, previous
studies examining similar questions among trials in the general patient population have been
done in oncology.[20-32] Therefore, focusing on cancer trials will make it more feasible to

compare the findings between trials in older versus general patients.



2.3 Methods

Data sources

We used data from the 2021 Aggregate Analysis of ClinicalTrials.gov (AACT) database,
a publicly available database that contains information about every study registered in
ClinicalTrials.gov. Content is downloaded from ClinicalTrials.gov daily and loaded into
AACT.[34] ClinicalTrials.gov became available in 2000 and has been maintained by the US
National Library of Medicine (NLM) at the National Institute of Health (NIH). Registration is
required for studies that meet the definition of an “applicable clinical trial” and either were
initiated after September 27, 2007, or initiated on or before that date and were still ongoing as of
December 26, 2007.[35] As of March 2021, ClinicalTrials.gov lists 405,147 studies with
locations in all 50 States and in 220 countries. Seventy-seven percent of the registered studies are
interventional studies for intervention types, including drug or biologic, behavioral, surgical
procedure, device, etc., and the other 23% are observational studies.[36]

Information on the registered studies is provided and updated by the sponsor or principal
investigator of a study. The data source includes information about clinical studies such as
primary purpose (e.g., basic science, treatment, and prevention), study designs (e.g., phase,
randomized, and masking), conditions (i.e., type(s) of disease studied), interventions (e.g.,
intervention type and timing), endpoints (e.g., outcomes and time frame), facilities (e.g.,
countries and study sites), eligibilities (i.e., inclusion and exclusion criteria), and sponsors.
ClinicalTrials.gov also provides information on the current status of a study as follows: not yet
recruiting, recruiting, enrolling by invitation, active but not recruiting, suspended, terminated,

completed, withdrawn, and unknown. For trials completed or closed early (i.e., terminated,
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withdrawn, or suspended), data on both targeted and actual sample sizes are available, and, for

closed trials, reasons why the study stopped are provided for most of them.

Trial inclusion criteria

Studies that were (a) interventional, (b) phase 2-4, (c) in cancer, (d) ended (closed early
or completed) between 2008- 2019, and (e) had a lower bound of age limit of 60 years old or
older were included. Studies with a status of “unknown” were excluded. We excluded phase 1
studies from the analysis because the recruited participants in phase 1 trials are often healthy
volunteers. Trials that ended before 2008 were excluded because the registration was not
mandatory for trials that ended before December 2007, and thus the data is likely to be
incomplete. Those that ended after December 2019 were also excluded because ongoing trials in
2020-2021 were likely affected by COVID19, an unusual event. We used the age of 60 as a cut-
off for defining older adult-specific clinical trials because: (1) although 65 years of age is the
commonly-used age cut-off for defining older adults, this cut-off is arbitrary, meaning that
different cut-offs (e.g., 60 or 70) can be used in different settings, (2) the sample size reduces
significantly if the cut-off is increased to 65 years of age, which leads to smaller sample size to
train and test a model, and (3) 60 years of age has been used as a cut-off for older adult-specific

clinical trials in previous studies.[12, 13]

Outcome variable (trial failure)
Trial failure was defined based on the review of existing literature on successful trial
completion as (1) closed (i.e., terminated, withdrawn, or suspended) early for reasons other than

interim results or toxicity issues (i.e., non-informational closure) or (2) completed but with an
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actual sample size of less than 85% of the targeted sample size.[18, 37] For closed trials, we
reviewed the reasons why trials stopped to categorize them into successful and failed trials. We
considered trials ended early due to interim results or toxicity as successful studies because they
were able to provide some meaningful scientific knowledge. Trials closed for reasons related to
poor accrual, logistics (e.g., cancellation by a sponsor, inadequate budget, or departure of a
principal investigator from the institution), and others (e.g., no longer necessary and none given)
were considered as non-informational closure. The 85% was chosen as a cut-off for successful
vs. failed trials for the completed trials, based on existing literature showing that the statistical
power for the primary endpoint becomes seriously compromised when the actual accrual is less
than approximately 85% of the target population (we varied this cut-off in the sensitivity
analysis).[37-39] Completed trials with missingness with either targeted or actual sample size

were excluded from the analysis.

Candidate predictors

We identified potential trial-level predictors for trial failure based primarily on a targeted
review of the existing literature. Specifically, we reviewed studies that examined trial-level
factors associated with or predictive of low accrual or unsuccessful trial completion.[18, 20-32]
We also included several factors that may be more relevant to older adult-specific clinical trials
and that have not been studied. Predictors included in the analysis are described in the results
section.

We explored different sets of candidate predictors using three different strategies: (a) all
predictors, (b) predictors selected based on the clinical rationale, and (c) the best subset. With the

selection strategy ‘a’, we included all trial-level factors available and measurable using the
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AACT dataset and with ‘b’, we reduced the number of candidate predictors in ‘a’ based on the
clinical rationale. With the strategy ‘c’, we explored subsets (i.e., different combinations) of all
candidate predictors. Since the number of different subsets is overwhelming (if we have 10
predictors, for example, there will be 1,024 possible subsets), we started from the predictors
selected in ‘b’ and either added one or more predictors with a good clinical rationale or excluded
one or more predictors with a less strong rationale. We explored different forms of predictors
(i.e., continuous, binary, and categorical) for the predictors that can be potentially converted into
different forms. Missing values were addressed using multivariate Imputation by chained

equations with 20 iterations.

Machine learning (ML) algorithms

We used eight types of machine learning (ML) algorithms: least absolute shrinkage and
selection operator (LASSO), Elastic Net, ridge, random forest, AdaBoost classification trees
(AdaBoost), boosted generalized linear regression learner (GLMboost), Bayesian additive
regression tree (BART), and super learner. Super learner included regularization methods
(LASSO, Elastic Net, and ridge), random forest, and BART.

Ridge, LASSO, and Elastic Net are forms of regularized linear techniques that reduce
the variance of a model by preventing the parameter estimates from becoming too large.[40]
LASSO and Elastic Net could shrink the parameters toward zero, creating a parsimonious model
that is considered practical.[40] For Elastic Net, we set alpha, a hyperparameter that is used to
assign how much weight will be given to each of the Lasso penalty (alpha = 1) vs. ridge penalty
(alpha = 0), at 0.50. We compared these parametric ML models with non-parametric ones.

Ensemble tree models and super learner were chosen among the non-parametric learners. We

13



chose ensemble tree models because it is generally more interpretable than the other learners.
Considering the target audience (i.e., trial sponsors and researchers) and implication of this
study, models that show at least some predictive properties of each predictor are more likely to
be appealing for practical use.[40] Albeit less interpretable, we explored super learner, an
ensemble ML algorithm, because it could give a predictive performance better than any single

ML model.

Model fitting and testing

We used five-fold nested cross-validation (CV) for both model fitting (i.e., choosing
optimal model tuning parameters) and selection (i.e., assessing the predictive performance).[41]
Finding model tuning parameters using CV was utilized to guard against model over-fitting.
Cross-validation was chosen over data splitting because it allows using all the data and is thus
beneficial when the data is not expected to be large.[42] Specifically, the dataset was split into
training and test datasets, and the training dataset was further split into training and validation
datasets. The inner (i.e., nested) CV loop was performed on the training and validation dataset to
find an optimal set of model tuning parameters. We used the area under the receiver operating
characteristic (AUROC) measured in the validation dataset (i.e., validation AUROC) as the
selection criterion for the hyperparameter tuning in the inner loop. AUROC is a performance
measurement for the classification problems showing how much the model is capable of
distinguishing between classes. Once the optimal hyperparameter was found through the inner
CV loop, the model was fitted on the complete training and validation data sets with the optimal
hyperparameter. The generalizable AUROC was then calculated in the held-out test dataset,

using the outer CV loop (i.e., test AUROC).
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The best model was primarily chosen based on the validation AUROC. We also
considered the model interpretability (i.e., the degree on which we can obtain information on the
predictive properties of each predictor) and model complexity (i.e., single model was preferred
than ensemble model such as super learner), in a case when the validation AUROC was not
significantly different. For the best model, we calculated AUROC, sensitivity (i.e., the ability to
designate failed trials correctly), specificity (i.e., the ability to designate successful trials
correctly), positive predictive value (PPV) (i.e., the probability that trials that were predicted to
be fail actually fail), and negative predictive value (NPV) (i.e., the probability that trials that
were predicted to successful actually success) in the test set.

We weighted the estimated impact of the false positive and false negative results to
determine the probability cut-off. False positives (i.e., a model falsely predicts a study to be
failed; 1-sensitivity) will result in the loss of benefit from the study that could have been
conducted if the model prediction had been correct. False negatives (i.e., a model falsely predicts
a study to be successful; 1-specificity) will lead to a waste of money from the failed trials and
also the loss of potential benefits from the other studies that would have otherwise been
conducted if the resources had not been wasted. We determined that the magnitude of the impact
of false positive and false negative would vary greatly by multiple factors, and thus, one is not
necessarily greater than the other. Therefore, we chose a cut-off that gives balanced sensitivity
and specificity, which was 0.4. Data processing was done using STATA/MP 16.1, and analysis

was done using RStudio 2021.09.1.

Post-hoc association analysis for statistical inference
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As an exploratory analysis, we performed a logistic regression including all predictors to
examine the statistical inference of the relationship between the important trial-level factors and
trial failure. Odds ratio, 95% confidence interval (Cl), and p-value were examined for each of the

trial-level factors.

Sensitivity analyses

Since the cut-off of 85% that was used to classify successful vs. failed trials among the
completed trials is somewhat arbitrary, we varied the cut-off by +/- 10 percentage points in a
sensitivity analysis. We repeated the best-performing model in the base case with a different cut-

off and examined the model performance and important predictors.
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2.4 Results

Analytic sample

A total of 209 older adult-specific clinical trials were included (Table 1). Among the
included older adult-specific clinical trials, 54 were closed early due to the following reasons:
poor accrual (21/54, 38%), logistics (17/54, 31%), interim results or toxicity (8/54, 15%), and
others (8/54, 16%). There were 155 completed trials included, among which 114 (64%) had an
actual sample size equal to or greater than 85% of the targeted sample size and 41 (23%) with
less than 85% of the target. Based on the definition of successful vs. failed trials, 122 and 87
were categorized into successful and failed trials, respectively.

About half of the included studies were done in the non-US countries only, and about a
third in the US only (Table 2). The mean number of countries and participating centers was 2.1
(standard deviation (SD) = 3.5) and 22.9 (SD = 45.6), respectively. Approximately 45% (95/209)
of all trials were sponsored by industry and 10% (21/209) by the public sector. Seventy-one
percent of all trials (149/209) were phase 2, and 48.3% (101/209) were randomized studies.
There were 4.8% (10/209) of blinded studies. Thirty-seven (77/209) percent of the included trials
studied common solid cancer (i.e., breast, colorectal, lung, prostate, and endometrial cancer), and
31.1% (65/209) were in metastatic settings. About a third of the trials were biomarker-specific
(69/209, 33.0%). Studies were evenly distributed in terms of the level of restriction by renal
dysfunction: 38.2% (80/209) of all included trials had no restriction, 30.1% (63/209) had
moderate restriction, and the rest (66/209, 31.6%) had a strict restriction (the definition of
moderate and strict restriction is provided in the next section). Thirty-eight percent (80/209)

restricted the eligibility based on the life expectancy. The maximum possible performance score
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(PS) was 2 in the majority of the included studies (124/209, 59.3%), followed by higher than 3 or

non-specific (53/209, 25.4%).

Included candidate predictors

Based on the targeted literature search and the consideration of older adult-specific trial-
level factors, we included a total of 37 candidate predictors in all-predictor models (Table 2).
Candidate predictors included background, study design-related, disease-related, endpoint-

related, intervention-related, and eligibility-related factors.

Background factors included study location (i.e., US only, non-US only, and both), the
number of participating countries, the number of participating centers, and types of sponsors
(i.e., industry, public or government, and others). Study design-related factors included study
phase (i.e., 2, 3, and 4; phase 2/3 was treated as phase 3), randomization, blindness, the number

of arms, first-line setting, and target sample size.

Disease-related factors included studies on common solid cancer (i.e., breast, colorectal,
lung and bronchus, prostate, and endometrial cancer), breast cancer studies, metastatic setting
(i.e., metastatic only, non-metastatic only, and non-specific), whether multiple conditions were

studied, and whether a study was biomarker-specific.

