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Abstract

Background

Once a drug gets FDA approved, researchers often attempt to discover new applications in
different indications. The clinical impact of such post-approval activities is uncertain. We
aimed to compare the clinical impact of research efforts started after approval with those
started before for cancer drugs.

Methods

We used Drugs @FDA to perform a retrospective cohort study of secondary approvals for
cancer drugs that were initially FDA approved between 2005 and 2017. Clinicaltrials.gov
was used to identify the beginning of each research trajectory that resulted in a secondary
FDA approval. Each trajectory was classified as pre- or post-approval depending on if it was
initiated before or after initial drug licensure. Clinical impact was assessed by comparing
secondary approvals and NCCN off-label recommendations deriving from pre- vs. post-
approval trajectories, pooled effect sizes, incidence, and level of evidence.

Results

We identified 77 broad secondary approvals, 60 of which had at least 6 years follow-up. Of
these, 9 (15%) resulted from post-approval trajectories, a proportion that is significantly
lower than would be expected if the timing of research didn’t impact approval (McNemar’s
test p=0.001). Compared to pre-approval trajectories, approvals resulting from post-
approval trajectories were for cancers with lower mean incidence (6.11 vs 14.83, p = 0.006)
and were based on pivotal trials with smaller pooled effect sizes (0.69 vs 0.57, p = 0.02) that
were less likely to be randomized (38.5% vs 64.1%, p = 0.145). We identified 69 NCCN off-
label recommendations. The proportion stemming from post-approval trajectories was simi-
lar to that for pre-approval (56.5% vs. 43.5%). However, recommendations from post-
approval trajectories were significantly more likely to involve rare diseases (76.7% vs
51.4%, p = 0.019) and nonsignificantly less likely to be based on level 1 evidence (11.6% vs
22.9%, p = 0.309).
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Conclusion

Secondary FDA approvals are less likely to result from post-approval trajectories and tend
to be less impactful compared to approvals originating from research started before first
FDA licensure. However, post-approval trajectories may be as likely to lead to NCCN rec-
ommendations for off-label use. Limitations of this work include our use of indirect measures
of impact and limited follow-up time for trajectories. Our study protocol was pre-registered
(https://osf.io/5g3jw/).

Introduction

Drug development is notoriously slow and costly. In cancer, firms spend an estimated $648.0
million and 7.3 years to advance a new drug to regulatory approval [1]. Such cost and delay are
partly driven by high rates of drug attrition. Given that many diseases share common patho-
physiological origins, one way companies and academic investigators maximize the value of
drug development is to test already approved drugs in different diseases (“drug repurposing”)
[2]. Approximately 29% of all cancer clinical trials involve attempts to repurpose already
approved cancer drugs for other cancers [3].

Drug repurposing is attractive in part because approved drugs have relatively well-estab-
lished safety and dosing profiles, allowing for research at lower cost and with less innovation
needed [4,5]. Post-approval trials also offer additional options for patients who may have
exhausted established effective therapy. Even with these benefits, however, drug repurposing
involves costs and potential burdens for research subjects. Prior studies of repurposing
research efforts in cancer suggest successful research efforts are infrequent. For example, in
one study, post-approval phase II and III trials were no more likely to meet their primary end-
point than traditional drug development trials [6]. In another study of cancer drugs approved
by the FDA between 2005-2007, no indication-drug pairings for monotherapies launched into
clinical trials after initial regulatory approval advanced to FDA approval within 5 years [7]; the
same was true for combination therapies in this time frame [8]. Other studies reinforce these
findings [9]. Some studies also suggest that post-approval clinical trials tend to use less rigor-
ous research methodologies [10]. Owing to patent life, companies have incentives to pursue
the most promising avenues of research early in a drug’s development. Despite additional mar-
ket exclusivity being offered for secondary indications by the FDA, companies may lack strong
incentive to invest in drug repurposing [11]. Drug companies may have difficulty enforcing
market exclusivity for new indications [12,13]. Once the original patent expires and a generic
becomes available, the generic version of the drug is often prescribed for all indications for
which the brand name drug is approved regardless of market exclusivity [14]. In one analysis,
92.5% of extensions for new indications were authorized during the exclusivity period of the
original product [15]. Together, these findings suggest that for all the economies of post-
approval research, almost all the clinical value of new drugs is anticipated before drugs receive
FDA approval and investing in drug repurposing may subject patients to the burdens of clini-
cal research with limited potential for advancing medicine.

