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Abstract Statistical challenges in designing, analyzing and interpreting the data
are being encountered with the recent development of new classes of drugs to treat
cancer. The existing paradigm of drug development from Phase I to Phase III
clinical trials is not optimal. New and innovative trial designs and statistical
methods are needed to evaluate the new classes of drugs. In this chapter we present
the regulatory considerations in the evaluation of drug products, the drug devel-
opment paradigm in the last century and the current time, and the statistical chal-
lenges that need to be addressed.
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1 Regulatory Considerations

With the signing into law of the Kefauver-Harris Drug Amendments to the Food
and Drug Cosmetic Act in 1962, drug manufacturers were for the first time required
to prove to the US FDA the effectiveness of their products before marketing them
[1]. This amendment was intended to ensure both drug efficacy and safety, and gave
a statistical framework for conducting clinical trials to prove the effectiveness of
drug products. Section 505(d) of the Food and Drug Cosmetic Act [2, 3] as
amended states that “…evidence consisting of adequate and well-controlled
investigations, including clinical investigations, by qualified scientific experts, that
proves the drug will have the effect claimed by its labeling …”. This statement has
been used as the regulatory standard for establishing evidence and interpreted to
mean the following: the evidence should be reproduced in at least two independent
studies, the probability of one-sided type I error should be controlled at a threshold
of 0.025, a clinically meaningful treatment effect should in general be established
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even if the results are statistically significant, and the product should have an
acceptable risk-benefit profile.

Two decades later, in 1981, the FDA and the Department of Health and Human
Services revised the regulations for the protection of human subjects, detailing the
contents of informed consent and widening the representation in institutional review
boards. Another landmark in the history of the FDA was the publication of regu-
lations in 1991 establishing a new path to accelerate the review of drugs for
life-threatening diseases. Today we have two regulatory pathways for marketing
approval of drug products: regular or traditional approval and accelerated approval.

The regular approval decision is based on demonstrated clinical benefit of the
drug product, for example, improved overall survival in cancer patients compared
to placebo, or on an outcome that clearly benefits a patient, such as an improvement
in disease related symptoms. The accelerated approval decision is based on a
surrogate endpoint reasonably likely to predict clinical benefit, such as objective
tumor response rate, and the treatment effect should be better than available therapy.
Products approved under the accelerated approval pathway are, however, required
to subsequently establish improved clinical benefit by conducting a confirmatory
clinical trial.

The statistical considerations in evaluating drug products include (1) quality and
quantity of data, (2) design of the study, (3) method of analyses, and (4) interpre-
tation of the results from the analyses. With respect to clinical trial design, the
important considerations are whether the study is randomized or not, the presence
or absence of adaptive features, whether a superiority or non-inferiority hypothesis
is tested, the extent to which the overall false positive rate is controlled, and
whether the results are replicated. Important considerations in the analyses include
clear definition, measurement and validation of the outcome of interest; the statistic
used to test the hypothesis and whether the data conform to the assumptions of the
chosen analysis method; whether any subgroups were identified and pre-specified to
be tested; imbalances between treatment groups in the subgroup; and finally
whether multiple hypothesis testing was conducted.

2 The Drug Development Paradigm in the Last Century

The development of cytotoxic drugs, the predominant treatment of cancer in the last
century, has generally been comprised of a step-wise approach with clearly defined
phases of clinical trials: Phase I trials for dose finding, Phase II trials to determine
drug activity, and Phase III trials for confirming efficacy. Phase I trials have been
designed to find the maximum tolerated dose (MTD), commonly using an algo-
rithmic design such as a 3 + 3 design or more recently a model-based design
(for example, modified continual reassessment methodology). In these trials, the
dose was continuously increased until dose limiting toxicity (DLT) was observed.
A lower dose than the DLT dose was considered the maximum tolerated dose
(MTD). The MTD was further evaluated in the next phases of the study to assess
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the efficacy and overall risk-benefit of the drug. In this cytotoxic paradigm a ‘more
is better’ approach was used, because of the desire to kill the maximum number of
cancer cells. For cytotoxic therapies, there were reasonably good preclinical models
prior to conducting first-in-human Phase I studies, treatment was limited to a finite
number of treatment cycles of 21–28 days, the dose given to a patient was based on
body surface area, toxicities were observed in a short period of time, and the
toxicities (hematologic, neurologic, etc.) were well characterized.