In terms of endpoint-related factors, we generated four indicators of whether each of the
following endpoints was included as a primary endpoint: survival, progression, response, and
toxicity. Furthermore, we included whether geriatric assessment (GA) was used to measure any

of the endpoints.
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Intervention-related factors included whether studied interventions include targeted or
immunotherapies, whether a control arm received a placebo, and the number of modalities
(ranging from 1 to 4; treatment modalities include drugs, procedure or surgery, radiation, and

others).

Eligibility-related factors included the level of restriction on renal dysfunction (i.e., strict,
moderate, and none; strict if the participation was restricted to those with the creatinine level of
equal to or less than 1.5 times the upper limit of normal and moderate if it is restricted to the
creatinine level of greater than 1.5 times the upper limit of normal), whether eligibility was
restricted by the life expectancy, the maximum possible PS (i.e., 1, 2, and 3 plus or non-specific),
whether a caregiver was needed, whether frailty was assessed (using GA, comorbidity scale, or
physicians’ assessment), whether the eligibility criteria was restricted by the frailty level (i.e., fit
only, frail only, and not-specific), and whether the eligibility was restricted by the tolerability to
the standard of care.

Among the 37 candidate predictors, we chose 15 predictors based on a clinical rationale
for the selected-predictor models: study location (i.e., US only, non-US only, and both), the
number of participating centers, types of sponsor (i.e., industry, public, and others), the number
of arms, target sample size, whether a study was biomarker-specific, the number of modalities,
the level of restriction based on renal dysfunction (i.e., strict, moderate, and none), whether the
eligibility was restricted by life expectancy, maximum possible PS (i.e., 1, 2, and 3 plus or non-
specific), whether frailty was assessed.

Based on the exploration of the subsets, the subset with the highest validation AUROC
had the following 12 candidate predictors: study location (i.e., US only, non-US only, and both),

the number of participating centers, types of sponsor (i.e., industry, public, and others), the
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number of modalities, the number of arms, target sample size, whether the eligibility was
restricted by life expectancy, maximum possible PS (i.e., 1, 2, and 3 plus or non-specific), and

metastatic setting.

Prediction performance

When all candidate predictors were included, the validation AUROC obtained using the
regularization models were 0.58 (95% CI: 0.49, 0.67), 0.58 (95% CI: 0.49, 0.67), and 0.56 (95%
Cl: 0.47, 0.65), for the LASSO, Elastic Net, and ridge, respectively. With tree-based models, the
validation AUROC was 0.63 (95% CI: 0.54, 0.72), 0.60 (95% ClI: 0.51, 0.69), 0.59 (95% CI:
0.50, 0.68), and 0.41 (95% CI: 0.32, 0.49), for random forest, adaBoost, GLMboost, and BART,
respectively. The validation AUROC with super learner was 0.63 (95% CI: 0.54, 0.71) (Table 3).

The prediction performance was generally higher when candidate predictors were
selected based on the clinical rationale, with the validation AUROC of 0.65 (95% CI: 0.56,
0.73), 0.65 (95% ClI: 0.56, 0.74), and 0.65 (95% CI: 0.56, 0.73) for LASSO, Elastic Net, and
Ridge, respectively. Tree-based models, except for BART, had a similar validation AUROC to
the regularization models: 0.65 (95% ClI: 0.56, 0.73), 0.64 (95% CI: 0.55, 0.72), 0.65 (95% CI:
0.57, 0.73), 0.34 (95% CI: 0.28, 0.42) for random forest, adaBoost, GLMboost, and BART,
respectively. Super learner had a validation AUROC of 0.66 (95% CI: 0.58, 0.74).

When the best subset of the candidate predictors were used, the validation AUROC with
regularization techniques was 0.66 (0.57, 0.75), 0.66 (0.58, 0.74), and 0.66 (0.57, 0.75), for
LASSO, Elastic Net, and ridge, respectively. The performance with ensemble trees was a little

lower with a validation AUROC of 0.63 (0.55, 0.72), 0.61 (0.52, 0.70), 0.66 (0.58, 0.75), 0.34
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(0.26, 0.42) for random forest, adaBoost, GLMboost, and BART, respectively. Super learner had
a validation AUROC of 0.66 (0.58, 0.75).

Overall, the validation AUROC was not significantly different across the examined
models (i.e., 95% confidence intervals overlap). Especially for the models with selected
predictors and with the best subset, the difference in the validation AUROC was within 0.02
across all models, except for BART.

The two models with the highest validation AUROC were LASSO and super learner with
the best subset candidate predictors. Since LASSO gives more information on the predictive
properties for each candidate predictor and is less complex than the super learner, we chose
LASSO with the best subset as the best model.

When tested on the held-out test sample through the outer loop of the nested cross-
validation, the best model had the test AUROC of 0.70 (95% ClI: 0.53, 0.86). The sensitivity,
specificity, PPV, and NPV in the test set were 0.70 (95% CI: 0.28, 0.91), 0.66 (95% CI: 0.35,

0.90), 0.56 (95% CI: 0.41,0.71), and 0.76 (95% CI. 0.65, 0.87), respectively.

Importance level of predictors included in the best model

Among 12 candidate predictors included in the best model (i.e., LASSO with the best
subset), the coefficients for types of sponsor being others vs. industry, maximum possible PS of
2 vs. 1, and metastatic setting were shrunk to zero and thus excluded from the final set of
predictors (Table 4).

The other nine trial-level factors that remained as final predictors were: study sponsor
being NIH vs. industry, the number of centers, the number of treatment modalities, maximum

possible PS being 3 plus or non-specific vs. 1, study location both US and non-US vs. US only,
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study location being in non-US vs. US only, the number of arms, life expectancy restriction, and
the number of target sample size.

Based on the LASSO coefficient, the followings of the nine final factors were positively
predictive of the trial failure: study sponsor being NIH vs. industry (OR = 1.25), the number of
treatment modalities (OR = 1.51), maximum possible PS being 3 plus or not specific vs. 1 (OR =
1.62), study location being both in the US and non-US vs. US only (OR = 2.25), life expectancy
restriction (OR = 1.94) and the number of target sample size (OR = 1.01). The factors that were
negatively predictive of the trial failure were: the number of centers (OR = 0.88 per 10 additional
centers), study location being in the non-US only vs. US only (OR = 0.41), the number of arms

(OR =0.77, per one more arm).

Importance level of predictors excluded from the best model (those included in the all-predictor
model only)

The all predictor model with the highest validation AUROC (i.e., random forest) showed
that, among the candidate predictors excluded from the best subset, the following ones had an
importance level of below zero: targeted or immunotherapies studied, placebo control, trial phase
being 4 vs. 2, the renal restriction being moderate vs. strict, frailty level being non-specific vs.
fit, frailty level being frail vs. fit, restricted by drug tolerability, whether frailty was assessed,
multiple conditions had negative importance (Figure S2.1). The negative importance level
suggests that the contribution to the model accuracy is worse than the random permutation.

The rest of the candidate predictors had a positive importance level. The renal restriction

was none vs. strict, and the breast cancer trial had a significantly higher importance level than the
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others. The direction of prediction of the included candidate predictors was not shown in the

random forest model.

The statistical association between the trial-level factors and the trial failure

The post hoc logistic regression model showed that, among all candidate predictors, only
the number of centers, study being non-US only vs. US only, and life expectancy restriction were
significantly associated with the trial failure at a significance level of 5% (Table 4). Having ten
additional study centers was associated with the odds of the trial failure lower by a factor of 0.83
(95% CI: 0.71, 0.94), and studies conducted in the non-US countries only had the odds of trial
failure that is lower by 0.32 times than those conducted in the US countries only (95% ClI: 0.12,
0.82). Studies that restricted the eligibility based on the life expectancy had the odds of trial

failure higher by 2.17 times than the studies that do not (95% CI: 1.04, 4.73).

Sensitivity analyses

The validation and test AUROC of the best model were similar when alternative cut-offs
for the trial failure were used. The validation AUROC was slightly higher than the base-case
when the cut-off of 95% was used (validation AUROC: 0.69 (95% CI: 0.61, 0.77); test AUROC:
0.71 (95% CI: 0.40, 0.95)) and slightly lower for 75% (validation AUROC: 0.67 (95% CI: 0.58,

0.76); test AUROC: 0.69 (95% CI: 0.52, 0.86))

23



2.5 Discussion

We identified trial-level factors predictive of the failure of older adult-specific clinical
trials in cancer and used them to develop ML models. The best model had an acceptable level of
discrimination performance with a generalizable AUROC of 0.70. A total of nine trial-level
factors contributed to the prediction of the trial failure in the best model, all of which can be
easily measured based on the study protocol by researchers and trial sponsors before conducting
a study. The study findings could aid in the design and study prioritization of future older adult-
specific clinical trials.

Several trial-level factors played a role in predicting the failure of older adult-specific
trials, including background factors (e.g., study location, the number of centers, and study
sponsor), study design-related factors (e.g., the number of study arms, the number of treatment
modalities, target sample size), and eligibility-related factors (e.g., life expectancy restriction and
maximum possible PS). Specifically, studies performed outside of the US were less likely to fail
than those including US study sites. The reasons for a higher likelihood of failure in the US
could be due to stricter regulations, longer study protocol approval time, higher study costs, and
higher patient recruitment and retainment fees in the US.[43] We also found that studies with a
less number of centers are more likely to fail, which is likely because of recruitment challenges
(e.g., slow accrual and recruited participants not representative of the whole study population)
that could lead to concerns about scientific rigor and external validity.[44] Also, NIH-sponsored
trials were more likely to fail than industry-sponsored trials. This finding is likely because the
industry generally had more financial resources to recruit and manage the studies.[18]
Furthermore, the number of study arms was negatively associated with the trial failure, which

could be explained by a higher chance of a patient to be randomized to an experimental treatment
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with multiple arms, which could help recruit patients.[45][46, 47] Multiple treatment modalities,
on the other hand, were predictive of trial failure, likely due to higher complexity of study
procedures and patient burden. [48] Additionally, studies with a higher target sample size were
more likely to fail. Achieving a high targeted sample size may require more resources and/or a
longer time to recruitment, increasing the chance of early termination or insufficient sample
size.[18] Restriction based on the life expectancy was also predictive of a trial failure. The
reduced life expectancy is inevitable with aging and other age-related comorbidities, and thus
restricting the participation based on the life expectancy may result in the exclusion of a
significant proportion of older adults. Lastly, we found that the maximum possible PS being 3+
or non-specific is related to a higher chance of trail failure than the maximum possible PS of 1.
This finding was consistent with studies that showed patients enrolled in trials with specific PS
eligibility requirements were more likely to be elderly compared to when there were no specific
criteria for PS. [33] [49] Without a clear specification of certain eligibility criteria, older adults
may not know the potential risks of participating in a trial, making them reluctant to enroll in the
study. The information on all these predictors is generally available in the trial protocol, which
enables trial sponsors to assess the risk of failure before making study investment and
prioritization decisions.

Our study findings also showed trial-level factors that have little contribution to
predicting the failure of older adult-specific clinical trials: trial phase 4 vs. 2, metastatic setting,
targeted or immunotherapies studied, placebo control, and several eligibility criteria-related
factors, including maximum possible PS of 2 vs. 1, the renal restriction being moderate vs. strict,
whether frailty was assessed, restriction based on the frailty level, and restriction based on the

drug tolerability. Despite the concerns that strict trial eligibility criteria may lead to challenges in
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recruiting older adults, several of the eligibility criteria-related factors were not important
predictors of the trial failure.[50][51] Specifically, the maximum possible PS of 2 vs. 1 and renal
restriction being strict vs. moderate did not matter much in determining the risk of trial failure,
suggesting that small differences in the restriction level may not significantly affect the
recruitment of older adults. Moreover, restricting the study population based on frailty or drug
tolerability had a minimal role in predicting trial failure. These factors can be potential
considerations for researchers who try to tailor the trial design to older adults (i.e., geriatricize
the trial design). [51] For example, measuring frailty upon the study entry enables researchers to
measure treatment efficacy and safety in relation to characteristics unique to older adults (e.g.,
comorbidities and physical and mental disabilities). Our finding suggests that such study
modifications toward older adult-specific trial design may not affect the chance of trial failure.
Cancer clinical trials for older adults and general adults shared similar trial-level
predictors of the trial failure. Based on the previous studies focusing on cancer trials among
general patients, the following predictors were found to be predictive of trial failure across
multiple studies: government-sponsorship, study location being in the US only, small number of
centers, multimodalities, and non-breast cancer trials.[18, 20-32] All of these factors, except for
breast cancer trials, contributed to predicting the failure of older adult-specific trials in our best
model and had a consistent prediction direction. Although breast cancer trial was not one of the
final predictors in our best model, it showed a relatively higher importance level in the best
model with all predictors (i.e., random forest). Also, the multivariate logistic regression showed a
negative association between breast cancer trial and the trial failure, which was consistent with
the prediction direction among general cancer trials. One difference between trials in older vs.

genera adults was the importance of the maximum possible PS. While maximum possible PS
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was one of the important predictors for older adult-specific trials, it was not for trials among
general patients. [27] Considering younger patients generally have good PS and thus less
sensitive to the restriction based on PS, it makes sense that PS being unimportant in predicting
the failure of trials for younger patients. Life expectancy restriction was not considered in any of
the studies for general trials, thus comparison was not possible. For many of the trial-level
factors that we found unimportant among older adult-specific trials, there have been mixed
findings across the existing studies. Existing studies were done in several different settings (e.g.,
National Cancer Institute’s Cooperative Group Trials, Canadian Cancer Trials, etc.) and for
different tumor types (e.g., multiple, lung, breast, etc.), which could be the reason we observe
different predictive properties for some trial-level factors. Although there was one study that
comprehensively included all cancer clinical trials, a limited set of trial-level factors was
examined. [25] Additional studies with a representative sample of cancer clinical trials and a
more extensive set of trial-level factors could enable a more direct comparison between the
results from trials for older vs. general patients.