Clinical trials make use of limited research personnel and involve potential burdens for
clinical trial participants. All else being equal, research systems should prioritize research that
achieves the greatest clinical impact for this investment of resources and patient welfare. Evi-
dence on the relative clinical impact of de novo vs. repurposing drug development can help
inform the development of policies that promote an optimal balance between the two modes
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of drug development. It can also inform physician and/or decisions about where to invest their
energies.

In what follows, we describe a retrospective cohort study comparing the proportion of can-
cer secondary approvals deriving from pre-approval vs. post-approval-initiated research
efforts, as well as the characteristics of secondary approvals with respect to effect sizes, evi-
dence quality and disease incidence. We hypothesized that secondary approvals originating
from post-approval research would be less common, involve lower incidence cancers, and be
based on weaker evidence than drug approvals deriving from pre-approval research efforts.

Methods
Objectives and definitions

Our primary objective was to compare the frequency of secondary approvals deriving from
clinical research efforts launched before vs. after the first FDA approval of a drug. We define
“secondary approvals” as cancer indications that were added to the FDA label after the first
approval of a drug. A “trajectory” is defined as a series of one or more clinical trials testing a
unique drug-indication pairing. “Pre-approval trajectories” are trajectories that were launched
before the first FDA approval of the study drug. “Post-approval trajectories” are trajectories
that were started after the first FDA approval of the study drug. To be clear, a trial might be
launched after approval of a drug, but nevertheless belong to a trajectory that was launched
pre-approval. A drug might also receive a secondary approval based on a trajectory that was
launched pre-approval.

Secondary objectives included comparing indication incidence, effect sizes and quality of
evidence for FDA approvals and evaluating NCCN guideline off-label recommendations origi-
nating from pre- vs. post-approval trajectories. Our study protocol was pre-registered on
Open Science Framework (https://osf.io/5g3jw/).

Drug sample

We created our sample of anti-cancer drug approvals by searching Drugs@FDA for all new
molecular entities (NMEs) that received a primary anti-cancer drug approval between January
1%, 2005 and December 30, 2017. We recorded all secondary approvals occurring after the
drug’s first FDA approval. We excluded all adjuvant or neoadjuvant secondary approvals from
the analysis. The 2017 cut-off date was chosen to capture at least three years of potential sec-
ondary approvals for all drugs in our sample. Drugs were excluded from further analysis if
they i) did not receive any secondary approvals as of January 2021, or ii) treated symptoms of
cancer or symptoms secondary to cancer treatments.

Primary analysis: Timing of trajectory launch

All secondary approvals were classified based on whether their research trajectories were
launched pre- vs. post-approval. Because many trajectories start in broad indications and nar-
row to sub-indications as they progress, we assigned each drug approval to an indication cate-
gory using the broad indication categories used by the National Comprehensive Cancer
Network (NCCN) guidelines. For example, since the guidelines for treating follicular lym-
phoma and mantle cell lymphoma are provided in NCCN’s guidelines for treating B-cell lym-
phoma, both these indications fall into the same indication category and are treated as one
broad indication. Thus, a trial testing drug X in follicular lymphoma and a trial testing drug X
in mantle lymphoma would be part of the same trajectory. This approach might lead to an
undercount of approvals or reccommendations but ensured the integrity of comparisons

PLOS ONE | https://doi.org/10.1371/journal.pone.0274115 September 12, 2022 3/12


https://osf.io/5g3jw/
https://doi.org/10.1371/journal.pone.0274115

PLOS ONE

Impact of post-approval cancer research

between pre- and post-approval trajectory impacts. For each secondary approval, we searched

clinicaltrials.gov for the first trial (any phase) of its trajectory. For a trajectory to be categorized
as “post-approval,” the first trial in the trajectory would have had to have been started after the
initial FDA approval. For the remainder of the analyses, we studied the secondary approvals as
written on the FDA labels instead of using broad indication categories.

Disease incidence for indications receiving secondary approvals

We assessed the incidence of indications that ultimately received full approval based on the
specific disease as written on the FDA label (e.g., in the above example, mantle cell lymphoma).
The Orphan Drug Act assigns orphan status based on prevalence [16]. However, we were
unable to find reliable prevalence data for all indications in our study. We therefore used dis-
ease incidence as a proxy for rarity. An indication is rare if it has an incidence less than 6 per
100 000 [17]. Cancer.net was used to find the projected number of cases for 2020 for each indi-
cation. When unavailable using this source, we obtained estimates from recent publications.
Incidence was calculated using the population of the United States in 2020 (332 600 000) [18].