The Phase II single-arm trials evaluated activity of the drug using intermediate
outcomes such as tumor response rate that could be observed in a relatively short
time. Typically, these trials were designed using the Simon two-stage approach [4]
as single-arm studies. In this approach, patients would be enrolled and treated in
two stages. If the tumor response rate in the group of patients enrolled and treated at
MTD in the first stage was less than a pre-specified threshold, the drug would not be
studied any further; and if response rate was more than this threshold, an additional
group of patients would be enrolled to the second stage. Only if the overall response
rate was more than a desired threshold in the two groups of patients combined
would the drug would be further evaluated in Phase III trials.

The confirmatory Phase III trials evaluating the efficacy and safety of the drug
were randomized controlled trials comparing the investigational drug to the stan-
dard of care, with overall survival as the primary outcome of the clinical trial.
Because the toxicities were well characterized for the cytotoxic products and the
treatment was limited to a finite number of treatment cycles, the toxicities observed
during the different phases of drug development formed an adequate basis to guide
physicians in the management of patient treatment.

3 The Current Drug Development Paradigm

With the understanding of the biology of the disease and the development of
non-cytotoxic drugs such has kinase inhibitors and immunotherapy, cancer treat-
ment options have changed in the last two decades. In terms of both toxicity and
activity/efficacy, these products are very different from cytotoxic products. There
are few if any good pre-clinical models to predict the likely starting dose and
toxicities in humans, although these products are in general better tolerated. Severe
toxicities of these drugs are not always observed in a short duration of time, and
treatment is not limited to a few cycles, but typically continued until disease pro-
gression is observed. Many of these products are taken orally and administered in
fixed doses rather than based on body surface area. Often a long-term effect on
overall survival is observed in the absence of objective tumor response rate
(example: sorafenib, ipilimumab) [5, 6]. Thus, the cytotoxic paradigm fails in every
phase of drug development for the current generation of drug products. The
cytotoxicity-based definition of dose-limiting toxicity is no longer useful, because
many of these products do not have the well characterized hematologic or
non-hematologic toxicities. For example, the kinase inhibitor erlotinib has severe
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skin toxicity, which is not observed with typical cytotoxic drugs. Many of the
toxicities do not occur within the short time of observation in the Phase I trials
where more refractory patients with a shorter life expectancy are enrolled. Some of
these drugs may not shrink tumors but rather stabilize the disease, resulting in poor
response rates and requiring randomized Phase II studies to better understand the
activity of the products with respect to other outcomes such as progression-free
survival. Because of the unknown long-term toxicities of these drugs it is not
uncommon to have dose interruptions and reductions in Phase III trials, with the
result that when the confirmatory clinical trial is completed, recommended dose and
monitoring guidelines for patient care are not always clear.

3.1 Biomarker-Based Clinical Trials

The patient population enrolled in a clinical trial is recognized to be heterogeneous,
(for example with respect to age, race, gender, genetic markers, subgroups of the
disease, etc.), despite stringent inclusion and exclusion criteria. Therefore, when
confirmatory clinical trial results do not demonstrate efficacy of the investigational
drug, it is common to hypothesize that the drug is likely to be effective in a
subgroup of the population. However, the challenge is in finding the specific
subgroup that may benefit from the investigational drug. It is important to recognize
whether the subgroup is defined based on a prognostic or predictive biomarker
or both.

A prognostic biomarker is a biomarker that is measured at baseline (prior to
administration of a treatment) that correlates with the treatment outcome for a
heterogeneous set of patients and is independent of the treatment (Fig. 1a). For
example, stage of disease that is measured at baseline is a prognostic marker of the
overall survival of a given patient irrespective of the treatment received. A pre-
dictive marker is a biomarker that is measured at baseline prior to administration of
a treatment that predicts whether a particular treatment is likely to be beneficial and
it is associated with outcome of a specific therapy (Fig. 1b). Based on the predictive
marker status, it is expected that there would be a differential benefit of a given
treatment. For example, patients with metastatic melanoma with BRAF mutations
benefit from BRAF inhibitors such as vemurafenib [7] and dabrafenib [8], and on
the contrary, patients whose tumor is BRAF-negative (i.e., the BRAF gene is not
mutated, or wild type) do not benefit from these treatments. Thus in many cases the
biomarker status may guide the treatment options.