Our study findings can be applied by trial sponsors and researchers in a couple of ways.
First, this study provides a parsimonious set of predictors that are potentially associated with the
risk of trial failure. If confirmed by inference studies showing how these predictors are
statistically associated with the trial failure among older adult-specific clinical trials, our results
can help researchers modify trial-level factors in a way to reduce the risk of study failure.[25]
Furthermore, the models developed in this study can be useful in aiding trial sponsors in
prioritizing clinical trials by providing a quantitative measure for the likelihood of trial success.
The best-performing model had a NPV of 76%, meaning that the proportion of failed trials

among those assumed to be successful would be around 24%. Depending on the error rate with
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the current system, the model can be used by trial sponsors or researchers to reduce the costs

arising from falsely investing in the trials that will end up failing.
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2.6  Limitations

This study is not without limitations. First, some key potential predictors of trial failure,
such as clinical importance of a research question and deviation from the standard of care, were
not included due to the data unavailability or difficulties in operationalizing. Other trial-level
factors may need to be considered when predicting the failure of older adult-specific cancer
trials.

Furthermore, the sample size was small because we focused on older adult-specific
clinical trials that are relatively uncommon, and thus there may be a relatively higher chance of
overfitting. Several rules (e.g., one in ten rule, meaning that one predictive variable can be
estimated for every ten events) recommend reducing the number of candidate predictors to
reduce the risk of overfitting. Therefore, to alleviate the risk, we explored different number of
candidate predictors by reducing the number based on the clinical rationale.

Furthermore, 8 out of 54 closed trials did not specify the reason for closing. Although we
assumed that trials closed early without any specified reasons are less likely to be successful
(e.g., informational termination), there might have been misclassification due to the missingness.
However, the impact is unlikely to be substantial because they account for less than 4% (8/209)
of the total sample.

Moreover, the cut-off of 85% to divide successful vs. unsuccessful clinical trials is
arbitrary. Although we chose the one within the range of values used in previous studies, there is
still a risk of misclassification. We varied this cut-off in a sensitivity analysis to alleviate the
concern about finding significantly different results with a different cut-off.

Finally, although the ML approach allowed us to examine the importance of predictors, it

is challenging to make a clear distinction between important versus unimportant predictors of
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trial failure. Some may interpret the model results differently, especially for the middle-ranked

factors.
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2.7 Conclusion

We identified trial-level factors that are predictive of failure of cancer clinical trials
among older adults and developed an ML model that can be used to predict the risk of failure of
older adult-specific clinical trials. The identified trial-level factors and a prediction model based
on these factors can aid in the design and prioritization of future older adult-specific clinical
trials. Future works examining the causal mechanism behind the associations between the
important factors and the trial failure can help develop strategies to reduce the risk of failure of

cancer trials for older adults.
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2.8 Tables & Figures

Table 2. 1. Summary of outcome classification, stratified by trial status (n=209)

Successful trial (n=122)

Failed trial (n=87)

Due to reasons other than interim

Closed trials | Due to interim results or toxicity L
_ _ results or toxicity
(n=54) (n=8) (n=46)
. 5 - 5
Completed trials Actual sample size of > 85% of Actual sample size of < 85% of
(n=155) target target
(n=114) (n=41)
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Table 2. 2. Summary of trial characteristics stratified by outcome classification (n=209)

Successful trials | Failed trials value®
(n=122) (n=87) p-value
Number (%) or mean (SD)
Background factors
Location®

US only® 33 (27.1%) 36 (42.9%) 0.01

Non-US only 81 (66.4%) 38 (45.2%)

Both 8 (6.6%) 10 (11.9%)

Number of countries 2.3 (0.4) 1.8 (0.3) 0.38
Number of facilities® 28.9 (4.4) 15.2 (4.5) 0.04
Sponsor®

Industry® 55 (45.1%) 40 (46%) 0.26

NIH 9 (7.4%) 12 (13.8%)

Others 58 (47.5%) 35 (40.2%)

Study design-related factors
Phase

2P 87 (71.3%) 62 (71.3%) 0.84

3 30 (24.6%) 20 (23.0%)

4 5 (4.1%) 5 (5.8%)
Randomized 63 (51.6%) 38 (43.7%) 0.26
Blinding 9 (7.4%) 1 (1.2%) 0.04
Number of arms? 1.8 (0.1) 1.5(0.1) 0.07
First-line setting 85 (69.7%) 60 (70.0%) 0.91
Target sample size? 183.5 (21.4%) | 188.5(31.5) 0.89
Disease-related factors
Common solid cancer 46 (37.7%) 31 (35.6%) 0.76
Breast cancer 16 (13.1%) 12 (13.8%) 0.89
Metastatic setting

Metastatic only® 40 (32.8%) 25 (28.7%) 0.24

Non-metastatic only 2 (1.6%) 5 (5.8%)

Non-specific 80 (65.6%) 57 (65.5%)

Multiple conditions 13 (10.7%) 11 (12.6%) 0.66
Biomarker-specific? 36 (29.5%) 33 (37.9%) 0.20
Endpoint-related factors

Survival® 52 (42.6%) 34 (39.1%) 0.61
Progression® 23 (18.9%) 13 (14.9%) 0.46
Response® 36 (29.5%) 28 (32.2%) 0.68
Toxicity® 9 (7.4%) 8 (8.2%) 0.64
GA was used to measure outcomes 12 (9.8%) 8 (9.2%) 0.88
Intervention-related factors

Targeted or immunotherapies studied 42 (34.4%) 39 (45.4%) 0.11
Placebo control 5 (4.1%) 1 (1.2%) 0.21
Number of modalities? 1.1(0.4) 1.2 (0.5) 0.10

Eligibility-related factors
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Restricted by renal dysfunction®

Strict® 34 (27.9%) 32 (36.8%) 0.39
Moderate 39 (32.0%) 24 (27.6%)
None 49 (40.2%) 31 (35.6%)
Restricted by life expectancy? 42 (34.4%) 39 (45.4%) 0.11
Maximum performance status allowed®
1° 21 (17.2%) 11 (12.6%) 0.25
2 75 (61.5%) 49 (56.3%)
3 plus or non-specific 26 (21.3%) 27 (31.0%)
Caregiver needed 1 (0.8%) 2 (2.3%) 0.38
Frailty assessed? 28 (23.0%) 23 (26.4%) 0.56
Restricted by frailty
Fit only® 8 (6.6%) 5 (5.8%) 0.63
Frail only 19 (15.6%) 18 (20.7%)
Non-specific 95 (77.9%) 64 (73.6%)
Restricted by drug tolerability 15 (12.3%) 15 (17.2%) 0.32

#Included in the selected-variable-model; ® Used as a reference group; ¢ Whether it was used as a
primary endpoint or not; ¢ All percentages are calculated by column; € Chi-squared test and t-test
were used for categorical and continuous variables, respectively; GA = geriatric assessment; all

of the variables in this table were included in the all-variable-model.
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Table 2. 3. Area Under the Receiver Operating Characteristics (AUROC) in the Validation Set

Predictor selection strategies

All predictors (n=37)

Selected predictors
based on the clinical
rationale (n=15)

Best subset (n=12)2

Machine learning
model

AUROC (95% confidence interval)

LASSO 0.58 (0.49, 0.67) 0.65 (0.56, 0.73) 0.66 (0.57, 0.75)
Elastic Net 0.58 (0.49, 0.67) 0.65 (0.56, 0.74) 0.66 (0.58, 0.74)
Ridge 0.56 (0.47, 0.65) 0.65 (0.56, 0.73) 0.66 (0.57, 0.75)
Random Forest 0.63 (0.54, 0.72) 0.65 (0.56, 0.73) 0.63 (0.55, 0.72)
AdaBoost 0.60 (0.51, 0.69) 0.64 (0.55, 0.72) 0.61 (0.52, 0.70)
GLMboost 0.59 (0.50, 0.68) 0.65 (0.57, 0.73) 0.66 (0.58, 0.75)
BART 0.41 (0.32, 0.49) 0.34 (0.28, 0.42) 0.34 (0.26, 0.42)

Super Learner®

0.63 (0.54, 0.71)

0.66 (0.58, 0.74)

0.66 (0.58, 0.75)

&We explored several subsets of all candidate predictors to find a model that has a higher
validation AUROC than the best-performing model with the 15 selected predictors; ° Super
learner included regularization methods (LASSO, Elastic Net, and ridge), random forest, and
BART; AdaBoost: Classification Trees; GLMboost: Boosted Generalized Linear Regression
Learner; BART: Bayesian Additive Regression Tree.
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2.9  Supplement
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Figure S2. 1. Mean decrease accuracy of trial-level factors obtained from random forest model

with all predictors (n=37)
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Chapter 3. How Does Cumulative Evidence from Older Adult-specific
Trials Influence Clinical Practice? A Difference-in-
Differences Analysis of Irradiation in Early-stage

Breast Cancer

3.1 Abstract

Background: Despite increasing focus on conducting cancer clinical trials in older adults, it is
unclear whether such evidence influences practice patterns. We aimed to estimate the impact of
cumulative evidence from older adult-specific trial results from the CALGB 9343 and PRIME |1
trials that found post-lumpectomy irradiation has little benefit among older adults with early-
stage breast cancer (ESBC).

Methods: Patients diagnosed with ESBC between 2000 and 2018 were identified from the SEER
registry data. We examined the incremental immediate effect, incremental average yearly effect,
and cumulative effect of a series of CALGB 9343 and PRIME 11 results on the utilization level
of post-lumpectomy irradiation. We conducted difference-in-differences analyses, comparing
those aged 70 or older vs. less than 65 years old.

Results: The initial 5-year CALGB 9343 results in 2004 led to a significant immediate (-0.038,
95% CI: -0.064, -0.012) and average yearly decrease (-0.008, 95% CI: -0.013, -0.003) in the
probability of irradiation use among those aged 70 or older compared to those below 65 years of
age. 11-year CALGB 9343 results in 2010 significantly accelerated the average yearly effect by

1.7 percentage points (95% CI: -0.030, -0.004). The other later results did not significantly
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change the time trend. The cumulative effect of all results between 2004 to 2018 was -26.3
percentage points (95% ClI: -0.29, -0.24).

Conclusion: Cumulative evidence from older adult-specific trials in ESBC led to decreasing use
of irradiation over time among elderly patients. The rate of decrease after the initial results was

accelerated by long-term follow-up results.
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3.2 Introduction

Older adults have been underrepresented in cancer clinical trials.[14, 52] A lack of drug
efficacy and safety data specific to older adults forces providers to rely on suboptimal evidence,
potentially leading to low-value care. Acknowledging the growing importance of clinical
evidence for older adults, several organizations, such as the US Food and Drug Administration
and the Association for Clinical Oncology (ASCO), have called for more studies among older
adults.[8, 9, 16, 53] Given the increasing attention to clinical trials in older adults, assessing the
impact of such trials may inform and facilitate discussion around prioritizing and implementing
older adult-specific trials.