Clinical value added

For each specific secondary approval and as a post hoc analysis, we searched France’s Haute
Authorité de Santé database to identify the amélioration du service médical rendu (ASMR)
score [19]. This score measures the severity of the disease treated, the efficacy of the drug, the
undesirable effects of the drug and how the drug compares to what is already available.
Approvals are given a score between 5 and 1, with 1 being that the approval presents major
additional clinical value and 5 being that the approvals does not present any additional clinical
value.

Effect sizes and evidence quality for pivotal trials of secondary approvals

For each secondary approval, we identified the pivotal clinical trial from Section 14: Clinical
Studies of the FDA labels of study drugs. The following design elements and results were
extracted from clinicaltrials.gov registration records and/or publications for all pivotal trials to
assess the quality of evidence: a) effect size for progression-free survival (PFS), b) whether the
primary endpoint was a surrogate (e.g.: objective response rate) vs. clinical endpoint (e.g.:
overall survival), c) sample size, d) use of randomization, and e) use of masking, f) sponsor.
The latter four elements track design features widely associated with trial quality [20,21]. PES
is a weak surrogate in many situations in cancer and should not be assumed to necessarily
reflect clinical impact [22]. However, it was selected for this analysis because it is the most fre-
quently used endpoint in cancer trials and hence it maximized our ability to compare out-
comes among strata. Trials were identified using NCT registration numbers where available,
or by conducting searches on clinicaltrials.gov using the information on dosage, enrollment,
trial location etc. When multiple trials were cited as pivotal for a single indication, the trial
with the largest effect size for PFS was used for analysis. If effect size was not reported for any
of the trials, the pivotal trial was picked based on discussion between two individuals (C.O., J.
K.). We performed a meta-analysis of the effect size of PFS comparing pivotal trials for approv-
als originating from pre-approval vs post-approval trajectories. We appreciate that our meta-
analyses involved a highly heterogenous sample of indications and drugs for secondary
approvals. We nevertheless reasoned that our meta-analysis would offer a broad picture of the
comparative magnitude of effect sizes observed in pre- vs. post-approval pivotal trials. Numer-
ous other meta-research studies have been guided by a similar meta-analytic approach [23-
26).
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Recommendations for off-label use

Another potential marker of clinical impact is recommendations for off-label use in clinical
practice guidelines. Drug companies have weaker incentives to pursue secondary indication
regulatory approvals late in the patent life of a new drug. Therefore, our primary endpoint
(secondary approvals) might fail to capture the entirety of a repurposed drug’s clinical impact.
We thus repeated the above analyses using off-label recommendations in the guidelines issued
by the National Comprehensive Cancer Network (NCCN). NCCN guidelines are one of sev-
eral compendia used to determine Medicare coverage for cancer treatments in the U.S. [27].
AlINCCN guidelines downloaded on January 7%, 2020 were searched for recommenda-
tions involving off-label use of drugs in our sample. For each broad recommendation, we
determined whether trajectories had been launched pre- vs. post-approval. We found disease
incidence for each specific indication as above. We evaluated evidence quality by assessing
whether the recommendations were supported by level 1 evidence, defined as a randomized
control trial [28]. Because it is difficult to test rare cancers in randomized trials due to limita-
tions in available patient population [29], we used a more permissive standard of evidence
quality for rare cancers. We evaluated if recommendations for rare were supported by level 2
evidence (e.g. individual cohort study) as a more permissive standard of evidence quality [28].

Analysis

For the primary endpoint, the secondary approvals from the subset of drugs in our sample
approved between January 1%, 2005 and December 31%, 2014 were analyzed to allow for at least
six years of follow-up for secondary approvals occurring in recent drugs. For secondary analy-
ses, the approvals from all drugs approved in the timeframe of the study were included. We per-
formed a descriptive analysis for all outcomes measured in this study. The above analyses were
repeated using off-label recommendations in NCCN guidelines instead of FDA approvals.

We performed a sensitivity analysis to address differential follow-up time for pre- vs. post-
approval trajectories (by definition, the former will afford greater follow-up time, which would
bias against post-approval trajectories demonstrating impact through FDA approvals). We
reperformed our primary endpoint analysis only using trajectories that are 6 years or shorter.
Thus, if a secondary approval resulted from a trajectory launched eight years before the date of
its approval, it was excluded from this analysis.

