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Introduction

1 Introduction

The US spent $388 billion on prescription drugs in 2019, representing 9.0% of total health
expenditures and 1.6% of the gross domestic product (GDP), respectively.! Prescription drugs
are not only a significant source of innovation for the economy but have also transformed the
treatment and lives of many patients. However, over the past two decades, rising prices for new
drugs that lead to high profit margins for pharmaceutical companies have sparked public debate
about the development, approval, and pricing of new drugs.?* In this introduction, we highlight
and review current trends in drug development, approval, and pricing that contributed to this
dissonance. Particular emphasis will be laid upon drugs that are used for the treatment of mul-

tiple diseases and indications.!

1.1 Research and development of drugs with multiple indications

Recently, scientists and consulting firms noted a worrying trend of declining efficiency in phar-
maceutical research and development (R&D).%’ Scannell et al. observed that the costs of de-
veloping new drugs have risen exponentially since the 1950s (a phenomenon known as
“Eroom'’s Law” — the inverted version of “Moore's Law”). They attributed this downward trend
in R&D productivity to an expanding pool of available treatments, tighter regulations, opera-
tional overspending, and a focus on basic research and drug screening approaches. However,
Eroom's Law was broken immediately after its discovery.2 Advances in our understanding of

diseases — thanks in particular to the Human Genome Project, relaxed regulatory requirements,

! The European Medicines Agency (2013, p. 1) defines an indication as “a medical condition that a medicine is
used for”.®> The breadth of a drug’s indication is typically defined by the regulatory agency in a drug’s marketing
authorization label. The breadth of an indication may vary. For example, diabetes is the indication for insuling.
However, for cancer drugs, an indication is typically defined by the treated disease, line of therapy, biomarker
status, combination treatments, and disease stage. If a medicine is prescribed for the indication defined in the drug
label, the prescription is “in-label”. In contrast, prescriptions that are outside of this label are called “off-label”
indications. Whilst “in-label” prescriptions are (mostly) covered by health insurers, “off-label” uses have to be
authorized by the insurer on a case-by-case basis.
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and more prudent R&D spending drove a recovery in R&D productivity after 2010 (Figure 1 —
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Notes: The graphs on the left show the R&D efficiency of new drugs approved by the FDA from 1950 to 2020.
The graphs on the right compare this to the R&D efficiency of FDA-approved new indications from 1998 to 2020.
Data for these analyses were adapted from Scannell et al. and Ringel et al. and subsequently updated until 2020
with new inputs for the R&D efficiency of new indications.®®

Abbreviations: FDA, US Food and Drug Administration; R&D, research and development.

Furthermore, the drug development process has become more complex over the past three dec-
ades. Instead of analyzing the R&D process at the drug level, we should examine the discovery
and development of new indications to capture the full scope of pharmaceutical innovation.
Figure 1 - B, D, F, H re-examines Scannell et al.’s and Ringel et al.’s analyses on an indication
level. Since 2010, an increasing number of indications have been approved by the US Food and

Drug Administration (FDA), resulting in improved R&D efficiency for new indications.
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The Human Genome Project paved the way for modern, personalized medicine. Based on a
newfound understanding of the genetic code, scientists began to specifically target genetic mu-
tations that cause fatal diseases without any treatment options. New therapies were developed
not only for rare metabolic and neurological diseases but also for genetically defined patient
subpopulations of high-prevalence diseases. With this new arsenal of modern therapeutics, phy-
sicians are striving to personalize the treatment for each patient. Therefore, personalized medi-
cine, enabled by targeted, immune, and gene therapies, has led to the development of drugs for
“more focused indications within particular diseases” (Ringel et al., 2020, p. 834).8 Most of

these drugs are marketed for multiple therapeutic diseases and indications.

For instance, the immune-checkpoint inhibitors pembrolizumab, nivolumab, atezolizumab,
avelumab, durvalumab, cemiplimab, dostarlimab, and ipilimumab have been approved for mul-
tiple types of cancer, such as skin, lung, breast, bladder, or renal cancer. Some of these pro-
grammed cell death ligand-1 (PD-L1) / programmed cell death protein-1 (PD-1) and cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4) inhibitors have even been approved for pan-tu-
mor treatments. Similarly, tumor necrosis factor-a (TNF-a) inhibitors have been approved for
a variety of immune disorders, including rheumatoid arthritis, psoriasis, ankylosing spondylitis,
and juvenile idiopathic arthritis. Accordingly, the tyrosine kinase inhibitor (TKI) imatinib is not
only approved for chronic myeloid leukemia, but also for acute lymphatic leukemia, gastroin-
testinal struma tumors, myelodysplastic/myeloproliferative diseases, aggressive systematic
mastocytosis, hypereosinophilic syndrome/chronic eosinophilic leukemia, and dermatofibro-
sarcoma protuberans. All of these drugs target molecular or cellular signaling pathways that are

involved in the underlying pathologies of various diseases.

Multi-indication drugs have become an integral part of pharmaceutical innovation. Between
2003 and 2014, 60% of new drugs approved by the FDA were used across multiple indications.®

By 2020, the majority of anti-cancer drugs (75%) were approved for more than one indication.°
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Accordingly, the mean number of indications of drugs under phase 1 development has increased
to 2.8 (+73% from 2010 to 2018).1! In 2019, all top ten selling drugs — “blockbuster drugs” —
were commercialized for more than one indication.!2 Figure 2 further underlines the importance
of multi-indication drugs based on an analysis of US Medicare and Medicaid spending on new
anti-cancer drugs. In 2020, $1.8 billion was spent on single-indication drugs, compared to the
$28.2 billion spent on cancer drugs approved across multiple indications. Average spending per
drug was more than 10x higher for multi- than single-indication cancer drugs ($381 vs. $34
million). A total of 37,311 patients benefitted from single-indication drugs, whilst 350,386 pa-
tients received multi-indication drugs. Accordingly, the average number of beneficiaries was

more than 6x higher for multi- than single-indication cancer drugs (4,735 vs. 777 patients).
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Figure 2: Estimated Medicare and Medicaid spending on and number of beneficiaries of single-
and multi-indication cancer drugs, 2016-2020

Notes: For this analysis, a similar methodology described by Rome et al. was employed.*® All cancer drugs and
their supplemental indications that received FDA approval between 1% January 2000 and 1% January 2020 were
identified. The Medicare and Medicaid database was then accessed to obtain data on drug spending and the number
of beneficiaries for each drug. Spending and the number of beneficiaries were then stratified for on-patent cancer
drugs with a single indication (single-indication drugs) vs. those approved for multiple indications (multi-indica-
tion drugs).

Abbreviations: FDA, US Food and Drug Administration.

In summary, there is a substantial number of patients receiving multi-indication drugs and a
significant portion of healthcare expenditure is dedicated towards these drugs. However, re-
searchers mostly focus on the first approved indication, commonly neglecting supplemental
indication approvals (also referred to as indication extensions or supplementary indications).
This is particularly concerning given that multi-indication drugs are swiftly approved for sup-
plemental indications and most of these drugs are more frequently used for their supplemental
than original indication.®® Figure 3 highlights this phenomenon. In 2020, Medicare and Medi-

caid expenditure amounted to $1.1 billion for multi-indication drugs that were exclusively sold

21



Economics of cancer drugs

in their original indication. However, $26.8 billion was spent on drugs that were already ap-

proved for more than one indication.

40,000 = E= First and supplemental indications

Bl Exclusively first indication

30,000 =

20,000 =

10,000 =

Total annual spending ($ millions)

2016 2017 2018 2019 2020
Year

Figure 3: Estimated Medicare and Medicaid spending on cancer drugs with exclusively one or
multiple indications, 2016-2020

Notes: The same methodology as described in Figure 2 was employed. Spending was stratified for periods when
multi-indication cancer drugs were exclusively approved in a single indication vs. periods when a drug was ap-
proved in multiple indications. Annual spending estimates were prorated where necessary.

1.2 Drug prices in the US

The US is the country with the highest per capita spending on prescription medicines. For newly
FDA-approved drugs, median annual net launch prices increased from $2,115 (2008) to
$180,007 (2021).2 After launch, net drug prices commonly increase by an average of 4.5% per
year.* As a result, in 2019, an average of $1,126 per capita was spent on prescription drugs in
the US, relative to $552 for an average Western country.* Of this spending, $963 was covered
by private or public health insurers, whilst $164 was paid out-of-pocket (OOP). In contrast, the

average citizen in other Western countries paid $88 OOP for prescription drugs.
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These high prescription drug costs are a leading contributor to personal bankruptcy in the US.*®
Particularly drug prices exceeding an annual cost of $100,000 lead to catastrophic health ex-
penditure and high OOP costs among the poor population given that the lack of universal health
coverage.>!® Ultimately, adherence to required treatment regimens is challenged by this finan-

cial toxicity.!’

Although rising cancer drug prices are continuously identified as a leading policy challenge,
pharmaceutical companies rebut any systemic changes in the way drugs are priced in the US.
Over the past three decades, they have argued that R&D costs over $2.8 billion are needed to
bring a new drug to market.'® Yet, more thorough and unbiased investigations of the R&D
process concluded that the cost of developing new drugs is closer to $1.3 billion.1>2° Consider-
ing that this success rate-adjusted cost estimate is substantially lower than the revenues gener-
ated by multi-indication blockbuster drugs, pharmaceutical companies realized high profit mar-
gins and returns for investors.>1°-2! A recent study found that R&D costs are not even associated
with drug prices; further questioning the validity of the pharmaceutical industry’s justification

for high drug prices.?

Most recently, the US government finally acknowledged this growing socio-economic problem
and introduced the Inflation Reduction Act of 2022 (IRA), which will empower the Centers for
Medicare and Medicaid Services (CMS) to directly negotiate prices with pharmaceutical com-
panies for the 10 highest-spending prescription drugs by 2026. Until 2029 these negotiations
will be extended to the 20 highest-spending drugs.?® Rome et al. estimated that this new provi-
sion could have reduced Medicare and Medicaid drug spending by 5% or $26.5 billion from
2018 to 2020.2* Furthermore, the IRA caps patients’ cost sharing at $2,000 per year (for drugs

covered under Medicare Part D) and provides rebates on list price hikes exceeding inflation.?®

Currently, there is an ongoing debate on how the CMS will enact its new power to negotiate

drug prices.?® Health technology assessment (HTA) systems from other countries may inform
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the calculation and negotiation of the maximum list and net prices in the US. In countries such
as Germany, HTA agencies determine the clinical benefit of each new drug to then inform
whether a drug should be priced at par, higher, or lower than the current standard of care. In
countries like England or Scotland, HTA agencies evaluate each drug’s cost-effectiveness based
on its incremental benefit and cost relative to the current standard of care to calculate the incre-
mental cost-effectiveness ratio (ICER). Typically, the ICER presents the incremental cost per
incremental quality-adjusted life year (QALY) or life year (LY) gained. Countries usually de-
fine a maximum willingness-to-pay (WTP) threshold for the ICER. ICERs above this threshold
are deemed “not cost-effective”. ICERs below this threshold are judged “cost-effective”. For
drugs with an ICER above the WTP threshold, the HTA agency may negotiate a discount on a
drug’s (list) price, such that the ICER falls within the WTP threshold. In the UK, the WTP
threshold is between 20,000 and 30,000 GBP per QALY, with a higher WTP threshold for end-
of-life treatments such as cancer medicines.?"? In the US, studies frequently cite WTP thresh-
olds of 50,000, 100,000, and 150,000 USD per QALY .%*3° However, in the US, there currently
is no HTA agency that conducts unbiased value assessments for new therapeutics. Furthermore,
several countries that do not have the capacity, financial capital, and expertise to conduct these
assessments simply rely on the cost-effective drug price from a basket of reference countries to
calculate their national drug price (external reference pricing).3! Directly or indirectly underly-
ing all these mechanisms is the principle of value-based pricing. In the pharmaceutical context,
value-based pricing is a strategy that sets drug prices primarily, but not exclusively, according
to the benefits and harms of the new intervention.323% Whilst aligning a single price to drugs
that only treat one disease is already complex, aligning a single price to drugs with multiple
uses and therefore value propositions poses a challenge for healthcare systems in the US and

abroad.
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1.3 Pricing drugs with multiple indications

The pricing, coverage, and reimbursement of drugs with multiple indications and value propo-
sition remains complex. Currently, a drug is sold for a single list price in the US (one drug, one
price). For drugs that are used across multiple indications, this uniform pricing distorts the
value-price link that ought to be established under a value-based pricing policy. In most coun-
tries, current rigid HTA processes do not permit pharmaceutical policies that entail differential
prices per indication, posing substantial barriers to market and patient access. Many European
countries, including Denmark, Finland, Norway, Poland, and Netherlands, simply anchor
drugs’ list prices to the first indication.!! The cost-effectiveness or cost-benefit of supplemental
indications is then assessed relative to this initial drug price. Low-value indications deemed
“not cost-effective” (e.g. indications with an ICER above the WTP thresholds) may not be re-
imbursed unless manufacturers agree to reduce the single list price such that the new indication

becomes “cost-effective”.