Post-lumpectomy irradiation in early-stage breast cancer (ESBC) is one of the clinical
areas where evidence in older adults has been generated. Clinical trials among general patients in
the 1980s showed that post-lumpectomy irradiation provides the same overall outcomes as
mastectomy, leading to the use of irradiation as an adjuvant therapy among ESBC patients.[54]
Starting from 2004, however, the results of phase 3 clinical trials in older adults were published,
demonstrating the minimal benefit of post-lumpectomy irradiation among older women with
ESBC. Specifically, Cancer and Leukemia Group B (CALGB) 9343 examined the benefit of
post-lumpectomy irradiation therapy in women aged 70 years or older with estrogen receptor
(ER)-positive stage 1 (i.e., TLNOMO) breast cancer in the United States. Its 5-year results
published in 2004 demonstrated little benefit of irradiation in recurrence and survival.[55] The
longer-term results presented in ASCO 2010 meeting and published in 2013 confirmed the
findings of the earlier reports.[56, 57] Subsequently, the results from another older adult-specific
trial named Post-operative Radiotherapy In Minimum-risk Elderly (PRIME) Il were disclosed in

the 2013 San Antonio breast cancer symposium and were published in 2015.[58, 59] PRIME I1
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investigated the same research question with slightly broader eligibility criteria (i.e., those with
ESBC that is hormone receptor-positive, T1-T2, NO, and MO and were 65 years or older) in
European countries. Investigators found consistent results as the findings from CALGB 9343,
concluding that post-lumpectomy irradiation can be omitted among older adults with ESBC.

Previous studies have investigated the impact of CALGB 9343 and/or PRIME 11 studies
on the level of post-lumpectomy irradiation use. These studies consistently found that there has
been a decrease in the level of post-lumpectomy irradiation use among older women with
ESBC.[60-67] However, none of these studies adjusted for time-varying covariates, making it
difficult to ascertain whether the decrease in the irradiation use is attributable to the older adult-
specific trial results or other time-varying factors during the study period. For example, advances
in surgical techniques and therapeutic options might have lowered the level of irradiation
use.[68, 69] Conversely, the improvements in the field of radiation oncology could have led to
increasing irradiation use over time, which would have resulted in the underestimation of the
effects of the trial results.[70] Furthermore, none of the previous studies examined the impact of
additional results from the trials. More specifically, there have been a series of disclosures of the
trial results over time since 2004, and previous studies only examined the aggregated effect of
multiple disclosures.[55-59] Disentangling the contribution of each disclosure of trial results may
help strategize how to generate and release the older adult-specific trial results.

The goal of this study was to examine the impact of each of a series of CALGB 9343 and
PRIME 11 results on the post-lumpectomy irradiation use, controlling for time-varying

unobserved variables.
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3.3 Methods

Study design

We performed a difference-in-differences (DiD) analysis to estimate the change in the
level of post-lumpectomy irradiation use before and after the disclosures of a series of older
adult-specific clinical trial results among patients older than 70 years old. DiD analysis can
facilitate causal inference by comparing the results in an exposed group to the pre-post changes
in a control group that was not exposed to the intervention in question but otherwise was
supposed to have the same trends in outcomes as the exposed group.[71]

The interventions of interest were the disclosures of CALGB 9343 and PRIME 11 results
as either abstract or journal publications (Figure 1): (a) 5-year results CALGB 9343 published in
New England Journal of Medicine in September 2004, (b) 11-year results of CALGB 9343
presented in ASCO in May 2010, (c) 13-year results of CALGB 9343 published in Journal of
Clinical Oncology in May 2013, (d) 5-year results of PRIME Il presented in San Antonio BC
Symposium in December 2013, and (e) 5-year results of PRIME 11 study published in Lancet in
January 2015. Since interventions ‘c’ and ‘d’ happened in the same year, we combined them and
examined their aggregated effect (Note that the month of diagnosis was not available in the data

we used).

Based on the disclosure year of each intervention, we divided the whole study period into
the following five periods: pre-period (2000-2003; before intervention ‘a’), period 1 (2004—
2009; between ‘a’ and ‘b’), period 2 (2010-2012; between ‘b’ and ‘c/d’), period 3 (2013-2014,
between ‘c/d’ and ‘e’), and period 4 (2015-2018; after ‘e’) (Figure 1). Each patient was assigned
to each of these periods based on their year of diagnosis. More rationale for the pre-and post-

periods is provided in Supplement 1.
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We included those aged 70 or older at the time of diagnosis in the treatment group
(hereafter referred to as ‘older group’) since they were affected by both studies. We included
those younger than 65 years old at the time of diagnosis as a control group (hereafter referred to
as ‘younger group’) to adjust for time-varying factors (Supplement 2 for the choice of the control
group). Patients between 65 and 69 were excluded from the analysis because they were partially

affected by the interventions.

Data source and patient population

We used the Surveillance, Epidemiology, and End Results Program (SEER) Database, a
nationally representative, population-based data that includes all cancer cases within specific US
geographic regions (Supplement 3).[72, 73]

The study period spanned from January 2000 to December 2018, corresponding to the
dates for which data for all 18 SEER registries were available at the time of study design.
Consistent with the eligibility criteria of the CALGB 9343 trial, we included patients who were
(1) female, (2) diagnosed with first or only stage 1 (TINOMO and tumor size < 2 cm) ER-positive
breast cancer, (3) diagnosed between 2000 and 2018, (4) underwent a lumpectomy, and (5) aged
70 years or older at the time of diagnosis in the older group.[55] Those who satisfied inclusion

criteria 1-4 and were younger than 65 years old were included in the younger group as a control.

Statistical Analysis

The association between a series of trial results and the level of post-lumpectomy
irradiation use was examined using a DiD analysis. The outcome variable was a binary indicator

of whether a patient received irradiation after lumpectomy during the first course of therapy,
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which was ascertained using surgery/irradiation sequence records (Supplement 4). We estimated
a linear model with the outcome variable instead of a logistic model because linear combination
of parameters, which we used to estimate measurements of interest, is more feasible with a linear
model. We used a sensitivity analysis to compare linear vs. logistic models.[74, 75] As
independent variables, we included a binary variable of whether a patient is in the older vs.
younger groups (hereafter referred to as ‘group indicator’), year of diagnosis dummy variables
with the last year of the pre-period, 2003, as a reference, and interaction terms of the group
indicator and year of diagnosis dummy variables (Supplement 5). The model was adjusted for
patient characteristics available in the dataset, including age at diagnosis, race, ethnicity, and

marital status.

Parallel trend assumption (i.e., assumption that outcomes in the intervention group would
have continued along the same trajectories as the control group in the absence of an intervention)
was tested by examining whether the DiD estimates during the pre-period (2000-2003) are
jointly equal to zero, using a joint F test.[76] All tests of statistical significance were 2-sided with

a significance level of 5%.

Measurements

We estimated the incremental immediate effect and incremental yearly average effect of
each intervention. The incremental immediate effect of each intervention was defined as the
immediate drop in the probability of post-lumpectomy irradiation use between periods,
incremental to the average yearly change (i.e., slope) in the previous period. We defined the

incremental average yearly effect as the average yearly change in the probability of the post-
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lumpectomy irradiation use in a given period, incremental to the average yearly change in the

previous period.

We also estimated the cumulative effect of a series of interventions. Specifically, we
estimated the total amount of decrement in the probability of post-lumpectomy irradiation use in
response to intervention(s) ‘a’, ‘a’ and ‘b’, ‘a’ through ‘d’ and ‘a’ through ‘e’ (Supplement 6 for

the details of the measurements).

Sensitivity analyses

Since the outcome of interest was binary, we used a logistic regression model to examine
how DiD estimates differ from when linear regression was used (Supplement 7 for the details).
We compared the cumulative effect of the disclosures with the base-case results. The incremental
effects of each disclosure were not estimated because of the challenges of linearly combining the

odds ratios.
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3.4 Results

Patient characteristics

Our study sample consisted of 206,564 patients, of which 36.4% (n=75,091) were aged
70 years old or older (Table 1; online only). Seventy-one percent and 61% of the older group
received post-lumpectomy irradiation during the pre- (2000-2003) and post-period (2004-2018),
respectively. The mean age was 76.9 (standard deviation (SD) = 5.4) and 53.9 (SD = 7.3) years
old in the older and the younger groups, respectively. The majority of patients were non-

Hispanic white in both groups.

Unadjusted temporal trends of the post-lumpectomy irradiation

Unadjusted trends of the post-lumpectomy irradiation use showed that the fraction of
patients receiving irradiation decreased over time in the older group after initial publication of
older adult-specific trial results in 2004 (Figure 2). On the other hand, there was a slightly

increasing trend over time in the younger group.
Parallel trend assumption

The DiD estimates during the pre-period (2000-2003) were jointly equal to zero (F =
0.99, p = 0.40), suggesting that the pre-period trend was not significantly different between the

older and younger groups.

Incremental immediate effect and incremental average yearly effect of each intervention
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The probability of the post-lumpectomy irradiation use significantly dropped by 3.8
percentage points (95% ClI: -0.064, -0.012) in 2004 in the older group, compared to the younger
group, showing a significant immediate effect of intervention ‘a’ (Table 2). The additional
interventions ‘b’, ‘c/d’, and ‘e’ did not have a significant incremental immediate effect. In other
words, the decrement of the probability of post-lumpectomy irradiation use between periods was
not significantly different from the average yearly decrement in the previous period.

Intervention ‘a’ had a significant incremental average yearly effect of -0.008 (95% ClI: -
0.013, -0.003), meaning that the probability of post-lumpectomy irradiation use decreased by 0.8
percentage points per year on average during period 1, compared to the pre-period. The
intervention ‘b’ was associated with a significant change in the average yearly effect by -0.017
(95% CI: -0.030, -0.004) during period 2 as compared to period 1, significantly accelerating the
rate of decrease. The later interventions ‘c/d’ and ‘e’ did not have a significant incremental
average yearly effect, indicating that the average yearly effect during periods 3 and 4 stayed

constant as that of period 2.

The cumulative effect of a series of interventions

The probability of post-lumpectomy irradiation use among older adults lowered by 8.0
percentage points (95% CI: -0.104, -0.055) at the end of period 1 (Figure 3, Table 2). At the end
of period 2, the cumulative effect ‘a’ and ‘b’ reached -15.4 percentage points (95% ClI: -0.178, -
0.130). and it became -18.7 percentage points (95% CI: -0.021, -0.016) with the additional
interventions ‘c’ and ‘d’ in 2013.The cumulative effect of all intervention was - 26.3 percentage

points (95% CI: -0.287, -0.239) over the whole post periods.
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Sensitivity analysis

The cumulative effect was smaller with a logistic regression by approximately 2
percentage points compared to a linear regression. It was -0.060 (95% CI: -0.084, -0.038), -0.131
(95% CI: -0.153, -0.108), -0.164 (95% CI: -0.188, -0.143), and -0.243 (95% CI: -0.265, -0.221)
for periods 1, 2, 3, and 4, respectively (Supplement 7). However, the confidence interval of these

estimates overlapped between the two models.
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3.5 Discussion

We examined the incremental and cumulative effect of a series of the results of CALGB
9343 and PRIME II, phase 3 older adult-specific trials that found post-lumpectomy irradiation
use in ESBC patients aged 70 or older has little benefit. The initial 5-year follow-up results of
CALGB 9343 were associated with a significant immediate and yearly decrease in the
probability of irradiation use, and a follow-up disclosure of longer-term CALGB 9343 results
further accelerated the rate of decrease. The cumulative evidence from the trials led to a
significant decrease in the probability of post-lumpectomy irradiation use by approximately 25
percentage points between 2004 and 2018.

Our study builds on a body of literature on the impact of CALGB 9343 and/or PRIME 11
and ascertains the impact of the older adult-specific trials over time, accounting for time-varying
factors. Earlier studies compared the level of irradiation omission before and after the results of
these trials in older patients, showing a short-term and longer-term decrease after the disclosure
of the trial results.[60-67] None of these studies, however, accounted for a counterfactual
scenario—what the level of post-lumpectomy irradiation use would have been without the
CALGB 9343 and/or PRIME 1 results—in the analysis. Considering that many factors are
changing over time, potentially affecting the irradiation use in breast cancer care, ignoring those
factors may yield misleading results either by underestimating or exaggerating the actual impact
of the trial results. In this study, we observed a slightly increasing trend of irradiation use in
younger patients, suggesting that estimating the impact of the trials based on trends only in older
adults might have led to an underestimation of their true effect. In this study, the increasing trend

among younger adults was not prominent, and thus it did not change the conclusion drawn from
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the previous studies. However, we believe continued efforts are needed in future time-trend
research to appropriately account for the time trend due to other factors.