We used chi-square for independence and t-tests for inferential analyses of differences
between proportions and between means, respectively. We performed a McNemar test to com-
pare the drugs that received secondary approvals originating from pre-approval and/or post-
approval trajectories. We also performed a meta-regression with categorical covariates com-
paring the PES reported in pre- and post-approval pivotal trials. We defined p < 0.05 as signif-
icant and did not correct for multiple hypothesis testing due to the exploratory nature of
inferential tests. All inferential tests that were performed are reported. All analysis was per-
formed using RStudio version 1.3.1056 (RStudio, Inc).

Ethics

This study did not entail interaction with or collecting data from research subjects. It is there-
fore exempt from IRB submission.

Protocol modifications

Follow-up time was extended from January 2020 to January 2021 for secondary approvals.
Instead of performing a risk of bias assessment, pivotal trial characteristics (randomization,
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blinding, clinical endpoint) were extracted to assess evidence quality supporting secondary
approvals. Sponsorship of pivotal trials was also extracted. Due to available personnel, data col-
lection was performed by CO with the consultation of JK and GB. Incidence was used as a
proxy for prevalence since prevalence data weren’t widely available. We performed a post-hoc
McNemar analysis to compare the drugs that received pre- and/or post- secondary approvals.
We also performed a post-hoc analysis assessing the clinical value of each secondary approval.

Results

Eighty-eight anti-cancer oncology drugs meeting eligibility for our study were approved by the
FDA between January 1%, 2005 and December 31%, 2017. Thirty (34.1%) of these drugs had at
least one secondary approval by January 1%, 2021, resulting in 84 secondary approvals that
were classified into 77 broad indication categories (S1 Table).

Of the 58 drugs approved that had at least 6 years follow-up time, 22 drugs (37.9%) obtained
at least one secondary approval, resulting in 67 specific secondary approvals that were classi-
fied into 60 broad indication categories.

A lower proportion of drugs received a secondary approval from a post-approval trajectory
than from a pre-approval trajectory. Twenty drugs (34.5%) had at least one secondary approval
that originated from a pre-approval trajectory while 5 (8.6%) had at least one approval origi-
nating from a post-approval trajectory. Seventeen drugs (29.3%) only had secondary approvals
originating from pre-approval trajectories while 2 drugs (3.5%) only had secondary approvals
originating from post-approval trajectories. We performed a McNemar test, which indicated
that the distribution of drugs with secondary approvals originating from pre- vs post-approval
trajectories is more than would be expected by chance (p = 0.001). Similarly, a lower propor-
tion of secondary approvals resulted from post-approval trajectories as compared with pre-
approval (15% (n =9) vs. 85% (n = 51)); (Fig 1). Post-approval trajectories led to 0.049 second-
ary approvals per year of available research time compared with 0.38 for pre-approval
trajectories.

241
§22
= 20
5 18-
2161 .
£ 141 Recommendation
D 121 B NCCN Off-Label
§ 10+ FDA approved
S |
© 6
g+ |

21 i - -.

0

-9-8-7-6-5-4-3-2-10 2 3 4 5 6

Trajectory launch relative to 1st F DA approval (yrs)
Fig 1. Trajectory launch date relative to FDA approval for secondary approvals and off-label recommendations.
The date trajectory launch for each drug-indication pairing was graphed in comparison to the first FDA approval,

which is represented by 0 on the x-axis. The light grey represents the beginning of trajectories that lead to secondary
approvals while the dark grey represents the ones that lead to off-label recommendations in NCCN guidelines.

https://doi.org/10.1371/journal.pone.0274115.9001
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Disease incidence, evidence quality, clinical value added and effect sizes for
secondary approvals

In total, 38 out of 84 specific secondary approvals involved rare cancers. The median incidence
of indications for secondary indications achieved from post- vs. pre-approval research were
2.78 and 7.34, respectively. Secondary approvals resulting from post-approval trajectories
tended to involve rare cancer indications more frequently than secondary approvals originat-
ing from pre-approval trajectories; see Table 1.

FDA approvals resulting from post-approval trajectories were less likely to be randomized,
double-blinded or use a larger sample size but as likely to use a clinical endpoint as compared
with pivotal trials for FDA approvals originating from pre-approval trajectories (Tables 1 and
S2). Pivotal trials for approvals deriving from pre-approval trajectories were predominantly
industry-funded as were those from post-approval trajectories. A meta-analysis of hazard ratio
(HR) for progression-free survival showed smaller pooled effect sizes for pivotal trials resulting
from post-approval efforts compared to pre-approval efforts with significant between group
difference (Fig 2).