Economists, therefore, argue that under a single drug pricing systems, pharmaceutical compa-
nies are incentivized to sequence, delay, and even withhold the development of new indications
(Figure 4).1%3+37 In theory, a single drug pricing system creates a strong incentive for compa-
nies to first launch a drug in the indication that delivers the highest value for the smallest patient
population. Thereby companies can set the highest possible list price for its drug which merely
impacts the insurers’ prescription drug budget as it is only sold to a few patients. Thereafter,
companies are incentivized to extend a drug’s use to other high-value indications, yet not low-
value indications which would drive down prices. In practice, Michaeli et al. and Mills et al.
found evidence in favor of this launch sequencing of indications based on a sample of 25 cancer
drugs with approval for 100 indications from 2009 to 2019.383° They showed that drugs are first
approved for indications targeting rare diseases that deliver a substantial gain in QALYs and

LYs. However, they also noted that this observed launch sequence is “influenced by multiple
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factors throughout the discovery, development, approval, and pricing process. Scientists aim to
address decision-makers’ revealed preference and discover drugs for diseases with unmet med-
ical needs, the FDA and other regulatory agencies provide incentives for orphan indications,
whilst manufacturers seek to set the highest possible price (attained in indications with high
QALYs gained) and thereby maximize revenue and profit streams” (Michaeli et al., 2022, p.

767).38
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Figure 4: Indication development under single-lowest drug pricing

Notes: Assuming the natural development of indications occurs in the order: A, B, C, D. Each indication targets a
separate disease with its distinct number of affected patients and the value it delivers to them. The natural devel-
opment order of indications would disincentivize pharmaceutical companies to market the high-value, low-preva-
lence indications B and C (graph a). A single-lowest drug pricing system encourages companies to first approve a
drug for the high-value, low-prevalence indications B and C. Thereafter, companies may delay or withhold the
low-value, high-prevalence indications A and D if the launch of these indications drives down the price and profits
that could be realized (graph b). Graphs adapted from Michaeli (2020).%*

27



Economics of cancer drugs

Besides the aforementioned three studies with limited sample size®° and four case reports,**
44 comprehensive evidence examining the consequences of uniform prices for drugs with mul-
tiple indications remains scarce. In Chapter 2, we conducted the most comprehensive analysis
of the development, approval, and benefit of new drugs with multiple indications to date. This
study confirms that original and supplemental indications differ in their clinical benefit, evi-
dence, and approval. We find that a higher clinical benefit is measured in pivotal trials support-
ing the FDA approval of original relative to supplemental indications. However, original indi-
cations are also more frequently supported by smaller, non-robust clinical trials that could po-
tentially overstate these efficacy estimates. Furthermore, we show and hypothesize that these
discrepancies in a drug’s clinical benefit could be explained by several factors throughout the
drug life-cycle. After the original drug approval, pharmaceutical companies aim to “spread”
their new drug to as many patients as possible to increase their revenues and, thereby, profits.
One of these market expansion vectors is the line of therapy. New drugs tend to move up the
therapeutic ladder from the advanced-line to first-line to adjuvant to neoadjuvant setting. How-
ever, this move up the therapeutic ladder also increases the number of potential competitors,
the heterogeneity in the treated patient population, as well as the safety and efficacy require-
ments for robust randomized controlled trials (RCTs). All these variables could mediate the
decline in clinical benefit measures. Similarly, we show that drugs are first developed for bi-
omarker-positive and then extended to biomarker-negative patients, which of course lowers the
observed pooled patient benefit (see the discussion in Chapters 2 and 5). In addition, after a
new drug has proven its safety and efficacy as a monotherapy, pharmaceutical companies and
academic research centers quickly try to use the new medicine together with other drugs, as
combination treatments, especially to treat patients who are ineligible or did not respond to the
gold standard of care. Finally, we show that drugs with efficacy for one cancer type are often
repurposed for use in other cancer types with a similar pathomechanism. With the use of adap-

tive trial designs pharmaceutical companies can select the patient population with the greatest
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tumor response and potential benefit early in the drug development process. In summary, Chap-
ter 2 shows that the clinical evidence, clinical benefit, treated disease, and, therefore, value a
drug offers to patients and health insurers varies across its indications. We hypothesize that the
current US pricing policy does not reflect these succinct differences, e.g. prices for supple-

mental indications are not aligned with their value proposition.

In Chapter 3 we test and confirm this hypothesis. We find that original indications are aligned
with the biotechnological innovation they achieve and the unmet medical needs they fill. How-
ever, prices are not aligned with the value proposition of the supplemental indication. In Chap-
ter 4 we then tested whether supplemental indication’s lower value is perhaps reflected in post-
launch price changes, as suggested by previous studies.*> Our results indicate that the approval
of new supplemental indications for the same drug is associated with a marginal price decline
of up to -2%. However, this decline is only marginal in comparison to the effect of differential
pricing policies currently employed in Europe. For instance, at least a -5% price decline was

observed in France and Germany following the market entry of new indications.®

In Chapters 5 and 6 we further highlight the unintended consequences of adopting an indication-
specific rare disease policy, yet keeping a single drug pricing, coverage, and reimbursement
policy across all other indications. The government and FDA offer financial incentives to phar-
maceutical companies that develop drugs for rare indications. These incentives are specified in
the Orphan Drug Act of 1982 (ODA). However, some companies were criticized for unfairly
taking advantage of this orphan designation by developing drugs for rare and common diseases,
so-called partial orphan drugs (Chapter 5).4¢ Especially partial orphan drugs with indications
that receive the orphan designation to treat a subgroup of common diseases (common orphans)
and then extend their approval to non-orphan indications are slated to unfairly profit from the
dissonance between the indication-specific orphan designation, yet drug-specific pricing, cov-

erage, and reimbursement policies (Chapter 6).%
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These financially lucrative unintended consequences and loopholes of the current single-price
policy for drugs with multiple indications could be greatly valued by pharmaceutical companies
and investors. In Chapters 9 and 10, we therefore evaluated whether pharmaceutical companies
with multi-indication drugs are valued higher than those developing single-indication drugs.
Using a sample of 311 mergers and acquisitions (M&As), we find that pharmaceutical compa-
nies paid a 8% (p=.210) acquisition valuation premium per additional indication for the lead
drug. Coherently, we find higher expected returns for companies that developed multi- relative
to single-indication drugs. Albeit current single-price policies could partially explain these fi-
nancial profits for pharmaceutical companies and investors, there are further factors that finan-
cially encourage the development of multi-indication drugs. With each additional indication,
companies increase the total addressable market for their product (and thereby revenues), whilst
pre-clinical and phase 1 development costs typically only occur once per drug.*® Thereby a
drug’s average cost per indication could decline as new indications receive FDA approval. Fur-
thermore, a drug’s fixed costs (e.g. administrative and general expenses that are only required

once per drug) can be shared across multiple indications.

Within the new IRA, the CMS has the unique opportunity to reflect the differential value that
each indication offers to patients by using differential pricing approaches. These differential
pricing mechanisms must consider that multiple indications of the same drug may vary in their
safety, efficacy, and efficiency. Academic literature describes several pricing systems that aim
to reflect the value of multiple indications: pure indication-specific pricing (ISP) and indirect
ISP, e.g. single weighted-average prices, single prices with differential discounts, managed en-
try agreements (MEAS) per indication, and different brands with distinct prices per indication.
Several systematic reviews have theoretically evaluated the merits of these differential pricing
methods.+*4 However, besides several theoretical articles®>-3/49-%¢ and four case studies,*:-

4 our knowledge of the potential impacts of adopting these pricing systems in the US remains
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decimal. The following paragraphs will provide a concise overview of these pricing mecha-
nisms and our current knowledge of their implications on drug development, healthcare budg-
ets, and patient access. Furthermore, we highlight this dissertation’s contribution to our under-

standing of the pricing of drugs with multiple indications.

1.3.1 Indication-specific pricing

The most rational option to price drugs with multiple indications is ISP (also referred to as
indication-based pricing or multi-indication pricing).*! Under ISP, a distinct price is assigned
to the differential value a drug offers in each indication (one drug, multiple prices).*! Thereby,
higher prices are assigned to indications that offer substantial benefits to patients with signifi-
cant unmet needs, whilst lower prices are aligned to indications that only offer an incremental
benefit (Figure 5). However, the implications of ISP on healthcare budgets, pharmaceutical

competition, and patient access remain debated.
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Figure 5: Indication development under pure indication-specific pricing

Notes: Under an indication-specific pricing policy, pharmaceutical companies are not incentivized to sequence
their indication launches according to value and prevalence (at least from a pricing perspective). Indication A is
sold for the price Pa, indication B for the price Pg, etc. This policy could not only increase revenues for pharma-
ceutical companies but also the number of available therapeutic options to patients. Graph adapted from Michaeli
(2020).34

Bach noted that ISP could rationalize drug pricing and thereby reduce healthcare expenditure.**
In contrast, Chandra & Garthwaite (2017, p.103-104) noted that ISP “will result in higher prices
for patients who benefit the most from a given drug, higher utilization by patients who benefit
least, higher overall spending, and higher manufacturer profits.”3" Although spending might be
increased under ISP, the increased healthcare budget would be allocated to high-value indica-
tions that provide substantial benefit to patients rather than money being wasted on indications
offering marginal benefit.>> ISP encourages pharmaceutical companies to engage in pharma-
ceutical R&D for both high-value low-prevalence and low-value high-prevalence indications if
ISP is implemented alongside a value-based pricing mechanism. Thereby ISP could not only
increase the number of therapeutic options available to patients but also reduce incentives to
delay or withhold indications (e.g. the sequencing of indication launches as illustrated in Figure

4), resulting in quicker access to these novel indications.®>*° Cole et al. argue that this greater
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number of available therapeutic alternatives will result in more competition that will dynami-
cally reduce prices.®® Hitherto, evidence demonstrates that greater brand-brand competition
does not lead to reduced prescription drug prices.>” Ultimately, ISP could benefit all stakehold-
ers: expediting patient access to more therapeutic options, increasing revenues and profits for

pharmaceutical companies, and reducing health insurers’ spending on prescription drugs.

Although there are several benefits to indication-specific pricing, its challenges may be greater
(Table 1). First, indication-specific pricing requires indication-specific monitoring of drug use.
Whilst these systems exist and are warmly welcomed by healthcare workers,*®-%° their wide-
spread implementation is associated with significant upfront costs.** Moreover, data sharing
with pharmaceutical companies may pose a privacy concern for patients.®! Payers must further
hire administrative personnel that monitors drug use, conducts value assessments, negotiates
prices, and facilitates payments for each indication.*® Furthermore, pharmacies often purchase
in bulk rather than ordering a drug for each patient (and indication).** Additionally, there are
national legal barriers, such as Medicaid’s best-price rule, that must be surmounted to pave the
ground for indication-specific pricing.>® In conclusion, the “political challenges [of ISP] may

be greater than [its] technical challenges” (Towse, 2018, p. 5).%°

Consequently, the challenges of pure ISP pose a significant barrier to its implementation in the
US (and other countries). Despite a few pilot projects (of unknown outcome) a pure ISP policy
has not yet been adopted in the US.** Payers have therefore turned to indirect ISP policies,
including weighted-average pricing, differential discounts, and MEA, to capture the value of
multiple indications for a single drug.'4%°2 Meanwhile, manufacturers experimented with sep-
arate brands for the same drug to commercialize their product for a distinct price for each indi-

cation.
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Benefits

Challenges

- Rationalizing drug prices

- Reducing payers’ healthcare spending on
pharmaceuticals

- Access to more therapeutic options for pa-
tients

- No incentive for launch sequencing of in-
dications, resulting in expedited patient ac-
cess

- Higher revenues and profits for pharma-
ceutical companies

- Incentivizes the development of new indi-
cations

- “Balance[s] affordability for payers, sus-
tainability for manufacturers, and access for
patients” (Towse, 2018, p. 2)*°

- Indication-specific tracking of drug use
would permit the collection of real-world
outcome data for rare diseases

- Improves transparency in drug use

- Provides transparent policy frame for man-
ufacturers to develop and prioritize the R&D
of new indications

- Higher prices for high-value low-preva-
lence indications (e.g. ultra-rare orphan indi-
cations)

- National barriers (e.g. only one price per
drug allowed in France or Medicaid’s best-
price rule)

- IT infrastructure to track indication-spe-
cific use of drugs

- Value assessment must be conducted for
each indication

- Patient privacy must be ensured whilst
tracking drug use per indication

- Administrative burden and costs associated
with the negotiation and payment of prices
for each indication

- Reduces prices and incentives to develop
low-value high-prevalence indications

- Potential risk of arbitrage (buying drugs
for low-value indications and using them for
high-value indications)

Table 1: Benefits and challenges of indication-specific pricing

In Chapter 7 of this dissertation, we sought to clarify the impact of indication-specific pricing

on healthcare budgets in the US. Using data from 170 drugs with 455 indications, we estimate

that Medicare and Medicaid could have saved $3.4 billion (-12.1%) in spending in 2020 with

the adoption of indication-specific pricing. We show that these savings were especially at-

tributed to lower drug prices for supplemental indications. These findings are coherent with our

previous observation in Chapter 2 that supplemental indications provide a lower clinical benefit

to a broader patient population. Further, these findings resonate with Chapter 3, which shows

that the current US single drug price policy does not reflect the value of supplemental indica-

tions. Assigning a value-based price to all, original and supplemental, indications could not
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only align the value and price of new medicines but also reduce prices and spending for health

insurers.

Chapter 7 confirms that under an indication-specific pricing policy, prices are reduced for drugs
with a low-value proposition for a broad patient population, e.g. non-orphan drugs (spending: -
9.9%) and partial orphans, e.g. drugs treating orphan and non-orphan diseases, (spending: -
19%). The stratification between full, partial, and non-orphan drugs conducted in Chapter 7
shows that indication-specific pricing could help to resolve the potential overspending on indi-
cations treating common diseases from partial orphan drugs stemming from a disconnect be-

tween the indication-specific orphan drug designation and a drug-specific pricing policy.