Various adaptive designs have been used and reported in the literature to identify
and evaluate prognostic and predictive biomarkers. An ideal design would be to use
a biomarker-stratified, randomized design as shown in Fig. 2. An example of this
design is the lung cancer MARVEL trial [9] in which the patients’ tumors were
assessed prior to randomization for epidermal growth factor receptor gene (EGFR)
status as measured by fluorescent in situ hybridization (FISH). Randomization was
stratified by the EGFR status, and patients are randomly assigned to receive either
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erlotinib or pemetrexed. In this design, the biomarker status is known for all ran-
domized patients, and it can be evaluated as a prognostic and a predictive marker.
On the other hand, if there is scientific evidence that given the mechanism of action
of a particular drug it is unlikely that patients with biomarker-negative tumors
would benefit from that drug, then an enrichment design (Fig. 3) is preferred as in
the example of vemurafenib clinical trial where only patients whose tumor
expressed BRAF mutation [7]. However, such a design assumes that the biomarker
is predictive, and as such this design does not lend to evaluation of the biomarker as
a prognostic or a predictive biomarker since marker-negative patients are not
studied. Use of enrichment designs have increased with the development of targeted
therapies. However designing such trials can be challenging as often the treatment
effect of the standard of care in the enriched population may be unknown due to
lack of information on the biomarker of interest in the historical control resulting in
potentially underpowered Phase III studies, or the prevalence of the biomarker
subgroup may be too small for a randomized clinical trial to be feasible.
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Fig. 1 Prognostic and predictive markers
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Fig. 2 Biomarker-stratified, randomized design
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The ideal goal is to treat patients who benefit from a drug while not exposing
patients who may not benefit and experience unwanted toxicity. However, due to
the complex biology of the diseases not all characteristics that influence the out-
come are measurable or known, and it is difficult to identify characteristics of
patients who are likely to respond to a given treatment. Clinical trial designs have
been proposed that evaluate predictive and prognostic molecular biomarkers and
identify subgroups of patients who are likely to benefit from a given treatment after
the clinical trial is completed in all patients [10–12].

More complex designs with adaptive enrichment strategies where enrichment
occurs during the course of the clinical trial based on interim analysis of the data
have also been suggested [13, 14]. Such designs with pre-planned decision criteria
provide a scientific strategy to select the enriched population based on data accu-
mulated in the initial stages of the clinical trial. Recently clinical trial designs
[15–18] that can evaluate multiple diseases, multiple molecular biomarkers and/or
multiple drugs (umbrella, platform, or basket trials) have been adopted in disease
areas with unmet medical need. These trials typically have one umbrella or master
protocol with a central governance structure, with adaptive features that allow
adding and removing treatment arms, and are an efficient way of using patient
resources. These clinical trials require adequate resources, coordination among
different stakeholders and a trial network to conduct the studies. The approval of a
new drug based on another trial while the current trial is ongoing, frequent adap-
tations to the design, multiple hypotheses testing, and overlapping characteristics of
patients among two or more subgroups can pose challenges in execution and
interpretation of the results of such clinical trials. Careful and detailed pre-planning,
particularly in international studies, is essential.

Another component of the biomarker-based clinical trials is the companion or
complementary diagnostics that are essential in defining the subgroups. Analytical
validation of the biomarker assay based on performance (precision, accuracy,
sensitivity and specificity), and quantitative and qualitative variability (e.g., dif-
ferences in platforms, labs, technicians) are crucial in ensuring replication and
interpretation of results. Because the use of a targeted drug is often tied to a
diagnostic device in identifying the patient to be treated, there needs to be
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Fig. 3 Enrichment design
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coordination between the drug and device manufacturing companies as well as
co-development of drug and device during the course of the product development
cycle [19]. Often clinical trials are conducted with an investigator- or site-based
diagnostic. It can be a challenge in evaluating the drug-device product for regu-
latory approval if the investigator- or site-based diagnostic differs with respect to
operating characteristics from the scaled up version that is manufactured at a device
manufacturing company.