Fifty-seven clinical value assessments (ASMR scores) were available for the 84 secondary
approvals captured (S1 Table). None of the FDA approvals were deemed to present major
additional clinical value (Table 2).

Sensitivity analysis
We performed a sensitivity analysis using only the 30 broad secondary approvals for which
development trajectories had been launched within six years of label revision. Secondary

approvals were less likely to reflect post-approval trajectories as compared with pre-approval
trajectories (23.3% vs. 76.7%).

NCCN recommendations for off-label use

Sixty-nine off-label broad indication recommendations (78 specific recommendations) were
found for the 21 drugs in our sample with at least 6 years follow-up time (S3 Table). Of trials
cited to support NCCN recommendations for off-label use, 34% originating from pre-approval
trajectories were industry funded vs. 24% for those originating from post-approval trajectories;
further characteristics of cited trials are provided in the Appendix (S4 Table).

Table 1. Characteristics of the cancers and pivotal trials for secondary approvals resulting from pre-approval compared to post-approval trajectories.

Characteristics All new New indications that resulted from pre-approval New indications that resulted from post-approval p-value
indications trajectories trajectories
N =69 N=15
Cancer type
Mean incidence 10.47 14.83 6.11 0.006
Proportion that are 38 (45.2%) 29 (47.5%) 9 (60%) 0.677

rare

Pivotal Trials*

Mean enrollment 434 (s = 381) 437 (s = 397) 364 (s = 300) 0.459
Randomized 46 (59.7%) 41 (64.1%) 5 (38.5%) 0.086
Double blinded 21 (27.3%) 19 (29.7%) 2 (15.4%) 0.475
Clinical endpoint 29 (37.7%) 25 (39.1%) 4 (30.8%) 0.804
Industry sponsor 74 (96.1%) 62 (96.9%) 12 (92.3%) 1

*Since some approvals were supported by the same

indications.