However, Chapter 7 also finds that drug prices and spending on drugs with a high-value prop-
osition for a smaller patient population would increase under indication-specific pricing. We
find that prices for and consequently the spending on ultra-rare orphan drugs would increase by
$70 million (+27%). This is particularly concerning given that ultra-rare orphan cancer drugs
are sold for $70,128 — a price far exceeding non-orphan drug prices of $14,508 (Chapter 5).
These results underline that the detailed implications and adverse effects of any new pharma-

ceutical policies must be thoroughly evaluated for all patients.

1.3.2 Weighted-average pricing

The simplest indirect ISP policy is weighted-average pricing. Under this policy, a single drug
price is calculated reflecting the value and/or volume of different indications. This system re-
quires the ex-ante estimation or ex-post monitoring of patients receiving the drug for each in-
dication.®® As for all drug pricing considerations, the operationalization of “value” remains sub-
ject to the national HTA process. Therefore, this calculation or monitoring imposes an addi-
tional administrative burden on manufacturers and payers. Moreover, given that drug prices are

still anchored to the initial indication, there remains an incentive for drug sponsors to sequence
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the development and launch of new indications. Particularly, low-value high-prevalence indi-
cations, which may substantially reduce the weighted-average price for the entire drug, may not
be launched (Figure 6).3° Weighted-average pricing is currently applied in Germany, France,
Spain, Australia, Austria, and Belgium,!14%4® and was shown to effectively reduce list prices as

new low-value high-prevalence indications enter the market.*

A

Pg

E'Pac
E DPgea

S
B
C
A
D
-
Number of Patients

Figure 6: Indication development under weighted-average pricing

Notes: The graph visualizes drug pricing and indication development under a weighted-average pricing policy.
The first indication that enters the market (B) is priced at Pg. Following the entry of a new indication (C), a single
drug price (@Pgc) is calculated based on the weighted-average value and volume of indications B and C. Accord-
ingly, the single drug price is recalculated to @Pgca as indication A enters the market. Similar to Figure 4, there
remains an incentive for sponsors to sequence and withhold the launch of new indications according to value and
disease prevalence. Graph adapted from Michaeli (2020).3*

In Chapter 7, we estimated the potential savings of adopting weighted-average pricing in the
US for Medicare and Medicaid. Similar to indication-specific pricing, the adoption of weighted-
average pricing would result in cost savings of $3.4 billion (-12.1%) for Medicare and Medicaid
in 2020. Prices declined with the approval of each new supplemental indication. The cost saving
sources were similar to indication-specific pricing (see above). However, in contrast to indica-

tion-specific pricing, weighted-average pricing also resulted in lower prices for and spending
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on drugs treating ultra-rare diseases. Combined with the potentially lower costs of implement-
ing and operating a weighted-average than indication-specific pricing system, weighted-aver-
age pricing could, henceforth, be the preferred option to rationalize prices for drugs with mul-

tiple indications.

1.3.3 Single drug prices with differential discounts per indication

The second most prominent indirect ISP policy is single drug pricing with differential discounts
per indication. Under this policy, a single list price is set for each drug’s highest value indication
(usually the first indication). Thereafter, drug sponsors and payers negotiate differential dis-
counts (or premiums) for each new indication that enters the market (Figure 7). Albeit this
policy results in a single constant list price across all indications,*® the negotiated net price
varies for each indication. Similar to weighted-average pricing, differential discounts are asso-
ciated with additional administrative burdens as payers and sponsors have to conduct value
assessments, negations, payments, and monitoring of drug use for each new indication.*® Alt-
hough this policy results in indication-specific net prices that are aligned to the value of each
indication, sponsors are still incentivized to sequence indication launches. In theory, the incen-
tives for this sequencing should be reduced if differential premiums for high-value indications

were permitted. In practice, differential premiums have not been observed.
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Figure 7: Indication development under single drug pricing with differential discounts per in-
dication

Notes: The graph visualizes drug pricing and indication development under a single drug price with differential
discounts per indication policy. The first indication that enters the market (B) is priced at Pg. For each new indi-
cation that enters the market, a differential discount is applied on this list price Pg. The resulting net price for
indication C will be calculated as Pg times discount C and for indication A as Pg time discount A. Similar to Figure
4, there remains an incentive for sponsors to sequence and withhold the launch of new indications according to
value and disease prevalence. Graph adapted from Michaeli (2020).34

Frequently, these differential discounts are applied in the form of MEAs. MEAs “are arrange-
ments between firms and healthcare payers that allow for coverage of new medicines while
managing uncertainty around their financial impact or performance” (Wenzl & Chapman, 2018,
p. 4).82 MEAs are a heterogeneous group of innovative coverage and reimbursement mecha-
nisms. Their taxonomy can broadly be categorized into two groups: financial and performance-
based/outcomes-based (Figure 8). Discounts fall under the category of financial MEAs. Alt-
hough financial contracts were shown to be the dominant form of MEAs, performance-based
MEAs may be particularly applied for therapies with an uncertain safety and efficacy profile
that is based on non-robust clinical trials. For these performance-based MEAs, reimbursement

of new therapies is conditional upon the achievement of a pre-defined outcome. For example,

38



Introduction

new anti-cancer drugs are only fully reimbursed if the patient reaches a certain survival mile-
stone (risk-sharing agreement).>? However, for drugs approved based on small, non-random-
ized, single-arm phase 2 trials, reimbursement may also be conditional upon the enrollment of

patients into confirmatory phase 3 or 4 trials (coverage with evidence development [CED]).

Managed Entry
Agreements

__ Performance-based agreements
contain financial elements

Performance-based

Type

\ | | |
Level

— b :

Figure 8: Taxonomy of managed entry agreements

Notes: Adapted from Wenzl & Chapman (2019).6?

Given the heterogeneity in and continually evolving forms of MEAS, countries employ different
types of MEAs for the coverage and reimbursement of drugs with multiple indications. In Eng-
land and Scotland, drugs are sold for the same list price across all indications. Indication-spe-
cific Patient Access Schemes (PAS) are then negotiated for each new disease to achieve cost-
effectiveness and not exceed the pre-defined WTP threshold of 20,000-30,000 GBP per
QALY .1 Alongside these financial MEAs, England and Scotland were shown to restrict the
usage of drugs on an indication-specific level. Particularly clinical conditions that restrict drug
usage to certain (sub-)populations are especially frequently applied for new indications.®® In
Spain, weighted-average prices are calculated on a national level.***® However, differential dis-
counts on these list prices may be negotiated on a regional or hospital level. The Italian pricing

system is similarly complex. It permits the setting of unique list prices and discounts alongside
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separate MEAs.1149 In the US, there are few examples of insurers applying differential dis-
counts for new indications of the same drug.1324%®3 For instance, Express Scripts and CVS
Caremark negotiated with Novartis to sell the new chimeric antigen receptor (CAR) T-cell ther-
apy, tisagenlecleucel (Kymriah®), for two different net prices for the indications acute lym-
phoblastic leukemia and large B-cell lymphoma. Similar to tisagenlecleucel, most of these pilot
projects were conducted for drugs with excessively high prices for ultra-rare diseases. To the

best of our knowledge, the outcome of these pilots has not been reported.!

For this dissertation, we did not have access to costly databases that estimate drugs’ list and net
prices. Therefore, we conducted our analyses for list prices. However, indication-specific dis-
counts, as part of indication-specific MEAs, could help to resolve some of the unintended con-
sequences of a single drug price across all indications. For example, in Chapters 5 and 6 we
discuss that in the absence of indication-specific pricing, the indication-specific coverage and
reimbursement of orphan indications could avoid the aforementioned consequences of partial
orphan drugs and common orphan indications for patients of non-orphan diseases. Health in-
surers could selectively cover only high-value indications that prove in RCTs to extend patient
survival. For low-value indications, insurers could demand indication-specific discounts, re-
strict reimbursement to certain biomarker-positive patient subpopulations that benefit the most
from the drug, or require patients to enroll in post-marketing trials for drugs with an uncertain
clinical benefit in pivotal clinical trials. The results of Chapters 2, 3, 4, and 7 suggest that these
indication-specific coverage and reimbursement policies could be particularly useful through-
out a product’s life cycle as new indications are approved, new competitors enter the market,
and new clinical trial evidence emerges. Guided by French, German, Swiss, and Japanese ex-
amples,®~ these chapters highlight that coverage and reimbursement policies should be re-
evaluated in specified time-intervals to ensure that the price that US patients and insurers pay

for adrug is aligned to its current, not past, value proposition. Nonetheless, future research must
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thoroughly evaluate our propositions and assess the implications of indication-specific cover-
age and reimbursement on patient access as well as its potentially adverse implications on the

R&D of novel indications.

1.3.4 Different brands with distinct prices per indication

In healthcare systems that do not adequately reflect the value an indication offers to patients,
pharmaceutical companies may choose to set their differential prices by introducing different
brands for the same medicine. Thereby companies can sell their drug for different prices, al-
lowing them to charge a higher price for the first brand that is sold for high-value indications,
whilst charging a lower price for the second brand that is sold for low-value indications (Figure
9). The most widely known example of this price discrimination is sildenafil. Pfizer first com-
mercialized sildenafil for erectile dysfunction under the brand name Viagra® and then started
to also sell sildenafil for pulmonary hypertension under the brand name Revatio®. Thereby
Pfizer was able to set separate list prices for a drug that offered very different value propositions

to two distinct patient populations.
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Figure 9: Indication development for drugs with different brands per indication

Notes: Assuming the natural development order displayed in Figure 4, companies are incentivized to commercial-
ize their drug with distinct brand names without the introduction of adequate differential pricing policies. If the
low-value high-prevalence indication A is already on the market, the manufacturer may increase its revenues by
introducing a new brand for its high-value low-prevalence indications B and C. Thereby different brands could
reduce incentives for sequencing indication launches. However, different brands are mostly applied for drugs with
low-value indications that have already entered the market and high-value indications that are discovered thereaf-
ter; especially when these indications are for distinct therapeutic areas or require distinct formulations. Graph
adapted from Michaeli (2020).3*

In practice, different brands of the same drug are only rarely used. Among 170 cancer drugs
with FDA approval, 94 were used in multiple indications. Of these, 12 (13%) were marketed
with more than one brand (Table 2). On the one hand, manufacturers used distinct brands for
drugs with different formulations. For example, ribociclib is sold as Kisgali®, containing only
ribociclib, and as Kisgali femara co-pack®, containing ribociclib and letrozole. Similarly, per-
tuzumab is commercialized as Perjeta®, containing only pertuzumab, and Phesgo®, containing
pertuzumab, trastuzumab, and hyaluronidase-zzxf. On the other hand, the predominant reason
for distinct brand names for the same drug are separate indications, especially when these indi-
cations are in distinct therapeutic areas (e.g. oncology and neurology). For instance, ofatu-

mumab is commercialized with distinct brands for chronic lymphatic leukemia (Arzerra®) and

42



Introduction

multiple sclerosis (Kesimpta®). Similarly, lutetium Lu-177 dotatate is approved for neuroen-
docrine tumors under the brand name Lutathera® and prostate cancer under the brand name
Pluvicto®. Different brand names for the same drug may be particularly beneficial for compa-
nies, healthcare professionals, and patients when they are used in indications of different ther-
apeutic areas. As previously mentioned, companies can capitalize on the distinct value propo-
sition that is associated with each indication. In contrast, healthcare professionals may welcome
different brand names for separate therapeutic areas as they decrease the chance of prescription
and dosing errors.>®% However, different brand names are regarded as a burden for healthcare
professionals when they are used for indications in the same therapeutic area.>® % For example,
if pembrolizumab was sold under a distinct brand name for all its cancer indications, pharma-
cists would have to keep more than fifteen different brand versions of the same medicine in
stock. Moreover, physicians and patients are incentivized to use the lower-priced brand off-
label in the higher-priced indication. Manufacturers can only prevent this off-label use when

brands are sold for indications with different formulations, e.g. ruxolitinib or azacitidine.