The study finding also demonstrated the importance of evidence accumulation in
prescription patterns, which was not explicitly studied in the previous studies. Specifically, we
found that the additional longer-term CALGB 9343 results significantly accelerated the average
yearly decrease in the post-lumpectomy irradiation use. Also, this accelerated rate stayed
constant throughout the rest of the post-period when additional longer-term CALGB 9343 results
and initial PRIME II results were released. Assuming the level of providers’ behavioral changes
would reach a plateau after a certain period, the rate of change might have been slowed if there
were no additional results. These findings suggest that the release of additional results added
more certainty to the trial findings, making providers feel more comfortable changing the
prescribing patterns. A high level of certainty may be important especially when providers need
to change the prescribing patterns that have been maintained for a long time or when trials
suggest omitting existing treatments that have minimal benefits (as opposed to adding a new
treatment with demonstrated benefits). Our finding suggests that one way to incorporate
treatment heterogeneity in older adults into the clinical practice could be a stepwise approach
where evidence is accumulated and assured by additional findings. Longer-term follow-up of the
same patients or a trial with the same question but in different patient populations would help the
affirmation process. One thing to note, however, is that there may be a diminishing return to the
additional trial results, and thus it is important to know the optimal level of investment in

generating older adult-specific evidence.
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3.6 Limitations

Our study has several limitations. First, the findings from our study may be generalized to
other disease or treatment areas.

Moreover, studies have reported under-ascertainment of radiation therapy in the SEER
data, with the sensitivity and positive predicted value of approximately 82% and 98%,
respectively for ESBC.[77, 78] Although the fraction of patients who received irradiation might
have been underestimated, the aim of this study was to estimate the temporal change rather than
the absolute value of the utilization level. Also, we included younger patients who were likely to
have a similar under-ascertainment issue as a control group. Therefore, our estimates were
unlikely be affected by the under-ascertainment issue.

Furthermore, it was unclear how much of the patients diagnosed in 2004 were exposed to
the initial disclosure. Although our assumption that those diagnosed in 2004 were likely to be
affected by the initial disclosure was based on the existing studies (it often takes a couple of
months for a patient to receive irradiation followed by lumpectomy), we conducted a scenario
analysis to address the uncertainty (Supplement 8).[60, 79-81]

Also, despite the attempt to adjust for time-varying factors, there may still be remaining
unadjusted confounders. Furthermore, studies published in this clinical area and advances in
breast cancer treatment might not have had an equal impact on the irradiation use in the younger
and older age groups, potentially preventing estimating the appropriate counterfactual and
biasing our estimates in either direction. However, we expect that the disproportionate impact of
some time-varying factors on the clinical practice would be smaller than the impact of phase 3

clinical trial results and the guideline changes in response to the results. [82]

50



3.7 Conclusion

We assessed the effect of a series of results from CALGB 9343 and PRIME |1, phase 3
trials that showed post-lumpectomy irradiation has minimal benefit among older adults with
ESBC. Our study findings suggest that new evidence among older adults can potentially change
the providers’ prescription patterns, and rate of change can be accelerated if trial results are
accumulated. Additional well-controlled studies, especially for positive trials (i.e., trials
suggesting adding a new treatment among older adults), may help understand the potential

impact of older adult-specific trials more comprehensively.
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3.8 Tables & Figures

CALGB 9343 CALGB 9343 PRIME Il
5-year follow-up 13-year follow-up S-year follow-up
(NEJM) (JCO) (Lancet)
Sep 2004 May 2013 Jan 2015
May 2010 Dec 2013
CALGB 9343 PRIME Il
11-year follow-up 5-year follow-up
(ASCO abstract) (San Antonio BC
symposium abstract)
<€ > € >€ >€ >€ >
Pre-period Period 1 Period 3 Period 4
(2000-2003) (2004-2009) (2013-2014) (2015-2018)

Figure 3. 1. Timeline for the disclosures of CALGB 9343 and PRIME |1 results
CALGB = Cancer and Leukemia Group B; PRIME = Post-operative Radiotherapy In Minimum-
risk Elderly; NEJM = New England Journal of Medicine; ASCO = American Society of Clinical

Oncology; JCO = Journal of Clinical Oncology; BC = Breast Cancer. Note: Although shorter-
term CALGB 9343 results were released in 2001 as an ASCO abstract, we did not include it as

an intervention of interest because the median follow-up was only two years, and thus the effect

of post-lumpectomy on survival was still controversial at this point. Our decision was also based

on all other existing studies examining the changes in the post-lumpectomy irradiation use after
the CALGB 9343 study that consider evidence disclosed in 2004 as the first seminal piece of

evidence in older adults.
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Figure 3. 2. The mean probability of post-lumpectomy irradiation use by year of diagnosis (top)

and difference-in-differences estimates of the impact of a series of disclosures of CALGB 9343

and PRIME I results on the probability of post-lumpectomy irradiation use (bottom)

The vertical lines correspond to the time when older adults with early-stage breast cancer started

to be affected by the following disclosures: ‘a’ (5-year follow-up results of CALGB disclosed in

2004), ‘b’ (11-year follow-up results of CALGB disclosed in 2010), ‘c/d’ (13-year follow-up
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results of CALGB and 5-year follow-up results of PRIME disclosed in 2013), and ‘e’ (5-year
follow-up results of PRIME disclosed in 2015).
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Table 3. 1. Characteristics of study participants (n = 206,564)

Older group (=70 y/0) Younger group (<65 y/o) val
(n = 75,091) (n = 131,473) p-value
Number (percentage)? Number (percentage)?
The probability of
receiving of post-
lumpectomy
irradiation?
During the pre-period
(2000?2003';’ P 0.71 (0.45) 0.82 (0.38) <.001
During the post-
verio d9(2002_2018) 0.61 (0.49) 0.85 (0.36) <.001
Age at diagnosis® 76.90 (5.44) 53.90 (7.30) <.001
Race/ethnicity <.001
Hispanic 4,733 (6.30%) 13,285 (10.10%)
Non-Hispanic white 61,649 (82.10%) 95,136 (72.36%)
Non-Hispanic black 4,306 (5.73%) 10,239 (7.79%)
Non-Hispanic others 4,403 (5.86%) 12,813 (9.75%)
Marital status <.001
Married 34,339 (45.73%) 85,395 (64.95%)
Divorced 6,454 (8.59%) 14,635 (11.13%)
Separated 317 (0.42%) 1,369 (1.04%)
Never married 5,348 (7.12%) 19,481 (14.82%)
Unmarried or
domestic partner 72 (0.10%) 302 (0.23%)
Widowed 25,310 (33.71%) 5,158 (3.92%)
Unknown 3,251 (4.33%) 5,133 (3.90%)
Year of diagnosis <.001
2000 2,944 (3.92%) 5,279 (4.02%)

2001 3,151 (4.20%) 5,650 (4.30%)
2002 3,194 (4.25%) 5,757 (4.38%)
2003 3,025 (4.03%) 5,618 (4.27%)
2004 3,326 (4.43%) 6,062 (4.61%)
2005 3,416 (4.55%) 6,537 (4.97%)
2006 3,503 (4.67%) 6,588 (5.01%)
2007 3,500 (4.66%) 6,815 (5.18%)
2008 3,663 (4.88%) 6,880 (5.23%)
2009 3,831 (5.10%) 7,059 (5.37%)
2010 3,768 (5.02%) 6,851 (5.21%)
2011 4,095 (5.45%) 7,204 (5.48%)
2012 4,149 (5.53%) 7,301 (5.55%)
2013 4,358 (5.80%) 7,392 (5.62%)
2014 4,547 (6.06%) 7,666 (5.83%)
2015 4,757 (6.33%) 8.149 (6.20%)
2016 5,133 (6.81%) 8,258 (6.27%)
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2017

5,201 (6.93%)

8,289 (6.30%)

2018

5,500 (7.39%)

8,128 (6.18%)

& Mean and standard deviation was reported for the probability of receiving of post-lumpectomy

irradiation and age at diagnosis; y/o: years old; We calculated p-values using a chi-square test
(for categorical variables) or t-test (for continuous variables).
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Table 3. 2. The incremental and cumulative effect of disclosures of CALGB 9343 and PRIME

(-0.018, -0.014)

II results
. Incremental Incremental average .
Period ) . Cumulative
(corresponding years)® immediate effect yearly effect over the offect®
P gy between periods period
Point estimate (95% CI)

. 20.038* 20.008* -0.080*
Period 1 (2004-2009) (-0.064, -0.012) (-0.013, -0.003) (-0.104, -0.055)
. 20.015 0.017* -0.154*
Period 2 (2010-2012) (0.042, 0.013) (-0.030, -0.004) (-0.178, -0.130)
. 0.027 20.009 -0.187*
Period 3 (2013-2014) (0.004. 0.058) (-0.036, 0.017) (-0.021, -0.016)
. 0.032 0.010 -0.263*
Period 4 (2015-2018) (-0.008, 0.072) (-0.014, 0.035) (-0.287, -0.239)

. . 0.012%
Periods 2-4 (2010-2018) N/A (-0.017, -0.006) N/A
_ %
Periods 1-4 (2004-2018) N/A 0.016 N/A

&Periods 1, 2, 3, and 4 correspond to the disclosures ‘a’ (5-year follow-up results of CALGB),
‘b’ (11-year follow-up results of CALGB), ‘c/d’ (13-year follow-up results of CALGB and 5-
year follow-up results of PRIME), and ‘e’ (5-year follow-up results of PRIME), respectively; CI:
confidence interval; ® The cumulative effect in a certain period includes that of the previous
periods; ¢ The incremental yearly effect of later disclosures (‘b’ through ‘e”) compared to the
initial disclosure (‘a’) was collectively examined; ¢ The incremental yearly effect of all
disclosures (‘a’ through ‘e’) compared to the pre-period was collectively examined. * indicates
that the estimate was significantly different from zero at a significance level of 5%.
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3.9 Supplement

Supplement 1: The rationale for the choice of the control group

We thought that younger patients with the same disease would be an appropriate control
group because they were likely to be affected by all changes made in breast cancer care similarly
to older adults. Also, the overall consensus that post-lumpectomy irradiation is recommended
among younger adults has not changed during the study period—while the guideline changed
among older adults soon after the 5-year follow-up CALGB 9343 results, the recommendation
stayed unchanged among those younger regarding whether to use the post-lumpectomy
irradiation.! Given that clinical practice is mainly affected by the clinical guidelines, we assumed
that there was no significant event specific to younger patients during the study period that

substantially affected the standard practice only in them.?

Supplement 2: The rationale for the decision of pre-and post-periods

In the base-case, we included 2000-2003 in the pre-period and 2004-2018 in the post-
period. Although the initial results of CALGB 9343 were not published until September 2004,
we assumed that patients diagnosed earlier than September 2004 would have been affected by
the study results because it often takes a couple of months for a patient to receive irradiation
followed by lumpectomy.®® In other words, for those diagnosed early in 2004, decisions on
adjuvant treatments after lumpectomy were likely to be made later in 2004 when the CALGB
results were published. In the scenario analysis, we tested an alternative scenario where patients
diagnosed in 2004 were not affected by older adult-specific trial results and thus included in the

pre-period.
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Supplement 3: Details about the SEER registry data

SEER has collected cancer incidence data from population-based cancer registries from
18 states covering approximately 34.6 percent of the US population. Trained registrars collect
data from all clinical settings that diagnose or treat cancer. Included information are patient
demographics, primary tumor site, tumor morphology, tumor properties, stage at diagnosis, and
first course of treatment, and vital status. Stage and histologic details are reported for all cancers,
allowing specific subpopulations to be studied. SEER data also have the data for the first course

of treatment, including surgery, irradiation, or chemotherapy.

Supplement 4: The ascertainment of the outcome variable

The receipt of irradiation after lumpectomy was ascertained using surgery/irradiation
sequence records. These records show the order in which surgery (i.e., lumpectomy) and
radiation therapies were administered for those patients who had surgery and/or irradiation.
Among those who meet the eligibility criteria described above, patients with ‘radiation after
surgery’ were assigned 1, and those with ‘no radiation’ were 0. Patients who received irradiation
before or during lumpectomy or had unknown information about the receipt or sequence (i.e.,
radiation before surgery, radiation both before and after surgery, intraoperative radiation, surgery

both before and after radiation, and sequence unknown) were excluded from the analysis.

Supplement 5: The rationale for the model specification
By having the interaction term of group indicator and year of diagnosis dummy, the
model specification we chose allows separately estimating the DiD for each year (DiD for a

given year is equal to the coefficient of the interaction term). In other words, it provides a non-

59



parametric way of taking the difference in the changes over time between the older and younger

group for each year, enabling us to estimate the incremental effect of each disclosure of trial

results easily.

Supplement 6. Estimation of the measurements

1)

2)

Incremental immediate effect

We first took the difference in the DiD estimates between the first year of a given post-
period and the previous year to estimate the total immediate change in the level of post-
lumpectomy irradiation use between periods. Then we subtracted the average yearly
change in the previous period to estimate the incremental immediate effect, assuming that
the immediate effect of an intervention would be the same as the average yearly change
during the previous period without a significant incremental immediate effect of
additional intervention.