https://doi.org/10.1371/journal.pone.0274115.t001

clinical trial, our study included 64 pivotal trials for pre-approval indications and 13 trials for post-approval
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Study Drug Indication Hazard Ratio HR 95%-Cl  Weight
pre-approval
NCT00105443 SORAFENIB TOSYLATE Hepatobiliary Cancer (Hepatocellular Carcinoma) = 0.58 [0.45;0.74) 2.3%
NCT00984282 SORAFENIB TOSYLATE Differentiated Thyroid Carcinoma = 0.59 [0.46; 0.76] 2.3%
NCT00428597 SUNITINIB MALATE Neuroendocrine Tumors (Pancreatic Neuroendocrine Tumor) - 0.43 [0.27;067] 1.7%
NCT00863655 EVEROLIMUS Breast Cancer (HER2- negative) - 0.38 [0.29;0.49] 2.2%
NCT00510068 EVEROLIMUS Neuroendocrine Tumors of Pancreatic Origin - 0.35 [0.27; 0.45] 2.2%
NCT01524783 EVEROLIMUS Neuroendocrine Tumor of Gastrointestinal (G or Lung Origin - 0.48 [0.35;0.66] 2.0%
NCT00753688 PAZOPANIB HYDROCHLORIDE Soft Tissue Sarcoma = 0.35 [0.26;0.48] 2.1%
NCT01327885 ERIBULIN MESYLATE Soft Tissue Sarcoma (Liposarcoma) - 0.52 [0.35;0.78] 1.8%
NCT02231749 IPILIMUMAB Kidney Cancer (Renal Cell Carcinoma) 0.82 [0.69;0.97] 25%
NCT02477826 IPILIMUMAB Non-Small Gell Lung Cancer 0.82 [0.69;0.97] 25%
NCT01578499 BRENTUXIMAB VEDOTIN Primary Gutaneous Lymphomas (Mycosis Fungoides & Primary Cutaneous Anaplastic Large Cell Lymphoma) ~ —— 0.27 [0.17;0.43) 1.6%
NCT01271712 REGORAFENIB Soft Tissue Sarcoma (Gastrointestinal Stromal Tumor) = 0.27 [0.19;0.39] 1.9%
NCT01774344 REGORAFENIB Hepatobiliary Cancer (Hepatocellular Carcinoma) 0.46 [0.37;0.57] 2.4%
NCT01865747 CABOZANTINIB S-MALATE Kidney Cancer (Renal Cell Carcinoma) 0.58 [0.53;0.63] 2.6%
NCT01908426 CABOZANTINIB S-MALATE Hepatobiliary Cancer (Hepatocellular Carcinoma) = 0.4 [0.37; 053] 2.4%
NCT01059630 OBINUTUZUMAB B-cell Lymphoma (Folicular Lymphoma) = 0.48 [0.34;0.68] 2.0%
NCTO1168973 RAMUCIRUMAB Non-Small Cell Lung Cancer 0.76 [0.68; 0.85] 2.6%
NCTO01183780 RAMUCIRUMAB Colon Cancer (Colorectal Cancer) 0.79 [0.70;0.90] 25%
NCT02435433 RAMUCIRUMAB Hepatobiliary Cancer (Hepatocellular Carcinoma) = 0.45 [0.34;0.60] 2.2%
NCT02256436 PEMBROLIZUMAB (MK-3475) Urothelial Carcinoma = 0.98 [081;1.19] 2.4%
NCT02564263 PEMBROLIZUMAB (MK-3475) Esophageal Cancer (Squamous Cell Carcinoma of the Esophagous) o 0.6 [0.48;0.91] 2.0%
NCT02853331 PEMBROLIZUMAB (MK-3475) Kidney Cancer (Renal Cell Carcinoma) = 0,69 [0.57;0.84] 2.4%
NCT02819518 PEMBROLIZUMAB (MK-3475) Breast Cancer (Triple-Negative Breast Cancer) - 0.65 [0.49;0.86] 2.2%
NCT01642004 NIVOLUMAB Non-Small Cell Lung Cancer - 0,62 [0.47;081] 2.2%
NCT01668784 NIVOLUMAB Kidney Cancer (Renal Cell Carcinoma) y 0.88 [0.75; 1.03] 2.5%
NCT02105636 NIVOLUMAB Head and Neck Cancer (Squamous Cell Carcinoma of Head and Neck) = 0.89 [0.70;1.13] 23%
NCT01136733 LENVATINIB MESYLATE Kidney Cancer (Renal Cell Carcinoma) - 0.37 [0.22;0.62] 15%
NCT01761266 LENVATINIB MESYLATE Hepatobiliary Cancer (Hepatocellular Carcinoma) 0.64 [0.55;0.75] 2.5%
NCT02008227 ATEZOLIZUMAB Non-Small Cell Lung Cancer 0.95 [0.82:1.10] 25%
NCT02425891 ATEZOLIZUMAB Breast Cancer (Triple-Negative Breast Cancer) = 060 [0.47; 0.76] 2.3%
NCT02763579 ATEZOLIZUMAB Small Cell Lung Cancer | 0.7 [0.62;0.96] 2.3%
NCT02908672 ATEZOLIZUMAB Melanoma —| 0.78 [0.63;0.97) 2.4%
NCT02684006 AVELUMAB Kidney Cancer (Renal Cell Carcinoma) = 0.69 [0.56;0.85] 2.4%
NCT02125461 DURVALUMAB Non-Small Gell Lung Cancer = 0.52 [0.42;0.65] 2.3%
NCT03043872 DURVALUMAB Small Cell Lung Cancer - 0.78 [0.65;0.94] 2.4%
NCT02475681 ACALABRUTINIB Chronic Lymphocytic Leukemia - 0.10 [0.06;0.17] 15%
NCT02569242 NIVOLUMAB Esophageal Cancer (Squamous Cell Carcinoma of the Esophagous) = 1.10 [0.92; 1.32) 2.4%
NCT02000622 OLAPARIB Breast Cancer (HER 2 negative) - 0.58 [0.43;0.79] 2.1%
NCT02184195 OLAPARIB Pancreatic Cancer (GBRACM) - 0.53 [0.35;0.81] 1.8%
NCT02987543 OLAPARIB Prostate Cancer (HRR mutation) = 0.34 [0.25;047) 2.1%
Random effects model © 0.57 [0.52; 0.64] 88.4%
post-approval
NCT02889299 IPILIMUMAB Malignant Pleural Mesothelioma = 1.00 [0.82; 1.21] 2.4%
NCT02899299 NIVOLUMAB Malignant Pleural Mesothelioma = 1.00 [0.82; 1.21] 2.4%
NCT03434379 ATEZOLIZUMAB Hepatobiliary Cancer (Hepatocellular Carcinoma) = 0.59 [0.46;0.75] 2.3%
NCT01938001 LENALIDOMIDE Follicular and Marginal Zone Lymphoma = 0.46 [0.34;0.62] 2.1%
NCT02500043 TIPIRACIL HYDROCHLORIDE; TRIFLURIDINE Gastroesophageal Junction Adenocarcinoma & Gastric Cancer = 0.56 [0.46;0.68] 2.4%
Random effects model < 0.69 [0.51;0.94] 11.6%
Random effects model 3 0.59 [0.53; 0.65] 100.0%
— Tttt 3