43



Economics of cancer drugs

[yi-asepiuoinjeAH ‘qewnwinieseq :o0idse} xsjezieq

gewnwnieseq :xsfezteq

wn2ads ymoabisnQ palelal-wIEMd :8910MIA

Jaoued 1sealg :Aeubid

((A1) uonalur) TNINC ‘SAIN ezepIA

((jes0) 191qe1) BIWBNNY| PIOIRAIN :BaunuO

(eu0) 19101 :aUIPLINZEPaD ‘BUIqeNIa :IAobu|

(A1) uonoalur :auigendsq :uabaoq

sjue|dsuel) JaAl] pue Asupiy 1oy uondslal ueblo Jo sixejAydoud :ssaarioz
sainzias 1asuo-jeilied pareloosse-Os] zdadsiq J01uly

VO3S YyIm OS1 ‘Osd pue ewodijoAwoifue [euas ‘QOY ‘13N ‘489urd 1sealq (10UUYY
S150.9]9s ajdijnw :eidwisa

71D reddszay

Jaoued [e19310]02 :denyjez

dO¥ '¥a pue JINQ ‘OAY Buimoljo) ewapa Jejndew ‘QNY (1am) Jejnasenosu :eajA3
9]0z0a197 ‘qIo190q1y :>oed-02 eaewsay Ijebsiyy

quo100q1y :1febsiy

132ued pI0JAYL ‘“DDH ‘D0Y :XA1swoge)d

Jaoued pi1oJAy) :brayswo)d

((Jeordoy) weaud) obijImA JeIUBWBaSUOU ‘sirew.ap d1doje eanjszdQ
((reJ0) 13198.L) AHAD ‘Ad 'sisoiquojaAw :yesier

JXzz-a3sepiuoinjeAH ‘gqewnznisel] ‘gewnznlad :0bsayd

gewnznuad :elaliad

J99uR) 91e1504d :0191AN|d

13N “eJdsyyeinT

uorle[NWLIoy Juslaya

SUOITEDIPUI JURIBIQ

UoIeINWLIOY JUBIa P
‘suoIredlpul JuaIsia

uonenwLIoy Jualallqa

suoIeIIpUI JUBIBIIQ

SUOINEDIPUI JURIBIC

ST IR IBUEIE ]

uone[nwloy ualallg

SUOIEIIPUI JUBIBKIQ

UOITR[NULIOY JUBIBLHIP
‘uoIyeAIpUI JUBIAPIA

uolre[nuwLIoy ualalla

SUOITEDIPUI JURIBHIQ

oJdse) Xajezieq
‘Xajezieq
ao10lIA

‘Aeibig

BZepIA

‘BainuQ

1n0bu|
‘usbooeq
ssallloz
‘z1adsiq Jonulyy
‘Jonuyy
erdwisay
‘ellezIy
denjez

‘ealA3

3oed-09 elewsy Ijebsiy

‘Iebsty
xAlawoqe)
‘brLjswo)
einjazdo
‘Iyexer
obsayd
‘e1ollad
0101AN|d
‘elayleIn]

gewnuwnieleq
qisijad)y
auIpIoezZY

auIgqeNo8q

SNWIjoJaAT

gewnwniejo
1daosaalyy
quo10g1y
quunuezoged
quuntoxny

gewnznliad

a1eIRIop £/ T-N"T WNieINg

s|re1aq

uoseay

Sallieu pueag

EVEVRIRENES)

Table 2: Different brand names for cancer drugs with FDA approval between 2000 and 2022

Abbreviations: AMG, age-related macular degeneration; CLL, chronic lymphatic leukemia; DME, diabetic mac-

ular edema; DR, diabetic retinopathy; GvHD, graft-versus-host-disease; HCC, hepatocellular carcinoma; MDS,
myelodysplastic syndrome; NET, neuroendocrine tumors; PV, polycythemia vera; RCC, renal cell carcinoma;

ROP, retinopathy of prematurity; SEGA, subependymal giant cell astrocytoma; TSC, tuberoses sclerosis complex;

RVO, retinal vein occlusion.
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In conclusion, different brand names for the same drug cannot be viewed as the optimal solution
for the pricing of drugs with multiple indications. Albeit they are used for drugs with indications
across distinct therapeutic areas, different brand names are associated with an increased admin-

istrative burden for pharmaceutical companies, healthcare workers, and insurers.

1.4 Summary of this dissertation

The previous sections highlighted that drugs are increasingly developed and used for multiple
indications. However, payers have not yet found the best solution how to adequately reflect the
value that each indication offers to patients. Therefore, the pricing, coverage, and reimburse-
ment of drugs with multiple clinical indications remain challenging. EU countries have adopted
indirect differential pricing mechanisms, e.g. weighted-average prices and differential dis-
counts with MEAs per indication. Meanwhile, in the US drugs are marketed under a single
(highest) list price that is anchored to the original indication approval. The recent US drug pric-
ing reform — IRA — offers the CMS a unique opportunity to not only adopt value-based pricing
but to also create a price system that reflects the differential value of each indication. Therefore,
this dissertation analyses the development, approval, clinical benefit, clinical trial evidence,
epidemiology, and pricing of drugs in their original and supplemental indications. Figure 10
provides a brief overview of key aspects of the drug development process. This thesis’ research
articles’ contributions to our understanding of the drug and indication development, approval,

and pricing processes are highlighted in Figure 10.
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Notes: The figure illustrates the drug and indication development process in a schematic overview. Aspects that
are covered in this thesis are highlighted with orange circles. The number within the circle refers to the Chapter
that examines the indicated aspect.

Abbreviations: FDA, US Food and Drug Administration; IND, investigational new drug applications; LoE, loss
of exclusivity; M, million; M&A mergers and acquisitions; R&D research and development.

Based on a uniquely large dataset we highlight the succinct differences between original and
supplemental indications and also discuss innovative pharmaceutical policies, including but not
limited to indirect or direct indication-specific pricing, coverage, and reimbursement mecha-
nisms. The dataset of anti-cancer drug approvals was then leveraged to conduct an in-depth
analysis of the ODA with its current implications. Particularly highlighting how the trend to-
wards personalized medicine for drugs with multiple indications has led to unintended conse-
quences of the ODA. We then combined the results of these analyses to estimate the potential
cost savings for Medicare and Medicaid if they were to adopt indication-specific pricing and
weighted average pricing for cancer drugs, especially highlighting the consequences of these

new pharmaceutical policies for patients with rare diseases.

Furthermore, we examined one of the most debated reforms of the FDA’s approval process
over the past 10 decades: The breakthrough therapy designation (BTD). Thereafter, we exam-
ined the drug and indication development process from the perspective of entrepreneurs and
investors. For this purpose, financial acquisition data were combined with drug development
data to identify and quantify factors associated with biopharma firm valuations. Thereafter, we
estimated the returns that investors and bioentrepreneurs can expect from founding and invest-
ing in drug development companies. For both analyses, we especially focused on the valuation
and return differences between multi-indication vs. single-indication drugs as well as orphan

vs. non-orphan drugs.

This cumulative dissertation consists of nine original research articles. Most of these publica-
tions focus on anti-cancer drugs. Oncology drugs represent the single largest therapeutic area

in drug development, accounting for 30% of new medicines approved by the FDA in 2021.57
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Additionally, particularly high prices were observed for oncology drugs®* and the majority of
these drugs are developed for multiple cancer types and indications.° Furthermore, there are
three coherent measures that physicians require to evaluate the clinical benefit of anti-cancer
drugs: overall survival (OS), progression-free survival (PFS), and tumor response. Conse-
quently, anti-cancer drugs represent the most interesting and relevant sample for an investiga-
tion and analysis of indication development, approval, and pricing. Furthermore, we focus on
the US market for prescription drugs given that it is the single largest pharmaceutical market in
the world; the FDA is frequently the first regulatory agency to approve new medicines; the US
represents the largest geographic region for innovative biotechnology companies in terms of
human, academic, and financial capital; most clinical trials are conducted within the US; and
the US is the country with the highest prescription drug prices in the world.®®"* Particular focus
is laid upon orphan drugs given that they represent one-fifth of total prescription drug sales,
regularly command prices over $100,000 per year, account for one-third of the pharmaceutical
industry’s value of assets under development, receive substantial government subsidies through
the ODA, and are a “sandbox” for innovative treatment modalities such as gene and cell thera-
pies, antibody-drug conjugates, and radionuclides.”? The following paragraphs provide a sum-

mary of each article’s key findings.

Chapter 272 entails the largest and most comprehensive analysis of the development, clinical
benefit, and FDA approval of new anti-cancer drug indications to date. Whilst preceding re-
search analyzed single aspects of the drug development process, they are typically limited to
original indication approvals. Analyzing 124 novel cancer drugs FDA-approved for 374 indi-
cations, we find that new treatments with available data from RCTs (234 [63%]) reduced the
risk of death by a mean of 27% (median: 2.80 months) and the risk of tumor progression by

43% (median: 3.30 months) compared with control. However, initial approvals prevented more
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deaths and tumor progressions and provided a greater tumor response than indication exten-
sions, yet were more frequently supported by non-randomized trials. In conclusion, new cancer
drugs substantially reduce the risk of death and tumor progression, yet only marginally extend
patient survival. From a health policy perspective, this article, therefore, highlights that the
FDA, physicians, patients, and insurers must evaluate and decide on a drug's safety and efficacy
approval, pricing, coverage, and reimbursement on an indication-specific level. Particular cau-
tion is warranted when assessing initial drug approvals with non-robust clinical evidence, which

may overestimate efficacy outcomes.

Chapter 34 contains the first study to identify and quantify factors associated with cancer drug
prices in the United States, distinctly analyzing original and supplementary indications. Based
on a sample of 145 on-patent drugs with approval for 373 anti-cancer indications, we find that,
for original indications, drug prices are not aligned with the survival benefit they offer to pa-
tients. Prices for new drugs are aligned with the unmet medical needs they fill and the biotech-
nological innovation they achieve. However, prices were not associated with the efficacy, clin-
ical evidence, and epidemiology offered by supplementary indications, albeit the majority of
cancer drugs are FDA-approved for multiple indications. In summary, cancer drug prices are
set based on the original indication’s characteristics, thereby omitting the value of supplemen-
tary indications. The discussion of the article presents and evaluates differential pricing, cover-
age, and reimbursement policies, considering each indication’s safety, efficacy, innovativeness,

and unmet needs, to reconcile this disconnect between a medicine’s cost and value.

In Chapter 4,”° we identify and quantify factors associated with post-launch price changes of
injectable cancer drugs from 2005 to 2023. We used the aforementioned dataset of new cancer
drugs with FDA approval from 2000 to 2022 and combined it with quarterly price data from
the CMS. The association of selected variables on post-launch price changes was evaluated in

random-effects regression analyses. We found cancer drug prices regularly increased faster than
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inflation. However, there was no evidence that post-launch price changes are aligned with the
clinical benefit or innovativeness a drug offers to patients. The approval of new supplemental
indications was associated with marginal price declines (up to -2%). Particularly patients suf-
fering from rare and severe diseases experienced great price increases for their orphan drugs.

There was no evidence that brand-brand competition results in drug price reductions.

In Chapter 5,® we conducted the first study to analyze the development, approval, clinical ben-
efit, and price of cancer drugs for ultra-rare, rare, common, and non-orphan diseases. This anal-
ysis of 170 cancer drugs with 455 indications demonstrates that orphan indications fill signifi-
cant unmet needs, yet their approval is supported by small, non-robust trials. For these orphan
drugs manufacturers demand prices beyond $30,000 per month. Therefore, we present and dis-
cuss innovative pricing, coverage, and reimbursement policies (with a particular focus on dif-
ferential pricing mechanisms) to ensure that US patients can access and afford orphan cancer
drugs. The article furthermore shines light on three distinct groups of orphan drug indications:
common (>200,000 US inhabitants), rare (6,600-200,000 US inhabitants), and ultra-rare
(<6,600 US inhabitants) diseases. Although we show that it is more complex to develop and
seek approval for ultra-rare and rare orphans, common orphans benefit from all of the ODA’s
incentives, higher drug prices, and expedited development timelines. We, therefore, present
policy reforms to differentially incentivize drug development for common, rare, and ultra-rare

orphan indications.

Chapter 6”7 contains the first study to thoroughly examine the development, approval, pricing,
and spending on partial orphan drugs — drugs used to treat common and rare diseases. Using
the aforementioned dataset of 170 cancer drugs with 455 indications, we show that the clinical
benefit, trial characteristics, and epidemiology of partial orphan cancer drugs are more similar
to non-orphan than full orphan drugs. However, partial orphans receive all of the ODA’s incen-

tives and are swiftly extended to new indications; resulting in greater prices for patients, more
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beneficiaries, and higher spending for Medicare and Medicaid. Policymakers could reduce ex-
penditure on top-selling partial orphan drugs by establishing a maximum revenue and/or patient

threshold for the ODA’s benefits alongside indication-specific pricing.

In Chapter 7,8 we estimated price and cost savings if US Medicare and Medicaid were to adopt
indication-specific pricing and weighted-average pricing. Using the aforementioned dataset of
cancer drugs with price and spending data, we conducted a multivariate regression analysis of
factors associated with prices for original indications (e.g. innovativeness, disease burden, R&D
costs, disease incidence, disease severity, and other treatment options). This model was then
used to predict indication-specific prices for supplemental indications. Based on these indica-
tion-specific prices, we calculated value- and population-weighted-average prices for each drug
as new supplemental indications were approved. We assigned Medicare and Medicaid spending
per drug proportionally to each indication based on their disease prevalence. We find that Med-
icare and Medicaid spent a total of $28.3 billion on new cancer drugs in 2020. This spending
could be reduced by -12.1% with indication-specific pricing as well as weighted-average pric-
ing. We show that these savings were especially realized by reducing prices for partial orphan
drugs’ low-value non-orphan supplemental indications. However, indication-specific pricing
would also result in higher prices for patients with ultra-rare cancers, e.g. patients that benefit
most from the new drug. This effect was not observed for weighted-average pricing. In conclu-
sion, indication-specific and weighted-average pricing could reduce expenditure on new cancer
drugs in the US by -12.1%. Nonetheless, the effects of any new pharmaceutical policy on all
patient groups, especially those suffering from rare and severe diseases, must be thoroughly

evaluated.

Chapter 8 entails the largest study to evaluate the efficacy, clinical trial evidence, epidemiol-
ogy, and price of breakthrough and non-breakthrough cancer drugs and indications. In this study

of 355 FDA-approved cancer indications over 10 years, breakthrough indications showed a
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greater OS (4.8 vs. 3.2 months), PFS (5.4 vs. 3.3 months), and tumor response (8.7 vs. 4.7
months) benefit. Breakthrough indications were more frequently supported by smaller, open-
label single-arm trials, approved 3.5 years faster, and priced at a premium of 73% (mean:
$38,971 vs. $22,591) compared to non-breakthrough indications. In contrast to previous criti-
cism, we henceforth conclude that the BTD expedites patient access to highly effective and

innovative, yet also expensive, new medicines.