Incremental average yearly effect

We took the difference in the DiD estimates for the last and first years of a given period
and divided the difference by the number of years in the period to calculate the yearly
average effect of the interventions that were in effect during that period. Then, we
subtracted the yearly average effect during the previous period to estimate the
incremental yearly average effect of additional intervention.

In addition to the incremental average yearly effect of each intervention, we estimated the
aggregated incremental yearly effect of the later interventions (‘b’ through ‘e’) to
examine whether the additional interventions collectively accelerated the average yearly

effect of the first intervention. We also estimated the average yearly effect of all
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interventions (‘a’ through ‘e’) to examine the yearly change in the level of irradiation use
over a whole post-period.

3) Cumulative effect
We estimated the cumulative effect of a series of interventions as DiD for the last year of
each post-period: DiD for 2009, 2012, 2014, and 2018 were estimated for a cumulative
effect of intervention(s) ‘a’, ‘a’ and ‘b’, ‘a’ through ‘d’ and ‘a’ through ‘e’, respectively.

Note that ‘c’ and ‘d” were combined because they happened in the same year.

Supplement 7. Sensitivity analysis

How we estimated difference-in-differences (DiD) in the logistic regression model: Because the
interpretation of DiD estimates (i.e., the coefficients of the interaction terms) is not
straightforward in a logistic model, we used a recycling prediction to convert the DiD estimated
in odds ratio to the absolute difference. Then, we estimated the 95% CI of the DiD estimates for

each year by running 1,000 times of bootstrapping.

Results:
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Figure S3. 1. Difference-in-differences estimates of the impact of a series of disclosures of
CALGB 9343 and PRIME 11 results on the probability of post-lumpectomy irradiation use using
a logistic regression

The red vertical lines correspond to the time when older adults with early-stage breast cancer
started to be affected by the following disclosures: ‘a’ (5-year follow-up results of CALGB
disclosed in 2004), ‘b’ (11-year follow-up results of CALGB disclosed in 2010), ‘c/d’ (13-year
follow-up results of CALGB and 5-year follow-up results of PRIME disclosed in 2013), and ‘e’
(5-year follow-up results of PRIME disclosed in 2015).
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Supplement 8. Scenario analysis under an assumption that patients diagnosed in 2004 were not

affected by the trial results.
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Figure S3. 2. Difference-in-differences estimates of the impact of a series of disclosures of
CALGB 9343 and PRIME 11 results on the probability of post-lumpectomy irradiation use
including 2004 in the pre-period

The vertical lines are correspondent to the time when older adults with early-stage breast cancer
started to be affected by the following disclosures, respectively: ‘a’ (5-year follow-up results of
CALGB disclosed in 2004), ‘b’ (11-year follow-up results of CALGB disclosed in 2010), ‘c&d’
(13-year follow-up results of CALGB and 5-year follow-up results of PRIME disclosed in 2013),
and ‘e’ (5-year follow-up results of PRIME disclosed in 2015).

Table S3. 1. The cumulative, incremental immediate, incremental average yearly effect of
disclosures of CALGB 9343 and PRIME II results including 2004 in the pre-period

63



Period
(corresponding years)?

Incremental
immediate effect

Incremental average
yearly effect over the

Cumulative effect®

(-0.014, -0.010)

between periods period
Point estimate (95% CI)

. 20.071* 0.007* -0.042*
Period 1 (2005-2009) (-0.098. -0.046) (0.001, 0.014) (-0.067, -0.016)
. 20.030% 20.033* -0.116*
Period 2 (2010-2012) (-0.058, -0.002) (-0.047, -0.019) (-0.141, -0.091)
. 0.027 20.009 -0.149*
Period 3 (2013-2014) (-0.004, 0.058) (-0.036, 0.017) (-0.173, -0.123)
. 0.032 20.010 -0.225*
Period 4 (2015-2018) (-0.008, 0.072) (-0.014, 0.035) (-0.248, -0.220)

_ %
Periods 2-4 (2010-2018) N/A 0034 0.021) N/A
. 20.012%
Periods 1-4 (2010-2018) N/A N/A

&Periods 1, 2, 3, and 4 correspond to the disclosures ‘a’ (5-year follow-up results of CALGB

disclosed in 2004), ‘b’ (11-year follow-up results of CALGB disclosed in 2010), ‘c&d’ (13-year

follow-up results of CALGB and 5-year follow-up results of PRIME disclosed in 2013), and ‘e’

(5-year follow-up results of PRIME disclosed in 2015); ® The cumulative effect in a certain

period includes that of the previous periods; * indicates that the estimate was significantly

different from zero at a significance level of 5%.
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Chapter 4. The Real-world Value of Older Adult-specific Clinical Trials:
Post-lumpectomy Irradiation among Older Adults

with Early-stage Breast Cancer

4.1 Abstract

Objectives: Although there is increasing interest in conducting cancer clinical trials in older
adults, the benefit of such trials is unclear. We aimed to quantify the real-world clinical and
economic effects of two phase 3 trials (CALGB 9343 and PRIME I1) that found little clinical
benefit of post-lumpectomy radiation therapy (RT) among older women with early-stage breast
cancer (ESBC).

Methods: We developed a health-transition model to quantify the incremental clinical and
economic outcomes between scenarios with vs. without older adult-specific trial results from a
societal perspective between 2004 and 2018. We derived model effectiveness inputs from
CALGB 9343. The total number of affected patient population in the US and the change in the
probability of omitting post-lumpectomy RT due to the trial results were derived from a
retrospective analysis of the SEER registry data for patients with ESBC. Sensitivity analyses
were conducted to calculate the 95% credible interval (CR) of the incremental clinical and
economic outcomes between the two scenarios.

Results: Between 2004 and 2018, the trial results led to 32,936 (95% CR: 31,442, 34,365) fewer
patients receiving post-lumpectomy RT among those aged 70 years or older diagnosed with
ESBC in the US and a decrease in the cost of $419M USD (95% CR: -$239M, -$648M). The
difference in projected life years (1,083 years, 95% CI: -2,677, 7,463) and QALY (683 years,

95% CI: -2,797, 7,199) were not significant. At a willingness-to-pay threshold of $100k/QALY,
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the probability of older adult-specific trial results generating a positive net monetary benefit was
97.5%.

Conclusion: The CALGB 9343 and PRIME 11 trial results resulted in a substantial cost-saving in
the US society. Our results suggest that older adult-specific clinical trials that demonstrate the
negligible benefit of intervention in older people could result in a significant monetary benefit.
Further case studies are needed for different types of older adult-specific trials to understand the

value of older adult-specific trials comprehensively.
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4.2 Introduction

Older adults have long been under-represented in cancer clinical trials.[14] The lack of
clinical evidence generated in older adults has led to a situation where clinical decision-makers
need to rely on suboptimal evidence, such as results from the younger patient population or
subgroup analysis. The percentage of older adults has been increasing in the past decade and is
expected to rise in the coming years.[1] This demographic shift may signal the need for change
in how clinical evidence is being generated in clinical trials and the importance of examining
potential treatment heterogeneity among older people.

The US Food and Drug Administration made several recommendations in its recent
guidance to encourage the generation of evidence for older adults.[16] The Association for
Clinical Oncology and the International Society for Geriatric Oncology also recently have called
for increased efforts to conduct more studies in older adults, highlighting that there is limited
evidence on how to treat older patients with cancer.[8, 9] Based on these recommendations, one
way to generate better clinical evidence for older adults could be to conduct additional clinical
trials for older adults, especially in areas where existing trials are mainly focused on younger
people.

Although older adult-specific trials can lead to important findings on the treatment
heterogeneity between older vs. younger patients, a relatively small number of trials dedicated to
older adults have been conducted. [13, 55, 57, 59, 83, 84] Quantifying the value of older adult-
specific trials could facilitate discussions of trial sponsors on the prioritization and the
investment in older adult-specific trials. One approach to quantifying the value of a clinical trial
is to assess the real-world value of a clinical trial, defined as the clinical and economic benefits

generated in the real world by the availability of older adult-specific information.[85]
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One of the examples where older adult-specific clinical trial was conducted is post-
lumpectomy radiation therapy (RT) in early-stage breast cancer (ESBC). Post-lumpectomy RT
had been a standard of care for those diagnosed with ESBC since 1980s.[54] However, the
results of Cancer and Leukemia Group B (CALGB) 9343, which examined the benefit of post-
lumpectomy RT in women aged 70 years or older with ESBC in the United States (US), were
published 2004, showing that post-lumpectomy RT has minimal clinical benefit among older
adults.[55] The longer-term results were published in 2010 and 2013 with the same
conclusion.[57] Subsequently, the Post-operative Radiotherapy in Minimum-risk Elderly

(PRIME) Il was conducted among those older than 65 years old with ESBC in European

countries and showed results consistent with the CALGB 9343.[59] Given the minimal benefits

of adjuvant RT, both trials concluded that post-lumpectomy RT could be omitted among older
adults with ESBC.
The aim of this was to assess the real-world clinical and economic value of older adult-

specific clinical trials using trials of post-lumpectomy RT in ESBC as a case study.
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4.3 Methods

General framework

We calculated the real-world value of CALGB 9343 and PRIME 11 results as the
incremental clinical and economic outcomes among the affected patient population (i.e., those
who are eligible for post-lumpectomy RT omission) between scenarios with vs. without the
results in 2004-2018 (Figure 1). Hypothetically, CALGB 9343 and PRIME 11 results change the
level of post-lumpectomy RT use in older adults, leading to a difference in clinical and economic
outcomes among the affected patient population between the two scenarios.

Let N denote the total number of the affected patient population, p and q the probabilities
of omitting post-lumpectomy RT with and without the trial results, Y,,,gr and Yg; the lifetime
per-person clinical and economic outcomes with and without omitting RT, and i calendar years.
Then, the incremental clinical and economic outcomes among the affected patient population in
the scenarios with and without the trial results during the study period can be calculated as

follows (Figure 1):

2018
Z_ N; X (Pi = qi) X (Ynorr; — YRTi)
1=2004

Model structure

We used a hybrid decision tree and Markov model to quantify the real-world value of
older adult-specific trial results. In the decision tree, women eligible for omitting irradiation were
divided into two branches: using and omitting RT. At the end of the decision tree, women
entered the Markov model and were tracked for lifetime clinical and economic outcomes. The
Markov model included the following five health states: No recurrence, loco-regional recurrence,

remission, distant metastasis, and death (Figure 2). The model was based on a patient of age 75
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years old. The clinical and economic outcomes were estimated from a societal perspective and

were discounted at 3% per annum.

Advancement in radiation therapy over time

With the advancement in RT, different types of RT have been used during the study
period. While different types of RT are not significantly different in terms of efficacy, they
require a different number of visits and has different adverse event (AE) profiles and costs.[86-
92] Therefore, we varied the utilization level of different types of RT by calendar year. We
stratified RT by the number of fractions (e.g., whole-breast irradiation (WBI) and hypo-
fractionated irradiation (hypoWBI)) and by means of delivery (e.g., three-dimensional conformal
radiotherapy (3D-CRT) and intensity-modulated radiotherapy (IMRT)). For simplicity, we
included the two most commonly used numbers of fractions and means of delivery, and thus
included a total of four different types of RT: WBI-3D CRT, WBI-IMRT, hypoWBI-3D CRT,
and hypoWBI-IMRT. The temporal utilization level of each type of RT was derived from
existing studies that examined the trend of hypo-WRI and IMRT use among older adults with

ESBC in the US and a linear extrapolation.[93, 94]

Key model assumptions

We made following assumptions in our model: (1) the risk of loco-regional recurrence
and distant metastasis observed in the CALGB 9343 10-year follow-up results would stay
constant beyond the trial period in the base case scenario, (2) the risk of distant metastasis is
higher in the remission state than in the no-recurrence state by approximately 2.5 times[95], (3)

the probability of receiving salvage mastectomy and lumpectomy is approximately the same in
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the loco-regional state, (4) the proportion of patients with local (stage 1-2) and regional
recurrence (stage 3) among those who experienced loco-regional recurrence was 79% and 21%,
respectively[57], and (5) those receiving WBI visited the facility five days a week for six weeks,

and those receiving hypoWBI made five visits a week for three weeks.[57, 87]