0.1 051 2 10
Favours treatment  Favours control

Fig 2. Meta-analysis of the effect size of pivotal trials. The forest plot shows the comparison of hazard ratios (HR) for

progression free survival (PFS) for pivotal trials of FDA approvals originating from pre- vs post-approval trajectories (0.57

vs. 0.69, p = 0.02). Six pivotal trials for post-approval trajectories reported HR for PFS and were compared to thirty-six
pivotal trials for pre-approval trajectories.

https://doi.org/10.1371/journal.pone.0274115.9002

The proportion of broad recommendations originating from post-approval trajectories was
similar to that from pre-approval trajectories (56.5% (n = 39) vs 43.5% (n = 30)) (Fig 1). Post-
approval trajectories led to 0.21 NCCN off-label recommendations per year of available
research time compared with 0.22 for pre-approval trajectories. No additional off-label recom-
mendations were observed for drugs with less than 6 years follow-up.

Regarding incidence, 51 of 78 (65.4%) recommendations involved rare cancers. Off-label
recommendations originating from post-approval research were significantly more likely to
involve rare diseases than recommendations originating from pre-approval research; see
Table 3. Overall, 16.7% of NCCN off-label recommendations were supported by level 1 evi-
dence. More recommendations deriving from pre-approval trajectories were supported by
level 1 evidence than from post-approval trajectories; see Table 3. The recommendations for
rare cancers that came from post-approval trajectories were predominantly supported by at
least level 2 evidence; see Table 3.

Discussion

Taken together, our findings suggest diminished returns for drug repurposing efforts within
cancer that are started after a drug is already approved. First, most cancer indications added to

Table 2. The clinical value added of secondary approvals resulting from pre-approval and post-approval trajectories.

Clinical Value Added (ASMR scores)

Secondary approvals stemming from pre-approval trajectories

Secondary approvals stemming from post-approval trajectories

https://doi.org/10.1371/journal.pone.0274115.t1002

Absent (5) Minor (4) Moderate (3) Important (2) Major (1)
16 17 18 0 0
4 1 1 0 0

PLOS ONE | https://doi.org/10.1371/journal.pone.0274115 September 12, 2022

8/12


https://doi.org/10.1371/journal.pone.0274115.g002
https://doi.org/10.1371/journal.pone.0274115.t002
https://doi.org/10.1371/journal.pone.0274115

PLOS ONE Impact of post-approval cancer research

Table 3. Specific NCCN off-label recommendations.

Originating from Pre-approval Trajectories Originating from Post-approval Trajectories p-value
N=35 N=43
Recommendations for rare indications 18 (51.4%) 33 (76.7%) 0.019
Level 1 evidence 8 (22.9%) 5(11.6%) 0.309
Level 1 evidence (only non-rare indications) 5(29.4%) 3(30%) 1
Level 1 or 2 evidence (only rare indications) 16 (88.9%) 31 (93.9%) 0.923

https://doi.org/10.1371/journal.pone.0274115.t003

a drug label originate from research begun before approval rather than after (85% vs 15%);
these patterns hold when adjusting for differential follow-up time. Second, populations
benefiting from secondary approvals tend to be smaller for drug repurposing efforts begun
after drug approval. Third, evidence supporting additional approvals trended toward being of
lower quality where development efforts are begun after approval compared to before (e.g.,
64.1% of pivotal studies used randomization for pre-approval vs. 38.5% for post-approval
research). Fourth, effect sizes tend to be smaller for approvals achieved from post-approval
research. Last, our analysis of clinical practice guidelines accords with the above. Though the
proportion of recommendations stemming from post-approval research was roughly equal to
that for pre-approval, recommendations stemming from pre-approval trajectories were signifi-
cantly less likely to involve rare cancers; we also observed a trend toward higher levels of evi-
dence from pre-approval trajectories. Together, these findings are consistent with our
hypothesis that most of a new drug’s eventual clinical impact is embodied in research started
before drug approval.