In Chapter 9,2° we identify and quantify factors associated with the valuation of drug develop-
ment companies in the EU and US. For this study, 311 biopharmaceutical M&As were identi-
fied between 2005 and 2020. We complemented financial acquisition data with variables char-
acterizing the target’s product portfolio extracted from clinicaltrials.gov, Drugs@FDA data-
base, United States Securities and Exchange Commission (US SEC) filings, and transaction
announcements. The association between firm valuations with extracted variables was assessed
in a multivariable regression analysis. The following variables were significantly associated
with firm valuations: development stage, number of products, product type, number of indica-
tions, headquarter location in the US, underlying market conditions, and acquirer market capi-
talization. However, there was no significant valuation difference between companies develop-
ing orphan vs. non-orphan designated lead products. This information offers entrepreneurs, reg-
ulators, and payers insights into the valuation of drug development companies and permits the
design of targeted pricing and industrial policies to steer drug development toward diseases

with high unmet needs.

In Chapter 10,%! we estimate annual returns that bioentrepreneurs and investors can expect from
founding and investing in drug development companies. The dataset of 311 biopharma M&As
was combined with previously published clinical development periods alongside orphan-, indi-
cation-, and disease-specific success rates to estimate annual returns for investments in drug

development companies. Results indicate that companies developing orphan, multi-indication,
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and oncology drugs were valued significantly higher than their peers during later development
stages. We also estimated significantly higher returns for shareholders of companies with or-
phan relative to non-orphan-designated lead drugs from Phase 1 to FDA approval (46% vs.
12%, p<.001). Furthermore, higher returns were estimated for oncology (compared to other
therapeutic areas) and multi-indication (compared to single-indication) drugs. In conclusion,
the clinical and economic conditions surrounding orphan-designated drugs translate to a favor-
able financial risk-return profile for bioentrepreneurs and investors. Furthermore, bioentrepre-
neurs must be aware of the upside real option value their multi-indication drug could offer when

negotiating acquisition or licensing agreements.
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2 Development, approval, and benefit of cancer drugs with multiple indi-
cations
Summary: This study meta-analyzes the clinical benefit of innovative cancer drugs, comparing

differences in original and supplementary FDA indication approvals.

2.1 Abstract

Purpose: Clinical trial evidence is routinely evaluated for initial drug approvals, yet the benefit
of indication extensions remains uncertain. This study evaluates the clinical benefit supporting

new cancer drugs' initial and supplemental FDA indication approval.

Patients and Methods: Clinical trial evidence supporting each indication's FDA approval was
collected from the Drugs@FDA database between 2003 and 2021. Drug, indication, and clini-
cal trial characteristics are described. Hazard ratios (HRs) for OS, PFS, and relative risk (RR)

for tumor response were meta-analyzed.

Results: Out of 124 FDA-approved drugs, 78 were approved across multiple indications. Out
of 374 indications, 141 were approved as combination therapies, 255 for solid cancers, 121 with
biomarkers, and 182 for first-line therapy. Approval was mostly supported by open-label (267
[71%]) phase 111 (238 [64%]) concurrent randomized controlled trials (248 [66%]) with a me-
dian of 331 enrolled patients (interquartile range [IQR], 123-665 patients). Across 234 random-
ized controlled trials with available data, drugs’ HRs were 0.73 (95% CI, 0.72 to 0.75;
12=29.6%) for OS and 0.57 (95% CI, 0.54 to 0.60; 1>=90.6%) for PFS, whereas tumor response
was 1.38 (95% CI, 1.33 to 1.42; 1°=80.7%). Novel pharmaceuticals increased patient survival
by a median of 2.80 months (IQR, 1.97-4.60 months) for OS and 3.30 months (IQR, 1.50-5.58

months) for PFS. Initial indications more frequently received accelerated approval, supported
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by single-arm trials for advanced-line monotherapies, than indication extensions. Initial approv-
als provided a higher PFS (HR, 0.48 v 0.58; P=.002) and tumor response (RR, 1.76 v 1.36;

P<.001).

Conclusion: New cancer drugs substantially reduce the risk of death and tumor progression,
yet only marginally extend patient survival. The FDA, physicians, patients, and insurers must
evaluate and decide on a drug's safety and efficacy approval, pricing, coverage, and reimburse-

ment on an indication-specific level.
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2.2 Context

Key objective: Previous studies only investigated new drugs' initial FDA approval; yet, most
cancer drugs are approved and used across multiple indications. This study describes and meta-
analyzes the evidence and efficacy supporting new cancer drugs' initial FDA approval and in-

dication extensions.

Knowledge generated: Among 124 novel cancer drugs approved across 374 indications, new
treatments with available data from randomized controlled trials (234 [63%]) reduced the risk
of death by a mean of 27% (median: 2.80 months) and the risk of tumor progression by 43%
(median: 3.30 months) compared with control. Initial approvals prevented more deaths, tumor
progressions, and provided a greater tumor response than indication extensions, yet were more

frequently supported by nonrandomized trials.

Relevance: The OS and PFS benefit associated with new cancer drugs is marginal. The FDA
and physicians must cautiously evaluate initial drug approvals with non-robust clinical evi-

dence, which may overestimate efficacy outcomes.
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2.3 Introduction

Rising prices have attracted public debate about the clinical benefit cancer drugs offer to pa-
tients in the United States. Before a drug is sold, the FDA must grant regulatory approval to
ensure that the drug is safe and effective for its intended use.®? Although a survey of 4,316 US
inhabitants reported that 39% mistakenly believed that the FDA only approves extremely effec-
tive drugs,®® previous meta-analyses demonstrated that novel cancer drugs marginally extend
life by 2 to 3 months on average.348” However, these meta-analyses are limited to initial drug
approvals. Little is known about the clinical evidence and benefit of new drugs' indication ex-
tensions. This is especially concerning for drugs that are more frequently prescribed for the

supplemental than the original indication.t38

Previous studies investigated the clinical trial characteristics,2®92 the clinical benefits, 84879
the merits of expedited review programs,®*° and the validity and use of clinical end points®
for new drug approvals in the United States and European Union. Preceding research analyzed
differences in clinical trial design and FDA approval timelines between original drug approvals
and indication extensions, 088101102 yet not treatment outcomes. The purpose of this study is to
meta-analyze the clinical benefit of novel cancer drugs across all FDA-approved indications.
We report drug, indication, and clinical trial characteristics and meta-analyze OS, PFS, and

tumor response outcomes.
2.4  Patients and methods
2.4.1 Search strategy and selection criteria

We identified all new oncology drugs approved in the United States between January 1, 2003,
and January 1, 2020, in the Drugs@FDA database. Before 2003 the FDA label structure was
inconsistent with newer approvals.'® NDAs and BLAs for anti-cancer agents were included,

while excluding non-oncology, cancer care, and diagnostic drugs. For each newly approved
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drug, we retrieved data on the first indication and all indication extensions until December 31,

2021.

2.4.2 Data collection

Within the FDA label, we collected variables on drug, indication, and clinical trial characteris-
tics as well as endpoint performance according to peer-reviewed guidelines for evidence syn-
theses of FDA approval documents.'%31%4 Data were independently extracted from FDA labels
by one reviewer (D.T.M.) and then cross-checked with clinical trial data from clinicaltrials.gov
and peer-reviewed publications linked to each trial's National Clinical Trial number by another
reviewer (T.M.; Table 3). Disagreements were solved in consensus and by consulting an expe-

rienced oncologist.

Drug characteristics

Drugs were categorized by number of indications (single-indication v multi-indication), mech-
anism of action (cytotoxic chemotherapy v targeted agents v immune regulators), and product
type (small molecule v others). Each drug's innovativeness was classified as first-in-class or not
first-in-class based on the compound's target by accessing the anatomic therapeutic chemical

classification.%
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Source

Variable

Website

FDA label

Indication

Indication approval date
Treatment type

Cancer type

Biomarker

Line of therapy

Drug dosing regimen

https://www.accessdata.fda.gov/scripts/cder/daf/

FDA label and
clinicaltrials.gov

Clinical trial enrolled pa-
tients

Clinical trial design
Clinical trial phase 2
Clinical trial blinding
Clinical trial endpoint type
Clinical trial comparator
Clinical trial endpoint out-
come

https://www.accessdata.fda.gov/scripts/cder/daf/

https://clinicaltrials.gov/

WHO

Innovation status®

https://www.whocc.no/atc_ddd index/

Drug Bank

Mechanism of action
Product type

https://go.drugbank.com/

Global Burden of
Disease study

Disease incidence

Disease prevalence
DALYs including YLD
and YLL

http://ghdx.healthdata.org/gbd-results-tool

No. of available treatment

https://www.cancer.gov/about-cancer/treatment/drugs/can-

Nat!onal Cancer options / competitors cer-type
Institute - .
5-year survival rate https://seer.cancer.gov/
Prices Medicare Part B https://www.cms.gov/Medicare/Medicare-Fee-for-Service-
Part-B-Drugs/McrPartBDrugAvgSalesPrice
. . https://www.medicare.gov/plan-com-
Prices Medicare Part D pare/#/?lang=en&year=2022
Spending & beneficiaries https://data:cms.qov/§urr_1marv-stgtlstlcs—on—use—ar_ld-pav-
. . ments/medicare-medicaid-spending-by-drug/medicare-part-
Medicare and Medicare Part B b dina-bv-d
Medicaid ¢ -SPENAINg-by-arug

Spending & beneficiaries
Medicare Part D

Spending & beneficiaries
Medicaid

https://data.cms.gov/summary-statistics-on-use-and-pay-
ments/medicare-medicaid-spending-by-drug/medicare-part-
d-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-pay-
ments/medicare-medicaid-spending-by-drug/medicaid-
spending-by-drug

FDA label / Fed-
eral register

IND date ¢
FDA approval date

https://www.federalregister.gov/
https://www.accessdata.fda.gov/scripts/cder/daf/

Federal Reserve
Bank of St. Louis

Quarterly CPI inflation

https://fred.stlouisfed.org/series/lUSACPGRLEQ1IXOBSAQ

FDA

Orphan Designation
Fast Track

Accelerated Approval
Priority Review

Breakthrough Therapy

https://www.accessdata.fda.gov/scripts/opdlisting/oopd/
https://www.fda.gov/drugs/nda-and-bla-approvals/fast-

track-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/acceler-

ated-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/priority-
nda-and-bla-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/break-
through-therapy-approvals

Table 3:; Data sources

@ Combined phase 1/2 trials were classified as phase 2, combined phase 2/3 as phase 3.
® Within each Anatomical Therapeutic Chemical (ATC) class, drugs connoted with a 1 were labeled as first-in-
class, whilst subsequently approved drugs were labeled as not first-in-class. For drugs with ambiguous ATC clas-
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https://www.accessdata.fda.gov/scripts/cder/daf/
https://clinicaltrials.gov/
https://www.whocc.no/atc_ddd_index/
https://go.drugbank.com/
http://ghdx.healthdata.org/gbd-results-tool
https://www.cancer.gov/about-cancer/treatment/drugs/cancer-type
https://www.cancer.gov/about-cancer/treatment/drugs/cancer-type
https://seer.cancer.gov/
https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Part-B-Drugs/McrPartBDrugAvgSalesPrice
https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Part-B-Drugs/McrPartBDrugAvgSalesPrice
https://www.medicare.gov/plan-compare/#/?lang=en&year=2022
https://www.medicare.gov/plan-compare/#/?lang=en&year=2022
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-b-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-b-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-b-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-d-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-d-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicare-part-d-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicaid-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicaid-spending-by-drug
https://data.cms.gov/summary-statistics-on-use-and-payments/medicare-medicaid-spending-by-drug/medicaid-spending-by-drug
https://www.federalregister.gov/
https://www.accessdata.fda.gov/scripts/cder/daf/
https://fred.stlouisfed.org/series/USACPGRLE01IXOBSAQ
https://www.accessdata.fda.gov/scripts/opdlisting/oopd/
https://www.fda.gov/drugs/nda-and-bla-approvals/fast-track-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/fast-track-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/accelerated-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/accelerated-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/priority-nda-and-bla-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/priority-nda-and-bla-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/breakthrough-therapy-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/breakthrough-therapy-approvals
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sifications (e.g. ATC categories with a “X”), two reviewers independently assessed the drug’s novelty. For in-
stance, in the group “LO1EF Cyclin-dependent kinase (CDK) inhibitors” palbociclib (LO1EF01) is labeled as first-
in-class, whilst ribociclib (LO1EF02) and abemaciclib (LO1EF03) are not first-in-class. This classification captures
a drug’s novelty in terms of the modulated target. However, this classification does not differentiate between novel
mechanisms of action, clinical indications, or treated diseases.

¢ For drugs without available data from Medicare and Medicaid data sources, prices were retrieved from the drug
abacus (https://www.drugpricinglab.org/).

4 The date when the IND became effective was primarily obtained from “Determination of Regulatory Review
Period for Purposes of Patent Extension” documents submitted by the FDA to the US Patent and Trademark Office
(USPTO). For drugs without these documents, the date when the IND became effective was determined 30 days
after the IND was submitted to the FDA as disclosed in FDA review documents.