Clinical inputs

We estimated the annual transition probabilities from no-recurrence to loco-regional
recurrence and to distant metastasis states without RT, using the 10-year results of CALGB 9343
in the no RT group, and used the hazard ratios (HR) for the RT group (Table 1).[57] The
probability of developing distant metastasis in the remission state was estimated by multiplying a
factor of 2.5 to that in the no-recurrence state based on our assumption.[95] The probability of
death from the distant metastasis was derived from a study estimated the mortality among those
who fulfilled CALGB 9343 criteria and had metastatic breast cancer.[96] We assumed that the
risk of death from the no recurrence, loco-regional recurrence, and remission states follow the
US general mortality and thus used the 2019 Social Security Life Table.[97] We estimated BC-
non-specific mortality by subtracting BC-specific mortality.[98]

For AE due to RT, we reviewed the types of AE studied in CALGB 9343 and chose the
ones that could be severe enough to impact the health utility and healthcare costs (i.e., grade 3 or
4).[55, 99] As a result, skin-related toxicities were considered in our model. We derived the
prevalence of skin-related toxicities from an existing literature that examined the frequency of

AE for different types of RT.[99]

Utility inputs
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We derived utility inputs from existing cost-effectiveness studies in breast cancer (BC)
(Table 1).[96, 100-102] The utility for loco-regional recurrent was calculated by subtracting the
weighted average of the disutility values for salvage mastectomy (0.16) and lumpectomy (0.10)
from the utility for no-recurrence.[101] The disutility of AE was applied to the first year in the
no-recurrence state for those who received post-lumpectomy RT.[101] We adjusted utility

values for all health states by using an age-specific modifier.[103]

Economic inputs

We derived the direct costs for each health state from existing literature. The costs for the
first year in the no-recurrence state were stratified by the types of treatment a patient received
(Table 1). The difference in medical costs between WBI-3D CRT vs WBI-IMRT and WBI vs
hypo-WBI were derived from studies that used the SEER-Medicare data of women diagnosed
with stage 1-2 BC.[104, 105] We derived the direct costs for the remaining years in the no-
recurrence state from Shih et al., which estimated the continuing costs for older patients with
stage 1 BC.[106] For the direct costs in the remission state, we used the continuing costs for
local and regional BC patients obtained from the same study. The costs of loco-regional
recurrence and distant metastasis were informed by Grady et al. that used the SEER-Medicare
data.[107] The costs of loco-regional recurrence were calculated by taking a weighted average of
year one costs of local vs. regional recurrence. We used the costs for stage 4 BC from Grady et
al. for distant metastasis. Given that RT-related skin toxicity is usually treated with corticosteroid
or topical cream, we approximated that the one-off costs for treating AE are $50 USD.

The indirect costs included transportation and time costs to receive RT. The average

number of miles of traveling and the number of hours spent for treatments per fraction were
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informed by existing literature.[108] We used the Fuel Cost Calculator (assuming gas/fuel price
of approximately $4 per gallon and miles per gallon of about 20~40 mpg) to estimate the average
cost per mile and the US Bureau of Labor Statistics for the national average hourly wage for

women.[109, 110] All costs were presented in 2021 USD.

The size of the affected population

The affected patient population in the US was defined as those who meet the eligibility
criteria of CALGB 9343 trial and were diagnosed between 2004 and 2018, 15-year time period
after the older adult-specific trial results became available (Supplement 1).[55]

We conducted a retrospective analysis of the SEER registry to estimate the number of
patients eligible for RT omission for each calendar year from 2004 to 2018 (Figure 3). Since the
SEER registry data covers approximately 28 percent of the US population, we adjusted the
yearly incidence in the entire US by multiplying a factor of 3.6 (100/28).[72] We took this
approach based on a study showing that the incidence of late-stage BC is the same between non-

SEER and SEER regions and assumed a similar relationship would apply for ESBC.[111]
The changes in the level of post-lumpectomy RT utilization due to trial results

We analyzed the SEER registry data to examine the impact of results of CALGB 9343
and PRIME 11 on the utilization level of post-lumpectomy RT between 2004 and 2018, using

difference-in-differences analysis (unpublished results, Figure 3).

Study outcomes
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Study outcomes included the incremental number of RT non-users, LYs, QALYS,
societal costs, and net monetary benefit (NMB) comparing scenarios with vs. without older
adult-specific trial results. The NMB was calculated using a willingness-to-pay per QALY

threshold of 100,000 USD.

Characterizing uncertainty

We conducted 5,000 Monte Carlo simulations to characterize the uncertainty in the
results. We varied model inputs based on 95% confidence interval (CI) or standard errors. When
the uncertainty range is not available, model inputs were varied by +/- 20% or 30% of the base

case value.

Scenario analysis
Studies have suggested that the risk of relapse in treated BC patients is minimal beyond
ten years.[112] Therefore, in a scenario analysis, we assumed that no loco-regional recurrence or

distant metastasis occurred among women who stayed in the no recurrence state for ten years.

74



4.4 Results

The number of radiation therapy non-users

The estimated affected patient population in the US was 224,096 between 2004 and 2018.
After we applied the incremental probability of omitting RT due to older adult-specific trial
results each calendar year, the total number of patients who omitted RT was 32,936 higher in the
scenario with older adult-specific trials vs. without among the affected patient population

between 2004 and 2018 (Table 2).

Clinical outcomes

The incremental LY's gained for a patient over the lifetime horizon was 0.03 years,
comparing no RT vs. RT. When the per-person incremental LYs were applied to the entire
affected population, the LY's among the affected population were higher by 1,083 years
comparing scenarios with vs. without older adult-specific trial results (Table 2).

The incremental QALY per patient with no RT vs. RT over time was 0.02 years on
average across years (Supplement 2 for the comparison with other studies). Therefore, the
incremental QALY gained among the affected patient population with vs. without older adult-

specific trial results was 683 years.

Economic outcomes
The per-person cost-saving comparing no RT vs. RT was $12,492 on average across
years, which resulted in the incremental cost-saving of $419 million USD among the affected

patient population in scenarios with vs. without older adult-specific trial results (Table 2).
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The real-world value of trial results in monetized QALY's was $68 million USD with a
willingness-to-pay per QALY threshold of $100,000 USD, which led to the incremental NMB of
$487 million USD comparing the two scenarios. The incremental NMB had an overall increasing

trend from 2004 to 2018 (Figure S4.1).

Sensitivity analysis

The probabilistic sensitivity analysis showed that the 95% CR of incremental number of
patients who omitted RT in scenarios with vs. without older adult-specific trial results was
31,531 to 34,388. The 95% CR of real-world value of older adult-specific trial results in LY's and
QALYs were -2,476 to 7,512 years and -2,797 to 7,199 years, respectively (Figure S4.2). The
95% CR of the societal cost-saving and the incremental NMB due to the older adult-specific trial
results was -$671 to - $240 million USD and -$0.2 million to $4.5 billion USD, respectively.

The probability of a scenario with older adult-specific trial results generating a positive
incremental NMB, compared to a scenario without was 99.8%, 97.5%, and 93.8% with a

willingness-to-pay threshold of $50,000, $100,000 and $150,000, respectively (Figure S4.3).

Scenario analysis

When we assumed that those who stayed in the no-recurrence state for more than ten
years did not experience loco-regional recurrence or distant metastasis, the realized value of
older adult-specific trials in terms of LY's and QALY was 896 and 543 years, respectively,
which was a little lower than the base case. The realized value in terms of costs and NMB was

$446 million USD and $500 million USD.
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4.5 Discussion

We estimated the clinical and economic benefits generated in the real world by older
adult-specific trials of post-lumpectomy RT in ESBC between 2004 and 2018. We found that the
number of older adults who omitted lumpectomy RT was significantly higher with the older
adult-specific trials vs. without. The older adult-specific trial results led to a significant reduction
in the societal costs and the impact of the trial results on clinical outcomes was not clear. At a
willingness-to-pay per QALY of $100,000, the probability of older adult-specific trial results
generating a positive NMB was 98%.

We found that the real-world value of older adult-specific trial results has increased over
the 15-year time horizon, mainly due to the increasing trend of prescription pattern change over
time. Between 2004 and 2009, when only short-term results of CALGB 9343 were available, the
incremental likelihood of omitting RT was relatively small and there was no clear increasing
trend. With the subsequent publications of longer-term results of CALGB 9343 and the results of
PRIME 11 after 2010, however, the level of RT use decreased constantly, generating a higher
societal value over time. This finding may suggest the importance of the cumulative effect of
trial results in generating the value of clinical trials. Especially in situations where trial results
recommend changing providers’ prescription patterns that have been maintained for a long time,
more confirming evidence may be required to derive the change in providers’ decisions.
Therefore, researchers studying the treatment effect heterogeneity in older patients may need to
consider decreasing uncertainty in their findings by, for example, following up the patients for a
longer term to further increase the value created by the trial results.

A case study that quantifies the real-world value of older adult-specific trials like ours has

implications for decision-making among trial sponsors on whether to invest in older adult-
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specific trials. By showing that older adult-specific trials brought substantial benefits to a
society, our study may suggest that clinical trials for older adults may be worth the investment.
Especially, in situations like ours when older adult-specific trials show negative results, meaning
that a drug that works well in younger adults is shown to have no or little benefit among older
adults, trial results could be translated into economic benefits without sacrificing clinical
outcomes. It should be noted, however, that the size of benefits would vary depending on several
factors such as the size of affected patient population, the level of change in prescribing patterns,
and efficacy and costs of an intervention. Therefore, a careful consideration of these factors is
needed when assessing the size of the value. Furthermore, different types of older adult-specific
trial results may generate real-world value differently. If, for example, older adult-specific
clinical trials found that intervention with null or negative clinical effect in younger adults has a
significant benefit in older people (i.e., positive results), the trial results will likely improve
clinical outcomes but also increase the costs. There could also be a case where older adult-
specific clinical trials do not find a heterogeneous treatment effect compared to younger patients
(i.e., neutral results). More studies are warranted to understand how the value is generated by
different types of older adult-specific trial results.

To our knowledge, there has been one study that examined the potential downstream
impact of older adult-specific evidence. Greenup et al. examined the potential cost savings
associated with an evidence-based RT among older women with ESBC in the US.[113] This
study quantified the upfront savings if all older adults in their database omit post-lumpectomy
RT and found that per-person cost-saving would be approximately $11,700, which was a little
lower than our estimate ($14,500). While this study showed the potential economic impact of

older adult-specific trial results, it did not account for the real-world prescription pattern changes
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and the actual number of the affected patient population. Thus, the study results are hypothetical.
Also, clinical outcomes were not incorporated in assessing the downstream impact of the trial
results, and economic outcomes were not tracked for the lifetime horizon, meaning that the
estimated benefit is not inclusive of all aspects of the impact.

Moreover, we did not include the caregiver costs arising from post-lumpectomy RT.
Given the high level of the frailty of those older than 70 years old, a caregiver may need to
accompany a patient to the RT facilities, which results in additional indirect costs of RT and a

higher cost-saving from the trial results.
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4.6 Limitations

Our study has several limitations. First, the findings from our study cannot be generalized
to older adult-specific clinical trials in other disease or treatment areas. More case studies may be
needed to understand the impact of older adult-specific trials in different situations.

Moreover, we did not take into account the costs of conducting clinical trials. The median
cost of conducting phase 3 trials is approximately $21.4 million.[114] However, it varied from
approximately $5 million to $75 million USD depending on factors including study design, size,
and length. Trials like CALGB 9343 that had more than ten years of follow-up might be more
expensive than other trials.[114] Furthermore, trials that recruit older or frail adults may have a
higher recruitment cost.[115, 116] Further studies on how the costs of older adult-specific
clinical trials are compared to the trials in the general patient population would help determine
the net economic return of such trials.

Furthermore, there is uncertainty about the size of the affected patient population. We
assumed that patients who meet the eligibility criteria of the CALGB 9343 study are those
eligible for the omission of post-lumpectomy RT. However, it is possible that some providers
have applied the results to patients more broadly or conservatively. Also, the study period was
limited to up until 2018 due to the data limitation. Considering the continuing decreasing trend of
the probability of receiving post-lumpectomy RT, our study might not have captured the full

value of CALGB 9343 and PRIME II.