3.2 Clinical Trials Evaluating Immunotherapy

Unlike chemotherapy and other targeted therapies, immunotherapy activates the
immune system and thus indirectly targets the malignant disease. Thus, the early
assessment of activity of products using tumor-based endpoints such as objective
tumor response rate may not be ideal. Table 1 lists the FDA-approved
immunotherapy products for the treatment of patients with advanced metastatic
disease. These products have been approved under both accelerated approval and

Table 1 Immunotherapy products USFDA approved in metastatic diseases

Ipilimumab Pembrolizumab Nivolumab

March 2011, RA
Unresectable/metastatic
melanoma

September 2014, AA
Unresectable/metastatic
melanoma after Ipilimumab
and BRAF inhibitor when
indicated

December 2014, AA
Unresectable/metastatic
melanoma after Ipilimumab
and BRAF inhibitor where
indicated

October 2015, AA
PD-L1 + metastatic NSCLC
after platinum based chemo

March 2015, RA Metastatic
squamous NSCLC after
platinum based chemotherapy

December 2015, RA
Unresectable or metastatic
melanoma

September 2015, RA as single
agent in
unresectable/metastatic
melanoma with BRAF wild
type tumor
January 2016, AA
combination with Ipilimumab
in unresectable/metastatic
melanoma
AA in BRAF mutant
unresectable/ metastatic
melanoma

October 2015, RA metastatic
NSCLC after platinum based
chemo

November 2015, RA
metastatic RCC after
anti-angiogenic treatment
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regular approval provisions. The observed objective response rates were not always
large, although duration of response tended to be long among those who have a
response, and there were no meaningful differences observed in progression-free
survival despite significant differences in overall survival [20]. In the im-
munotherapy clinical trials, it is also common to observe non-proportionality of
hazard function in the analysis of progression-free survival [21]. Although some of
the clinical trials evaluating antibodies blocking programmed cell death receptor 1
(PD-1) appear to suggest that programmed death ligand 1 (PD-L1) expression may
be a predictive marker, it has not been evaluated systematically and it is unclear
what threshold or cut-off value for PD-L1 expression is optimal in identifying the
subgroup that benefits from these products [22]. In general in the clinical trials for
these products the treatment continued until disease progression was observed.
Because of this design, it is not known if the treatment can be stopped after a finite
number of cycles of therapy or whether continued use is necessary. Although the
currently approved products have demonstrated a favorable benefit-to-risk ratio,
these early approvals have relatively short follow-up, and the safety of long-term
use of these products is unknown at this time.

In designing future studies, the challenges will be in selecting the optimal
endpoints for evaluation of these types of products, both in early-phase clinical
trials where the objective is to evaluate the activity of product using intermediate
endpoints that can be observed in relatively short time, and in late-phase clinical
trials where it may be difficult to demonstrate superiority with respect to overall
survival compared to currently approved products due to switch-over of control to
experimental treatment arm after disease progression.

4 Summary

Our current understanding of diseases at a molecular level, based in part on
advances in genomics, has made it possible to further subdivide disease categories
previously defined by site and histology, resulting in smaller populations to study
new products. The current generation of products do not fit into the cytotoxic
chemotherapy paradigm and require innovative thinking in designing, conducting
and interpreting results from clinical trials. We must rethink the goal of each phase
of clinical trials in the overall development of new drug products given the differing
mechanisms of action and treatment effects of new targeted therapies. Future
clinical trials are likely to be more complex and biomarker-based, with adaptive
features. Simulation of such designs may become necessary to understand the
operational complexities such that statistical properties such as type I error control
and study power are not compromised. Further research is needed in identifying
intermediate endpoints (for example, response criteria that would capture responses
to immunotherapy) so that informative go-no-go decisions for further development
of a product can be made.
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Most of the clinical trials with time-to-event endpoints are designed assuming an
exponential distribution of the outcome measure and a proportional hazard function.
However it is not uncommon to observe that these assumptions are violated.
Simulation of clinical trials where these assumptions do not hold may be useful in
designing and planning such clinical trials. Ultimately, there should be a
prospective statistical plan detailing alternative statistical methods for analyzing and
summarizing the data should be in place if these assumptions do not hold true.

The selection of endpoints can become even more challenging if, for example,
immunotherapy in combination with chemotherapy is being studied. A single
intermediate endpoint in such circumstances may not capture the activity and ef-
fectiveness of both types of therapies. Careful consideration of the selection of
endpoint, length of treatment and length of follow-up would be needed at the design
stage.

The importance of timing and rigor in determining the analytic performance of
the companion diagnostic test cannot be ignored with the advent of increasing
number of targeted therapies. Understanding the statistical properties of the device
such as sensitivity, specificity, positive and negative predictive values is essential.

Finally, with the limited number of patients and other resources, collaboration
among pharmaceutical and device companies, academicians, government agencies
including regulatory agencies, payers and patient advocacy groups is crucial in
order to conduct future clinical trials that are informative as to the safe and effective
use of a product. Statisticians are in a unique position to resolve the complexities
inherent in the design of efficient and informative clinical trials.
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