Abbreviations: CPI, consumer price index; DALY, disability-adjusted life years; FDA, US Food and Drug Ad-
ministration; IND, investigational new drug application; USPTO, US Patent and Trademark Office; WHO, World
Health Organization; YLD, year lived with disability; YLL, years of life lost.

Indication characteristics

For each new indication, we extracted information on the treated cancer type, associated bi-
omarkers, treatment type (combination v monotherapy), and line of treatment (first-line, sec-
ond-line, or > third-line). For each multi-indication drug, indications were classified as first,
second, third, fourth, and > fifth according to FDA approval date — indications approved on the
same date were both classified as first; the next approved indication was then considered sec-

ond.

Clinical trial characteristics

Clinical trial data informing each indication's FDA approval were extracted from the indication-
specific label. Obtained data included the pivotal trial phase, design (randomized, nonrandom-
ized, or single-arm), blinding (open-label, single-blind, or double-blind), number of trial arms,

number of enrolled patients, comparator, and endpoint.

Clinical benefit

Endpoint performance was extracted for all RCTs. For OS and PFS endpoints, we obtained HRs
with 95% Cls as well as the number of subjects and events in the control and experimental

arms. For tumor response endpoints, we calculated the RR and OR based on the number of
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responders. We calculated the median monthly OS and PFS gain and the median duration of

response with 1QR.

2.4.3 Statistical analysis

Descriptive statistics were used to examine drug, indication, regulatory, and clinical trial char-
acteristics. Statistics were reported for the entire sample and separately for single- and multi-
indication drugs. For multi-indication drugs, we compared the distribution of collected varia-

bles across first, second, third, fourth, and > fifth approved indications using y2-tests.

The performance of clinical trial endpoints was meta-analyzed with random-effects models in
STATA 14.2 (StataCorp LLC, College Station, TX). Heterogeneity was reported based on the
12 statistic. Subgroups were compared using Cochran's Q test. Differences in median survival
gains were compared with Mann-Whitney U and Kruskal-Wallis tests. The association between

clinical benefit and indication approval sequence was analyzed in meta-regressions.

2.5 Results

2.5.1 Sample overview

A total of 547 NDAs and Biologic License Applications (BLA) were screened to identify 124
new anticancer drugs between 2003 and 2020 (Figure 11). The sample includes two CAR-T-
cell therapies. For these 124 drugs, we identified 374 anticancer indications in the Drugs@FDA
database, excluding nine non-oncology indications. Of these 124 drugs, 78 drugs were approved
for multiple indications with a total of 328 approved indications, and 46 drugs were approved

for a single indication.
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Figure 11: Flow diagram of new cancer drugs and indications with FDA approval included in

the meta-analysis, 2003-2021

Notes: Out of 547 drugs with FDA approval between 2003 and 2020, 124 anticancer drugs (including two CAR
T-cell therapies) were identified and screened for a total of 374 original and supplementary indication approvals.
To accurately evaluate each drug's indication development, all FDA-approved indications — even those that were
later withdrawn, amended, or retracted — were included in the analysis. Descriptive statistics in Table 4 are pre-
sented for the entire sample of FDA-approved indications. The meta-analysis and meta-regression only feature
concurrent RCTs with OS, PFS, or tumor response outcomes.

Abbreviations: CAR, chimeric antigen receptor; FDA, US Food and Drug Administration; HR, hazard ratio; OS,
overall survival; PFS, progression-free survival; RCT, randomized controlled trial.
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Drug characteristics

Of 124 drugs, 47 (38%) were first-in-class, and 89 (72%) were small molecules. Eighty-four
(68%) drugs acted via a targeted, 24 (19%) via a immune-regulatory, and 16 (13%) via a cyto-
toxic mechanism of action (Table 4). Multi-indication drugs were on average approved for 4.2
indications (median: 3; IQR, 2-4), with on average 7.3 (median: 4; IQR, 2-6) indications ob-
served for immune regulators, 3.5 (median: 3; IQR, 2-4) for targeted, and 2.3 (median: 2; IQR,

2-2) for cytotoxic agents.

Variable No. (%)
Number of indications
Single-indication 46 (37.1)
Multi-indication 78 (62.9)
Innovation status
Not first-in-class 77 (62.1)
First-in-class 47 (37.9)

Mechanism of action
Cytotoxic chemotherapy 16 (12.9)

Targeted agents ? 84 (67.7)

Immune regulators ° 24 (19.4)
Product type

Small-molecule 89 (71.8)

Other © 35 (28.2)
Total 124 (100.0)

Table 4: Drug characteristics of the sample of FDA-approved cancer drugs

2 Targeted agents include anti-hormonal compounds and therapeutics such as tyrosine kinase inhibitors.

® Immune regulators include immune modulators, CAR T-cell therapies, and immune antibodies, including im-
mune checkpoint inhibitors such as PD-1/PD-L1 and CTLA-4 inhibitors.

¢ Other includes monoclonal antibodies, antibody-drug conjugates, enzymes, and radiotherapeutics.

Abbreviations: CAR, chimeric antigen receptor; CTLA4, cytotoxic T-lymphocyte-associated protein 4; FDA, US
Food and Drug Administration; PD-1, programmed cell death protein-1; PD-L1, programmed cell death ligand-1.

Indication characteristics

Out of the 328 approved indications for multi-indication drugs, 84 (26%) were first, 73 (22%)
were second, 47 (14%) were third, 27 (8%) were fourth, and 97 (30%) were > fifth according

to FDA approval date (Table 5). Across 374 FDA-approved indications, 233 (62%) were mon-
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otherapies, and 141 (38%) were combination treatments. Initial drug approvals were more fre-
quently monotherapies than indication extensions (P<.001). Out of 374 indication approvals,
255 (68%) were developed for solid and 119 (32%) for hematologic cancers (Table 6). One
hundred twenty-one out of 374 (32%) indications were approved with biomarkers (Table 7).
The majority of indications were approved as first-line (182 [49%)]) or second-line treatments
(151 [40%]). Indication extensions were more frequently approved as first-line treatments than

initial drug approvals (P<.001).

No. (%)
Multi-Indication Single-Indication Overall
Indication Approval Sequence * —
Characteristics 1st 2nd 3rd 4th 25th Overall P Value ®
Indication Characteristics
Treatment Type <.001
Monotherapy 69 (82.1) 50 (68.5) 26 (55.3) 13 (48.1) 44 (45.4) 202 (61.6) 31(67.4) 233 (62.3)
Combination 15 (17.9) 23 (31.5) 21 (44.7) 14 (51.9) 53 (54.6) 126 (38.4) 15 (32.6) 141 (37.7)
Cancer Type 0.012
Solid 49 (58.3) 50 (68.5) 33(70.2) 18 (66.7) 80 (82.5) 230 (70.1) 25 (54.3) 255 (68.2)
Hematological 35 (41.7) 23 (31.5) 14 (29.8) 9(33.3) 17 (17.5) 98 (29.9) 21 (45.7) 119 (31.8)
Biomarker 0.856
No 53 (63.1) 46 (63.0) 32 (68.1) 19 (70.4) 67 (69.1) 217 (66.2) 36 (78.3) 253 (67.6)
Yes 31 (36.9) 27 (37.0) 15 (31.9) 8 (29.6) 30 (30.9) 111 (33.8) 10 (21.7) 121 (32.4)
Line of Therapy <.001
First-line 24 (28.6) 31 (42.5) 30 (63.8) 16 (59.3) 58 (59.8) 159 (48.5) 23 (50.0) 182 (48.7)
Second-line 43 (51.2) 33 (45.2) 15 (31.9) 11 (40.7) 34 (35.1) 136 (41.5) 15 (32.6) 151 (40.4)
>Third-line 17 (20.2) 9(12.3) 2 (4.3) 0(0.0) 5(5.2) 33(10.1) 8 (17.4) 41 (11.0)
FDA Approval Characteristics
FDA Approval Type 0.003
Standard Approval 46 (54.8) 57 (78.1) 38 (80.9) 22 (81.5) 70 (72.2) 233 (71.0) 33(71.7) 266 (71.1)
Accelerated Approval 38 (45.2) 16 (21.9) 9(19.1) 5 (18.5) 27 (27.8) 95 (29.0) 13 (28.3) 108 (28.9)
Not Converted 3 1 2 0 4 10 2 12
Pending 7 4 3 1 14 29 9 38
Converted 28 11 4 4 9 56 2 58
Clinical Trial Characteristics
Enrolled patients, median (IQR) 236 (119-508) 369 (153-602) 474 (155-847) 582 (119-707) 387 (154-709) 363 (133-670)  0.109 230 (104-431) 331 (123-665)
Trial Design 0.003
Single-Arm 39 (46.4) 17 (23.3) 8(17) 6(22.2) 28 (28.9) 98 (29.9) 15 (32.6) 113 (30.2)
Non-Randomized 0(0.0) 2(2.7) 2(4.3) 1(3.7) 0(0.0) 5(1.5) 0(0.0) 5(1.3)
Concurrent RCT 41 (48.8) 53 (72.6) 37 (78.7) 20 (74.1) 68 (70.1) 219 (66.8) 29 (63.0) 248 (66.3)
Dose-Comparison RCT 4(4.8) 1(1.4) 0(0.0) 0(0.0) 1(1.0) 6(1.8) 2 (4.3) 8(2.1)
Clinical Trial Phase 0.152
Phase 1 5(6.0) 3(4.1) 1(2.1) 13.7) 2(2.1) 12(3.7) 2 (4.3) 14 (3.7)
Phase 2 37 (44.0) 21(28.8) 12 (25.5) 6(22.2) 28 (28.9) 104 (31.7) 18 (39.1) 122 (32.6)
Phase 3 42 (50.0) 49 (67.1) 34 (72.3) 20 (74.1) 67 (69.1) 212 (64.6) 26 (56.5) 238 (63.6)
Type of Blinding 0.905
Open-Label 60 (71.4) 52 (71.2) 33(70.2) 18 (66.7) 71(73.2) 234 (71.3) 33(71.7) 267 (71.4)
Single-Blind 1(1.2) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(0.3) 0(0.0) 1(0.3)
Double-Blind 23 (27.4) 21 (28.8) 14 (29.8) 9(33.3) 26 (26.8) 93 (28.4) 13 (28.3) 106 (28.3)
Clinical Trial Arms 0.014
1arm 39 (46.4) 16 (21.9) 8(17) 6(22.2) 28 (28.9) 97 (29.6) 15 (32.6) 112 (29.9)
2 arms 44 (52.4) 54 (74) 36 (76.6) 20 (74.1) 66 (68.0) 220 (67.1) 30 (65.2) 250 (66.8)
>3 arms 1(1.2) 3(4.1) 3(6.4) 1(3.7) 3(3.1) 11 (3.4) 1(2.2) 12 (3.2)
Total Concurrent RCTs, No. 41 53 37 20 68 219 29 248
Endpoint for Concurrent RCTs 0.926
Overall Survival 37(90.2) 39 (73.6) 28 (75.7) 14 (70.0) 47 (69.1) 165 (75.3) 23 (79.3) 188 (75.8)
Progression-Free Survival 38 (92.7) 42 (79.2) 31 (83.8) 14 (70.0) 58 (85.3) 183 (83.6) 20 (69.0) 203 (81.9)
Tumor Response 35 (85.4) 44 (83.0) 29 (78.4) 13 (65.0) 56 (82.4) 177 (80.8) 23 (79.3) 200 (80.6)
Other 2 (4.9) 5(9.4) 6(16.2) 4(20.0) 9(13.2) 26 (11.9) 3(10.3) 29 (11.7)
Comparator for Concurrent RCTs 0.131
Placebo or No Treatment 31 (75.6) 32 (62.2) 23 (75.0) 15 (52.9) 36 (62.6) 137 (62.6) 18 (62.1) 155 (62.5)
Active Agent 10 (24.4) 21 (37.8) 14 (25.0) 5 (47.1) 32 (37.4) 82 (37.4) 11 (37.9) 93 (37.5)
Total No. of Indications 84 73 47 27 97 328 46 374

Table 5: Indication, FDA approval, and clinical trial characteristics compared across the in-
dication approval sequence

2 |ndication approval sequence based on FDA approval date.
®P values comparing differences across the indication approval sequence calculated based on y2-and Kruskal-
Wallis tests.