80



4.7 Conclusion

We quantified the real-world clinical and economic benefits of results from CALGB
9343 and PRIME |1 phase 3 trials that demonstrated post-lumpectomy RT has minimal benefit
among older adults with ESBC. We found that approximately 33,000 older adults with ESBC
omitted RT after lumpectomy in response to the trial results over a 15-year period and reduction
in the US societal costs of $419 million USD. While these results can contribute to the
discussion around whether and how to invest in older adult-specific clinical trials, more case
studies, especially for trials with positive and neutral results, need to be done to have a more

comprehensive understanding of how older adult-specific trials generate value.
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4.8 Tables & Figures

The number of affected population
Scenarios of comparison

Proportion of patients omitting RT
Per-person clinical and economic outcomes
Total clinical and economic outcomes

Real-world value of older adult-specific trials

Figure 4. 1. Overall analytic approach

Women eligible for RT omission (N)

/\

with older adult-specific clinical trials without older adult-specific clinical trials
RT non-users RT users RT non-users RT users
YnoRT YRT YrmRT YRT
N X P X Yyorr + N X (1-p) X Ygr N X q X Yyopr + N X (1-q) X Ygr

(N Xp X Yyogr + N X (1-p) X Ygr) = (N X q X Yyorp + N X (1-q) X Ygr) = N X(p-q) X (Yoorr-Yrr)

N = the number of the affected population; p = the probability of omitting post-lumpectomy RT

in a scenario with older adult-specific clinical trials; g = the probability of omitting post-

lumpectomy RT in a scenario without older adult-specific clinical trials; YnoRT = lifetime

clinical and economic outcomes (i.e., Quality-adjusted life years, life years, societal costs, and

net monetary benefits) without post-lumpectomy RT; YRT = lifetime clinical and economic

outcomes without post-lumpectomy RT with post-lumpectomy RT; RT: radiation therapy
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Figure 4. 2. Markov model structure

All patients who underwent lumpectomy after the diagnosis of ESBC started from the no
recurrence state where they could remain in the state, transitioned to loco-regional recurrence or
distant metastasis, or died from non-BC causes. Once patients developed a loco-regional
recurrence, they stayed in that state for one year and then transitioned to remission or died from
non-BC causes. Those who moved to the remission state, patients stayed in that state,
transitioned to distant metastasis, or died from non-BC causes. In the distant metastasis state,
patients could stay in that state or died from BC- or non-BC causes.
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Figure 4. 3. The number of the affected patient population (top) and the incremental probability
of patients omitting RT with vs. without trial results (bottom) over time

Gray lines indicate upper and lower bounds. The number of the affected patient population was
varied by +/- 20% and the incremental proportion of patients omitting RT was varied based on
the 95% confidence interval obtained from the difference-in-differences analysis. Normal

distribution was used for both inputs in the probabilistic sensitivity analysis.
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Table 4. 1. Clinical, utility, and economic inputs and ranges for sensitivity analyses

Variables Deterministic | Lower Upper Distributio | Uncertainty Source
n range
General
Age at diagnosis 75 N/A N/A N/A N/A [56]
Discount rate 3% N/A N/A N/A N/A N/A
Yearly transition
probabilities
No recurrence to loco-
regional recurrence
No RT 0.009 0.006 0.014 Normal 95% ClI [56]
NHOaFZ;}r)d ratio (RTvs. | 19 0.07 0.42 :'ogno”“a 95% Cl [56]
No recurrence to
distant metastasis
No RT 0.005 0.009 0.003 Normal 95% ClI [56]
NngzTa‘)rd ratio (RTvs. |4 5 063 | 232 -ognorma | 9506 C [56]
Ratio of the risk of
](;Jistant metastasis 250 175 395 Lognorma |, 40, [95]
rom no recurrence Vvs. I
remission state
Distant metastasis 101 ¢.53 018  |0.28 Normal | +-20% | [96]
No recurrence to death | Life table N/A N/A N/A N/A [97]
Remission to death Life table N/A N/A N/A N/A [97]
Loco-regional Life table NA | NA N/A N/A [97]
recurrence to death
Probability of G3 skin
toxicity of RT
CF-WBI-3D CRT 0.024 0.02 0.03 Beta +/- 20% [99]
CF-WBI-IMRT 0.018 0.01 0.02 Beta +/- 20% [99]
HF-WBI-3D CRT 0.007 0.01 0.008 Beta +/- 20% [99]
HF-WBI-IMRT 0.002 0.00 0.002 Beta +/- 20% [99]
Utilities?
[96,
No recurrence (year 1) | 0.71 0.57 0.85 Beta +/- 20% 100-
102]
No recurrence (year [96,
24) 0.71 0.57 0.85 Beta +/- 20% 100-
102]
Loco-regional [96,
0.61 0.49 0.73 Beta +/- 20% 100-
recurrence 102]
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[96,

Remission 0.71 0.51 0.76 Beta +/- 20% 100-
102]
[96,
Distant metastasis 0.54 0.43 0.65 Beta +/- 20% 100-
102]
Disutility of G3 skin | 001 0012 |Beta +-20% | [101]
toxicity
Direct costs (yearly)
No recurrence (year 1)
No RT $10,817 $8,654 $12,981 | Gamma +/- 20% E(L)ag
CF-WBI-3D CRT | $23546 $18,837 |$28255 | Gamma | +/-20% %a(])’
[100,
CF-WBI-IMRT $32,940 $26,352 | $39,527 | Gamma +/- 20% 104,
105]
HF-WBI-3D CRT $19,126 $15,301 | $22,951 | Gamma +/- 20% %23
[100,
HF-WBI-IMRT $28,519 $22,815 | $34,223 Gamma +/- 20% 104,
105]
'Z\'f)recu”ence (vear | gg03 $643 | $964 Gamma | +/- 20% [100]
Loco-regional $55,964 $44,772 | $67,157 |Gamma | +-20% | [107]
recurrence
Remission $1,499 $1,199 | $1,798 Gamma +/- 20% [100]
(E;':;f”lt)metaStaS'S $83,490 $66,792 | $100,188 | Gamma | +/-20% | [107]
Distant metastasis
(year 2+) $32,564 $26,051 | $39,076 | Gamma +/- 20% [107]
G3 skin toxicity $393 $314 8472 |Gamma | +-20% | ool
Indirect costs (year 1
only)
[961
CF-WBI $1,500 $1,200 | $1,800 Gamma +/- 20% 109,
110]
[96,
HF-WBI $750 $600 $900 Gamma +/- 20% 109,
110]

& The age-specific modifier of 0.771 was applied
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Table 4. 2. The real-world value of older adult-specific clinical trial results

Real-world value Base-case 95% CRP

Post-lumpectomy RT non-users | 32936 31442, 34365

Life years 1083 years -2677, 7463 years
Quality-adjusted life years 683 years -2797, 7199 years

Monetized QALYs? $68 million USD -$28 million, $72 million USD

Societal costs

-$419 million USD

-$239 million, -$648 million USD

Net monetary benefits?

$487 million USD

-$0.2 million, $4.5 billion USD

8We used a willingness-of-pay per QALY threshold of $100,000 USD to calculate monetized
QALYs and net monetary benefits; °5,000 times of Monte Carlo simulations were used to
estimate the 95% credible interval; CR: credible intervals; USD: 2021 US dollars
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4.9  Supplement

Supplement 1. Eligibility criteria of CALGB 9343

Patients who (1) were female, (2) were diagnosed with first or only stage 1 (TINOMO
according to TNM classification and tumor size < 2 cm) estrogen receptor (ER)-positive breast
cancer, (3) underwent lumpectomy (i.e., partial mastectomy or less than total mastectomy), and

(4) were aged 70 years or older at the time of diagnosis.

Supplement 2. Comparing the base-case incremental QALYs per patient with vs. without omitting
RT with other cost-effectiveness studies

The incremental QALY s per patient with vs. without omitting RT in the base-case
scenario were different from the existing cost-effectiveness studies using clinical inputs derived
from the same older adult-specific trials. While we found the incremental QALY gained of 0.02
years with omitting RT in the base case, it was -0.2 years in Sen 2014 and -0.03 years in Ward
2020. [1, 2] The 95% CR for the incremental QALY's with vs. without omitting RT crossed zero
in our study, but this information was not available in the other two studies. Therefore, whether
the QALY's were significantly different between the two arms in the other studies was unclear.
The difference in the base-case incremental QALY gained is likely due to the different model
structures. While we had a separate health state for remission for those who recovered from a
loco-regional recurrence and used a higher utility value for them, other studies did not.
Therefore, patients who experienced the loco-regional recurrence were assumed to have a lower
utility even after the recovery, which amplifies the impact of the higher risk of loco-regional
recurrence with RT omission. Moreover, Sen 2014 assumed that the utility value is lower for

those who omitted RT than those who received it based on Hayman et al. where utilities were
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measured among general patients with ESBC using standard gambles. [3] In this study, the utility
for not receiving RT was lower than the one for receiving RT due to the fear of experiencing
recurrence. However, this study is outdated (conducted before 1997) and was not specific to
older adults who have a low risk of loco-regional recurrence. Lastly, other studies did not
incorporate the higher risk of distant metastasis with receiving RT, which was shown in the long-

term CALGB 9343 results, overestimating the survival with RT.
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Figure S4. 1. The incremental net monetary benefit (NMB) comparing scenarios with vs. without

older adult-specific trial results over time (2004-2018)
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Chapter 5. Conclusions

The contents of this dissertation have worked to examine the challenges and value of
conducting older adult-specific clinical trials in clinical areas. To address the potential challenges
of investing in older adult-specific clinical trials, we developed a machine learning model that
predicts the risk of trial failure using trial-level factors. The prediction model developed in this
study can be useful in aiding trial sponsors and researchers in prioritizing and designing clinical
trials by providing a quantitative measure for the likelihood of trial success before conducting a
study. The study findings also provide a parsimonious set of predictors that are potentially
associated with the risk of trial failure. If confirmed by inference studies showing how these
predictors are causally associated with trial failure among older adult-specific clinical trials, our
results can help researchers modify trial-level factors in a way to reduce the risk of study failure.
We believe that adding some other key potential predictors of trial failure (e.g., the clinical
importance of the research question and deviation from the standard of care) could help improve
the predictive performance of the model.

We also examined the impact of older adult-specific clinical trial results by assessing the
causal effect of the trial results on the real-world prescribing patterns, using the phase 3 clinical
trials of post-lumpectomy irradiation among older adults with ESBC (i.e., CALGB 9343 and
PRIME I1) as a case study. We found that the use of post-lumpectomy irradiation has been
significantly changed as intended due to the results of CALGB 9343 and PRIME Il among older
adults over time. The initial 5-year follow-up results of CALGB 9343 were associated with a
significant immediate and yearly decrease in the probability of irradiation use and a follow-up
disclosure of longer-term CALGB 9343 results further accelerated the rate of decrease. Our

study ascertains the causal impact of CALGB 9343 and PRIME 11 studies on the prescribing
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patterns, suggesting that older adult-specific clinical trials, if successfully completed, could
significantly change providers’ treatment decisions among older patients. Also, the study
findings demonstrated the importance of evidence accumulation in changing prescription
patterns, meaning that a stepwise approach where evidence is assured by additional findings
could be one way to incorporate treatment effect heterogeneity in older people into clinical
practice. The changes in the prescribing patterns, however, could be different in other disease or
treatment areas, and thus additional case studies are needed to better understand the impact of
older adult-specific clinical trials on providers’ treatment decisions.

When the downstream clinical and economic benefits of the results from CALGB 9343
and PRIME Il phase 3 trials were quantified, we found a significant reduction in the US societal
costs of $419 million USD during the 15-year period after the initial publication of the study
results. The trial results did not significantly change the clinical outcomes of older adults. Our
case study has implications for decision-making among trial sponsors on whether to invest in
older adult-specific trials. By showing that older adult-specific trials brought substantial benefits
to society, our study may suggest that clinical trials for older adults may be worth the investment.
Especially, in situations when older adult-specific trials show negative results, meaning that a
drug that works well in younger adults is shown to have no or little benefit among older adults,
trial results could be translated into economic benefits without sacrificing clinical outcomes. It
should be noted, however, that the size of benefits would vary depending on several factors such
as the size of the affected patient population, the level of change in prescribing patterns, and the
efficacy and costs of an intervention. Furthermore, more case studies, especially for trials with
positive (i.e., significant benefits among older people when there is no benefit among younger

people) and neutral results (i.e., effects among older people are not different from those among
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younger people), need to be done to have a more comprehensive understanding of how older
adult-specific trials generate value.

While there has been a call for increasing efforts to conduct more clinical studies for
older adults, conducting clinical trials generally requires a lot of resources. Given limited
healthcare resources, trial sponsors and researchers need to consider the potential challenges and
value of conducting clinical trials in older adults. The analyses performed in this dissertation
allow trial sponsors and researchers to estimate the risk of unsuccessful completion of cancer
clinical trials in older adults based on the trial protocol and show the potential value older adult-
specific clinical trial results could generate in the real world. We hope that the findings from this
study will better inform the investment and prioritization decisions of clinical trials for older
adults among trial sponsors and researchers and, ultimately, help improve treatment decisions

among older adults.
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