Post-approval drug development may deliver value for patients with rare cancers. Over half
of NCCN recommendations for off-label use stem from research efforts begun after regulatory
approval, and over three quarters of these recommendations involve rare cancers. The finding
that post-approval research results in off-label recommendations instead of new approvals is
consistent with previous work showing limited conduct of phase III trials for research efforts
launched after approval [30]. As described elsewhere [31], the clinical value of such recom-
mendations is uncertain due to the generally low level of evidence supporting NCCN off-label
recommendations.

Our findings are consistent with two mutually compatible dynamics. First, they might
reflect that the prior probability of clinical impact diminishes with later trajectories. Second,
they might reflect economic rewards of drug development. Incentives for drug development
diminish as the patent life on a new drug dwindles. Drug companies also have strong incen-
tives to prioritize drug development for indications with larger markets [2], and where evi-
dence supporting clinical hypotheses is strongest. This would explain why secondary
approvals from pre-approval research involve higher incident diseases and larger effect sizes.
After a drug receives regulatory approval, the pressure to generate high quality evidence of effi-
cacy diminishes, since recommendations in clinical practice guidelines are sufficient in many
jurisdictions to qualify for reimbursement [27], though this varies among countries [32]. Yet
companies still have some incentive, via the prospect of gaining 7 years of orphan exclusivity
[11], to explore rare indications in the post-approval setting. The finding that evidence quality
is diminished for approvals originating after approval also likely reflects that post-approval
research is more likely to target rare cancers, where large, randomized trials face major chal-
lenges for recruitment [29].

Our study should be interpreted considering several limitations. First, our findings do not
necessarily undermine the case for investing in repurposing research. As stated above, dimin-
ished impact for research efforts launched after FDA approval might reflect attenuated
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incentives for research [33], rather than the exhaustion of viable clinical hypotheses [11]. Possi-
ble approaches to encourage post-approval licensing include more expansive forms of market
exclusivity (i.e. the “patent extension model”) [11]. Second, due to the inherently longitudinal
nature of the question, pre-approval trajectories had more follow-up time than post-approval
trajectories. Some post-approval trajectories launched may yet lead to new FDA approvals. We
addressed this limitation using a sensitivity analysis and by normalizing our analysis by fol-
low-up time. Even with consistent maturation time, pre-approval trajectories were more likely
to lead to label revisions compared to post-approval trajectories. Third, this study used suc-
cessful trajectories to retrospectively assess the impact of pre- vs post-approval research. Our
analyses do not address the proportion of research efforts in pre- vs post-approval settings that
lead to important advances in care. Fourth, our study is limited to cancer indications and did
not consider non-cancer disease indications that might have advanced to an FDA approval.
Similarly, our study did not capture instances of non-cancer drugs that received a secondary
approval in a cancer indication (e.g., lanreotide, a drug from our cohort, was originally devel-
oped and approved for acromegaly before it was approved for a cancer indication). Last, our
findings depend on our having dichotomized pre-approval and post-approval trajectories.
Some pre-approval trajectories in our sample were more similar “post-approval” to post-
approval trajectories in that drug companies may have been secure in the knowledge that their
drug would soon be approved. Also, our findings understate the contrast between the produc-
tivity of pre- and post-approval research, since a drug’s first approval is not counted in our esti-
mate of successful pre-approval trajectories.

In summary, secondary approvals resulting from clinical research efforts started after a
drug is approved are uncommon. When they are achieved, they tend to be based on weaker evi-
dence, produce smaller effect sizes, and involve rarer cancers than secondary approvals achieved
from research initiated before approval. At the same time, recommendations for off-label treat-
ment in clinical practice guidelines often derive from research initiated after drug approval. Our
findings can help funders, researchers, patient advocate groups and patients themselves assess
the potential impact of post-approval research efforts. As it stands, patient advocates should, all
else being equal, advise their patients to participate in trials testing new drugs, rather than drugs
that have already received approval, if the patients value participating in the testing of a treat-
ment that will receive regulatory approval, involve a more prevalent cancer type, or be sup-
ported by good evidence. Our findings suggest that public policy and research oversight should
either modify incentives to encourage more impactful post-approval research, or otherwise dis-
courage post-approval research. Whatever advantages repurposing research has regarding prior
clinical knowledge do not appear to translate to higher research efficiencies.
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