Abbreviations: FDA, US Food and Drug Administration, IQR, interquartile range; OS, overall survival; PFS, pro-
gression-free survival; RCT, randomized controlled trial.
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No. (%)
Multi-Indication ISingIe-_ Overall
ndication
Indication Approval Sequence 2
Disease First Second  Third Fourth >Fifth  Overall
Bladder cancer 3(36) 2(27) 1(21) 137 5(.2) 12(3.7) 1(2.2) 13 (3.5)
Breast cancer 9(10.7) 7(9.6) 5(10.6) 0(0.0) 4(41) 25(7.6) 3(6.5) 28 (7.5)
Cervical cancer 0(0.0) 00 0(.0)0 0(.0) 331 3(09 0 (0.0) 3(0.8)
Colorectal cancer 5(6.00 2(2.7) 1(1) 3(111) 4@4.1) 15 (4.6) 1(2.2) 16 (4.3)
Endometrial cancer 0(0.0) 00 0.0 1(37) 1310 2(0.6) 0 (0.0) 2 (0.5)
Gastric cancer 2(24) 4(5 0(0.00 0(.0) 7(7.2 13 (4.0) 0 (0.0) 13 (3.5)
Head and neck cancer 0 (0.0) 1(1.4) 1(21) 137 331 6(.8) 0 (0.0) 6 (1.6)
Hepatic cancer 0(00) 1(14) 2@3) 137 7(72) 11(34) 0(0.0) 11 (2.9)
Leukemia 14 (16.7) 10 (13.7) 5(10.6) 3 (11.1) 5(5.2) 37(11.3) 9(19.6) 46 (12.3)
Lung cancer 8(9.5) 12(16.4) 9(19.1) 5(18.5) 18(18.6) 52(159) 4 (8.7) 56 (15.0)
Lymphoma 10 (11.9) 8(11.0) 5(10.6) 2(7.4) 8(8.2) 33(10.1) 7(15.2) 40 (10.7)
Multiple myeloma 6(71) 4(55) 3(6.4) 3(111) 2(21) 18(55) 2 (4.3) 20 (5.3)
Other cancers 56.00 682 3(6.4) 3(111) 5(.2) 22(6.7) 8 (17.4) 30 (8.0)
Ovarian cancer 3(36) 341 1(1) 137 441 1237 0 (0.0) 12 (3.2)
Pancreatic cancer 0(0.0) 1(14) 0.0 00 1(1.00 2(0.6) 0 (0.0) 2 (0.5)
Prostate cancer 3(36) 3(41) 3064 137 10 11 (3.4) 5 (10.9) 16 (4.3)
Renal cancer 5(6.0) 3(41) 5(106) 0(0.0) 9(9.3) 22(6.7) 1(22) 23 (6.1)
Skin cancer 9(10.7) 6(8.2) 2(43) 2(74) 7(7.2) 26(7.9) 4 (8.7) 30 (8.0)
Thyroid cancer 2(24) 0(.0) 1(21) 0(0.0) 3(3.1) 6(L8) 1(2.2) 7 (1.9)
Total no. of indications 84 73 47 27 97 328 46 374
Table 6: Diseases treated by new cancer drugs
2 Indication approval sequence based on FDA approval date.
Abbreviations: FDA, US Food and Drug Administration.
Biomarker No. (%)
No 253 (67.6)
Yes
BRAF mutation positivity 17  (4.5)
PD-L1 expression positivity 16 (4.3
Philadelphia chromosome positivity 11 (2.9)
BRCA mutation positivity 10 (2.7)
HER2 expression positivity 10 (2.7)
ALK mutation positivity 10 (2.7)

EGFR expression positivity 9 (24)
Hormone receptor positivity 6 (1.6)
Microsatellite instability-high (MSI-H) or 6 (16)
a mismatch repair deficient (dAIMMR) cancers '
HRD mutation positivity 3 (0.8)
IDH1 mutation positivity 3 (0.8)
Estrogen receptor positivity 3 (0.8)
T790M mutation positivity 3 (0.8)
Other 14 (3.7)

Total 374 (100.0)

Table 7: Biomarkers used for the FDA approval of new cancer drugs

Abbreviations: FDA, US Food and Drug Administration.
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FDA approval characteristics

Out of 374 indications, 108 (29%) received accelerated approval. Of these, confirmatory trials
were pending for 38 (35%) indications, 12 (11%) were withdrawn, and 58 (54%) received full
approval until December 31, 2021. Accelerated approval was significantly more common for

original than supplemental indications (45% v 23%; P=.003).

Clinical trial characteristics

FDA approval was mostly supported by open-label (267 [71%]) phase 111 (238 [64%]) concur-
rent RCTs (248 [66%]) with a median of 331 enrolled patients (IQR, 123-665). However, ap-
proximately one-third of indications were supported by single-arm phase Il trials. Particularly
original indications were more frequently approved based on single-arm trials than indication
extensions. Out of 248 concurrent RCTs, 155 (63%) compared the new drug to placebo or no

treatment.

2.5.2 Cancer drug indications’ clinical benefit

Out of 248 eligible RCTs, 188 (76%) reported OS, 203 (82%) PFS, 200 (81%) tumor response,
and 29 (12%) other endpoints (Fig 1). Novel cancer drugs reduced the risk of death by a mean
of 27% compared with control (HR, 0.73; 95% CI, 0.72 to 0.75; 12=29.6%) and increased sur-
vival by a median of 2.80 months (IQR, 1.97-4.60 months; Figure 12). New drugs reduced the
risk of cancer progression by a mean of 43% compared with control (HR, 0.57; 95% CI, 0.54
to 0.60; 12=90.6%), increasing PFS by a median of 3.30 months (IQR, 1.50-5.58 months; Figure
13). Novel drugs provided a 1.38x (95% Cl, 1.33 to 1.42; 1>=80.7) greater tumor response than
control with a median duration of response of 5.00 months (IQR, 2.70-8.70 months; Figure 14).

The full meta-analyses are enclosed in Figure 58, Figure 59, Figure 60, and Figure 61.
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Subgroup Intervention Control 0S Hazard Ratio (95% Cl) ? P Value ° Improvement in OS P Value °

no. of patients with event/total no. of patients (%) median (IQR), months

Drug Characteristics

Number of Indications 0.756 0.970
Single-Indication 3235/6699 (48.3) 3030/5326 (56.9) —— 0.72(0.67-0.78) 49.4% 3.20(1.60-4.00)
Multi-Indication 20026/50652 (39.5) 19913/43116 (46.2) -+ 0.73(0.72-0.75) 26.2% 2.80(2.00-4.65)

Innovation Status 0.020 0.227
Not First-in-Class 13927/33892 (41.1) 13134/27124 (48.4) - 0.75(0.73-0.77) 16.2% 2.80 (1.60-4.50)
First-in-Class 9334/23459 (39.8) 9809/21318 (46.0) - 0.71(0.68-0.74) 38.6% 3.40 (2.20-4.73)

Mechanism of Action 0.220 0.043
Cytotoxic Chemotherapy 2347/3794 (61.9) 1846/2688 (68.7) —— 0.76 (0.70-0.82) 56.5% 2.10 (0.90-2.80)

Targeted Agents © 13885/37381 (37.1) 13070/30538 (42.8) - 0.74 (0.72-0.76) 34.0% 3.00 (1.60-4.67)
Immune-Regulators d 7029/16176 (43.5) 8027/15216 (52.8) - 0.72 (0.69-0.74) 0.0% 3.45 (2.45-4.65)

Product Type 0.571 0.270
Small Molecule 11493/29518 (38.9) 9857/21902 (45.0) - 0.73 (0.70-0.75) 36.7% 2.80 (1.40-4.60)

Other © 11768/27833 (42.3) 13086/26540 (49.3) - 0.74(0.72-0.76) 19.7% 3.20(2.20-4.60)
di Characteristics

Indication Approval Sequence f 0.023 0.466
1st 4757/11820 (40.2) 3718/8161 (45.6) —a— 0.70 (0.66-0.74) 32.6% 3.24(1.40-4.72)
2nd 4358/10653 (40.9) 4702/9942 (47.3) —— 0.73 (0.70-0.77) 21.7% 3.10 (2.05-6.20)
3rd 3027/10086 (30.0) 2939/8750 (33.6) —a— 0.79 (0.75-0.83) 13.1% 2.20(1.10-3.40)
4ath 1748/4388 (39.8) 1784/3895 (45.8) —— 0.75 (0.71-0.80) 0.0% 2.80 (2.20-4.50)
>5th 6136/13705 (44.8) 6770/12368 (54.7) — 0.72 (0.69-0.75) 25.9% 3.25 (2.25-4.00)

Treatment Type 0.996 0.243
Monotherapy 11396/26724 (42.6) 9672/19633 (49.3) - 0.73 (0.71-0.76) 24.6% 2.80 (1.65-4.55)
Combination 11865/30627 (38.7) 13271/28809 (46.1) - 0.73 (0.71-0.76) 34.6% 3.20(2.00-4.73)

Cancer Type 0.086 0.091
Solid 21541/51009 (42.2) 21122/42630 (49.5) - 0.74 (0.72-0.75) 31.7% 2.80(1.97-4.50)
Hematological 1720/6342 (27.1) 1821/5812 (31.3) —— 0.69 (0.65-0.74) 9.7% 4.35 (2.35-8.90)

Biomarker 0.450 0.136
No 18462/42765 (43.2) 17893/35424 (50.5) - 0.74 (0.72-0.76) 30.1% 2.80 (1.80-4.50)

Yes 4799/14586 (32.9) 5050/13018 (38.8) — 0.72 (0.69-0.76) 28.6% 3.65(2.20-5.80)

Line of Therapy 0.048 0.382
First-line 11748/34770 (33.8) 12788/30667 (41.7) - 0.71 (0.69-0.74) 29.5% 3.40 (2.20-4.60)
Second-line 10233/20384 (50.2) 9234/16261 (56.8) - 0.75(0.73-0.78) 25.6% 2.70(1.50-4.60)
>Third-line 1280/2197 (58.3) 921/1514 (60.8) ——— 0.77 (0.69-0.86) 29.7% 2.95 (2.20-5.50)

Overall 23261/57351 (40.6) 22943/48442 (47.4) : 0.73(0.72-0.75)  29.6% 2.80 (1.97-4.60)

05 06 07 08 09 10 11
—

Intervention better Control better

Figure 12: Subgroup meta-analysis of all randomized controlled trials reporting OS used for
the FDA approval of new cancer drugs, 2003-2021

2P values calculated based on Cochran's Q test for subgroup differences.

®P values calculated based on Mann-Whitney U and Kruskal-Wallis tests.

‘Targeted agents include antihormonal compounds and therapeutics such as tyrosine kinase inhibitors.

dimmune regulators include immune modulators, chimeric antigen receptor T-cell therapies, and immune antibod-
ies, including immune checkpoint inhibitors such as programmed cell death protein-1/programmed death ligand-
1 and cytotoxic T-cell lymphocyte-4 inhibitors.

¢Other includes monoclonal antibodies, antibody-drug conjugates, enzymes, and radiotherapeutics.

fIindication sequence according to FDA approval date. Includes only multi-indication cancer drugs.

Abbreviations: FDA, US Food and Drug Administration; HR, hazard ratio; IQR, interquartile range; OS, overall
survival,
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Subgroup Intervention Control PFS Hazard Ratio (95% Cl) ? P Value ° Improvement in PFS p Value °

no. of patients with event/total no. of patients (%) median (IQR), months

Drug Characteristics

Number of Indications 0.368 0.702
Single-Indication 2922/4685 (62.4) 3016/4241 (71.1) — 0.60 (0.52-0.69) 85.6% 3.00(2.20-4.50)
Multi-Indication 27730/50466 (54.9) 26904/41526 (64.8) -+ 0.56 (0.53-0.59) 90.8% 3.40(1.50-6.30)

Innovation Status 0.125 0.210
Not First-in-Class 18526/31301 (59.2) 17117/24985 (68.5) - 0.59 (0.55-0.63) 90.7% 2.69 (0.80-6.70)
First-in-Class 12126/23850 (50.8) 12803/20782 (61.6) bl 0.54 (0.50-0.58) 90.2% 3.71(2.30-5.20)

Mechanism of Action <.001 <.001
Cytotoxic Chemotherapy 2568/3368 (76.2) 1846/2281 (80.9) — 0.65 (0.54-0.76) 88.5% 1.45 (0.25-1.90)

Targeted Agents © 18116/33790 (53.6) 17645/26737 (66.0) - 0.51 (0.47-0.54) 89.7% 4.00 (2.30-6.40)
Immune-Regulators d 9968/17993 (55.4) 10429/16749 (62.3) — 0.67 (0.61-0.72) 88.6% 2.50 (0.50-5.40)

Product Type <.001 0.001
Small Molecule 15116/29425 (51.4) 13778/21620 (63.7) - 0.49 (0.46-0.53) 89.8% 4.14(2.30-7.20)

Other © 15536/25726 (60.4) 16142/24147 (66.8) —- 0.65 (0.61-0.69) 86.3% 2.50 (0.70-4.70)
di Characteristics

Indication Approval Sequence f 0.018 0.316
1st 6412/11827 (54.2) 5242/8022 (65.3) —a— 0.48 (0.42-0.54) 91.1% 4.18 (2.00-7.20)
2nd 5154/9794 (52.6) 5431/8361 (65.0) —- 0.54 (0.48-0.60) 89.6% 3.95 (1.55-8.90)
3rd 4895/8743 (56.0) 4900/7609 (64.4) —— 0.58 (0.53-0.64) 82.7% 3.95 (1.55-5.55)
4ath 2422/4880 (49.6) 2424/4309 (56.3) —— 0.59 (0.49-0.69) 88.8% 2.65 (1.50-4.30)
>5th 8847/15222 (58.1) 8907/13225 (67.3) ——— 0.62 (0.56-0.68) 92.0% 2.50 (0.70-4.80)

Treatment Type 0.008 0.260
Monotherapy 14368/24328 (59.1) 12367/17758 (69.6) - 0.53 (0.48-0.57) 90.3% 3.03 (0.90-5.50)
Combination 16284/30823 (52.8) 17553/28009 (62.7) - 0.60 (0.56-0.64) 89.9% 4.00 (1.70-5.80)

Cancer Type 0.004 <.001
Solid 27715/45856 (60.4) 25861/37090 (69.7) - 0.59 (0.56-0.62) 89.5% 2.80 (1.20-5.30)
Hematological 2937/9295 (31.6) 4059/8677 (46.8) —— 0.48 (0.41-0.55) 90.6% 5.69 (4.35-11.9)

Biomarker 0.506 0.138
No 23161/41529 (55.8) 22378/34857 (64.2) - 0.57 (0.54-0.61) 91.4% 3.20 (1.20-5.40)

Yes 7491/13622 (55.0) 7542/10910 (69.1) — 0.55 (0.50-0.60) 88.3% 4.05 (2.20-7.00)

Line of Therapy 0.862 0.127
First-line 15393/30883 (49.8) 16571/27101 (61.1) - 0.57 (0.53-0.61) 90.6% 4.00 (1.80-6.70)
Second-line 13360/21468 (62.2) 11841/16537 (71.6) — 0.56 (0.51-0.61) 91.2% 2.70(1.20-4.50)
>Third-line 1899/2800 (67.8) 1508/2129 (70.8) — 0.54 (0.44-0.65) 85.8% 3.90 (0.30-5.80)

Overall 30652/55151 (55.6) 29920/45767 (65.4) : 0.57(0.54-0.60)  90.6% 3.30 (1.50-5.58)

0.2 0.4 0.6 0.8 1.0 12
—

Intervention better Control better

Figure 13: Subgroup meta-analysis of all randomized controlled trials reporting PFS used for
the FDA approval of new cancer drugs, 2003-2021

3P values calculated based on Cochran's Q test for subgroup differences.

bP values calculated based on Mann-Whitney U and Kruskal-Wallis tests.

‘Targeted agents include antihormonal compounds and therapeutics such as tyrosine kinase inhibitors.

dimmune regulators include immune modulators, chimeric antigen receptor T-cell therapies, and immune antibod-
ies, including immune checkpoint inhibitors such as programmed cell death protein-1/programmed death ligand-
1 and cytotoxic T-cell lymphocyte-4 inhibitors.

¢Other includes monoclonal antibodies, antibody-drug conjugates, enzymes, and radiotherapeutics.

findication sequence according to FDA approval date. Includes only multi-indication cancer drugs.

Abbreviations: FDA, US Food and Drug Administration; HR, hazard ratio; IQR, interquartile range; PFS, progres-
sion-free survival.
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Subgroup Intervention Control Tumor Response: Relative Risk (95% Cl) ? P Value ° DoR Improvement P Value °

no. of patients with event/total no. of patients (%) median (IQR), months

Drug Characteristics

Number of Indications 0.370 0.761
Single-Indication 2100/5165 (40.7) 1359/4568 (29.8) —— 1.32(1.18-1.46) 74.5% 4.90 (2.50-6.50)
Multi-Indication 20882/49387 (42.3) 12866/42691 (30.1) * 1.39(1.34-1.44) 80.7% 5.40 (2.80-8.70)

Innovation Status 0.110 0.334
Not First-in-Class 12899/32518 (39.7) 7661/27153 (28.2) - 1.35(1.29-1.41) 79.0% 5.80 (3.00-8.90)
First-in-Class 10083/22034 (45.8) 6564/20106 (32.6) - 1.43 (1.35-1.50) 82.4% 3.85(2.30-7.60)

Mechanism of Action 0.001 0.673
Cytotoxic Chemotherapy 739/4007 (18.4) 395/3163 (12.5) — s 1.91(1.36-2.45) 67.2% 3.20 (-0.60-7.00)

Targeted Agents © 12931/31992 (40.4) 7094/26889 (26.4) - 1.45(1.38-1.52) 79.0% 5.80 (2.90-7.40)
Immune-Regulators d 9312/18553 (50.2) 6736/17207 (39.1) - 1.29 (1.23-1.36) 84.1% 4.60 (2.40-9.30)

Product Type 0.001 0.481
Small Molecule 10583/26666 (39.7) 5368/22362 (24.0) - 1.49 (1.41-1.56) 79.5% 6.50 (2.90-8.70)

Other © 12399/27886 (44.5) 8857/24897 (35.6) - 1.32(1.27-1.38) 82.1% 4.30 (2.40-8.80)
di Characteristics

Indication Approval Sequence f 0.001 0.479
1st 3053/9679 (31.5) 1261/6885 (18.3) — 1.76 (1.55-1.97) 67.5% 4.11(3.61-5.05)
2nd 4578/10959 (41.8) 2704/9814 (27.6) —= 1.34 (1.25-1.43) 72.2% 7.40 (7.00-10.1)
3rd 3887/8817 (44.1) 2392/7964 (30.0) —— 1.51(1.37-1.64) 84.1% 4.25 (-0.30-8.05)
4ath 2027/4382 (46.3) 1542/4160 (37.1) —— 1.27 (1.13-1.40) 78.5% 4.30(2.10-11.6)
>5th 7337/15550 (47.2) 4967/13868 (35.8) - 1.36 (1.28-1.45) 85.3% 4.65 (2.40-8.70)

Treatment Type 0.014 0.044
Monotherapy 6999/23720 (29.5) 3167/18543 (17.1) —— 1.50 (1.40-1.61) 76.6% 6.95 (3.93-11.6)
Combination 15983/30832 (51.8) 11058/28716 (38.5) - 1.35(1.31-1.40) 83.1% 4.30 (2.40-7.60)

Cancer Type <.001 0.646
Solid 15796/44392 (35.6) 8755/37540 (23.3) - 1.49 (1.42-1.55) 80.6% 4.30(2.70-8.70)
Hematological 7186/10160 (70.7) 5470/9719 (56.3) - 1.22(1.17-1.28) 80.6% 7.15 (3.50-8.15)

Biomarker 0.685 0.013
No 16805/40937 (41.1) 10436/35749 (29.2) ) 1.39 (1.34-1.44) 81.8% 4.30(2.10-7.40)

Yes 6177/13615 (45.4) 3789/11510 (32.9) — 1.37(1.28-1.46) 77.7% 7.15(3.46-12.9)

Line of Therapy 0.682 0.900
First-line 16363/32747 (50.0) 10508/29887 (35.2) -* 1.37 (1.31-1.42) 84.7% 4.65 (2.70-8.70)
Second-line 5926/19283 (30.7) 3240/15490 (20.9) - 1.40 (1.31-1.49) 60.6% 7.00(2.10-10.1)
>Third-line 693/2522 (27.5) 477/1882 (25.3) — 1.46 (1.20-1.73) 59.0% 4.90 (2.90-6.90)

Overall 22982/54552 (42.1) 14225/47259 (30.1) . 1.38(1.33-1.42) 80.7% 5.00 (2.70-8.70)

05 1.0 15 2.0 25
«—
Control better Intervention better

Figure 14: Subgroup meta-analysis of all randomized controlled trials reporting tumor re-
sponse used for the FDA approval of new cancer drugs, 2003-2021

3P values calculated based on Cochran's Q test for subgroup differences.

bP values calculated based on Mann-Whitney U and Kruskal-Wallis tests.

‘Targeted agents include antihormonal compounds and therapeutics such as tyrosine kinase inhibitors.

dimmune regulators include immune modulators, chimeric antigen receptor T-cell therapies, and immune antibod-
ies, including immune checkpoint inhibitors such as programmed cell death protein-1/programmed death ligand-
1 and cytotoxic T-cell lymphocyte-4 inhibitors.

¢0ther includes monoclonal antibodies, antibody-drug conjugates, enzymes, and radiotherapeutics.

findication sequence according to FDA approval date. Includes only multi-indication cancer drugs.

Abbreviations: FDA, US Food and Drug Administration; HR, hazard ratio; IQR, interquartile range; RR, relative
risk.

Drug characteristics

OS was significantly higher for first-in-class (HR, 0.71; 95% CI, 0.68 to 0.74) relative to not
first-in-class drugs (HR, 0.75; 95% CI, 0.73 to 0.77; P=.020). Immune regulators provided a
higher OS (median: 3.45 months v 3.00 v 2.10; P=.043), yet a lower PFS (median: 2.50 months

v 4.00 v 1.45; P<.001) benefit than targeted and cytotoxic agents. PFS was significantly higher

70



Development, approval, and benefit of cancer drugs with multiple indications

for small molecules (HR, 0.49; 95% ClI, 0.46 to 0.53) relative to other drugs (HR, 0.65; 95%

Cl, 0.61 to 0.69; P<.001).

Indication characteristics

Original indications prevented more deaths (HR, 0.70; 95% ClI, 0.66 to 0.74) than second (HR,
0.73; 95% ClI, 0.70 to 0.77), third (HR, 0.79; 95% ClI, 0.75 to 0.83), fourth (HR, 0.75; 95% ClI,
0.71 to 0.80), and fifth (HR, 0.72; 95% CI, 0.69 to 0.75) indications (P=.023). Original indica-
tions provided a higher PFS gain (HR, 0.48; 95% ClI, 0.42 to 0.54) than second (HR, 0.54; 95%
Cl, 0.48 to 0.60), third (HR, 0.58; 95% CI, 0.53 to 0.64), fourth (HR, 0.59; 95% Cl, 0.49 to
0.69), and fifth (HR, 0.62; 95% CI, 0.56 to 0.68) indications (P=.018) and induced a greater

tumor response.

In the meta-regression, OS HRs were not significantly correlated with the FDA indication ap-
proval sequence (Figure 15). By contrast, PFS HRs rose by 0.01 (95% CI, 0.00 to 0.01) with
each indication extension (P<.001). Tumor response declined by —0.21 (95% CI, —0.38 to —
0.04) for RR (P=.018) and —0.32 (95% CI, —0.61 to —0.03) for odds ratio (P=.030) per new
indication approval. The results were confirmed in regression analyses of median survival ben-

efits on indication approval sequence (Figure 16).
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Figure 15: Meta-regression of overall survival, progression-free survival, and tumor response
on FDA indication approval sequence

Notes: (A) Each indication's overall survival HR (y-axis) is mapped against the FDA approval sequence (x-axis).
The approval sequence was determined according to each indication's FDA approval date: Initial indication ap-
provals are classified as 1, second indication approvals as 2, third indication approvals as 3, etc. Accordingly, (B)
maps each indication's progression-free survival HR against the FDA indication approval sequence. (C and D)
Map tumor response, in terms of RR and OR, against the indication approval sequence. Within the graphs, the red
line presents fitted treatment outcomes of the random-effects meta-regression. Circle sizes are subject to the pre-
cision of each treatment outcome, the inverse of their within-study variance. The meta-regression includes multi-
indication cancer drugs approved between 2003 and 2021 with OS, PFS, and/or tumor response treatment outcome,
single-indication drugs were excluded. Meta-regression coefficients: 0S=—0.0009 (95% CI, —0.0036 to 0.0018,
P=.497); PFS=0.0082 (95% CI, 0.0036 to 0.0127, P<.001); RR=-0.2099 (95% CI, —0.3838 to —0.0360, P=.018);
and OR=—0.3204 (95% CI, —0.6095 to —0.0312, P=.030).

Abbreviations: FDA, US Food and Drug Administration; HR, hazard ratio; OR, odds ratio; OS, overall survival;
PFS, progression-free survival; RR, relative risk.
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Figure 16: Weighted regression of median monthly overall survival (A), progression-free sur-
vival (B), and duration of response (C) gain on FDA indication approval sequence

Notes: In graph A, each indication’s overall survival benefit (y-axis) is mapped against the FDA approval sequence
(x-axis). The approval sequence was determined according to each indication’s FDA approval date: Initial indica-
tion approvals are classified as 1, second indication approvals as 2, third indications as 3, etc. Accordingly, graph
B maps each indication’s progression-free survival benefit against the FDA indication approval sequence. Graph
C and C maps the duration of response against the indication approval sequence. Within the graphs, the red line
presents fitted treatment outcomes of the weighted regression. Circle sizes are subject to the number of enrolled
patients in each trial. The regression includes multi-indication cancer drugs approved between 2003 and 2021 with
OS, PFS, and/or tumor response treatment outcome, single-indication drugs were excluded. Weighted regression
coefficients: 0S=-0.10 (95% CI -0.23 t0 0.03, P =.139); PFS=-0.16 (95% CI -0.29 to -0.03, P =.017); and duration
of response=-0.01 (95% CI -0.17 to 0.15, P =.899).

Abbreviations: FDA, US Food and Drug Administration; OS, overall survival; PFS, progression-free survival.
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Patients' PFS benefit was higher for monotherapies (HR, 0.53; 95% ClI, 0.48 to 0.57) than com-
bination treatments (HR, 0.60; 95% CI, 0.56 to 0.64; P=.008). Drugs treating hematologic tu-
mors exerted a greater PFS benefit (HR, 0.48; 95% CI, 0.41 to 0.55) than those treating solid
cancers (HR, 0.59; 95% CI, 0.56 to 0.62; P=.004). Except for a greater duration of response
(median: 7.15 v 4.30; P=.013), drugs approved with biomarkers did not provide superior treat-
ment outcomes. OS HRs were 0.71 (95% CI, 0.69 to 0.74) for first-line, 0.75 (95% CI, 0.73 to

0.78) for second-line, and 0.77 (95% CI, 0.69 to 0.86) for third-line therapies (P=.048).

2.5.3 Sensitivity analysis

The results were robust under sensitivity analyses with different meta-analysis models and
when restricting the data set to phase 11, double-blind, or two-arm trials (Table 8). PFS and
tumor response outcomes were subject to the trial's comparator and the drug's mechanism of
action. Lower OS and higher RR were observed for confirmatory trials required by the FDA
for accelerated approvals leading to a new indication. Heterogeneity between trial outcomes

was low for OS (12=29.6%) and high for PFS (12=90.6%) and tumor response (1>=80.7).
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OS PFS Tumor response Tumor response
HR (95% CI) 12 HR (95% CI) 12 RR (95% CI) 12 OR (95% CI) 12

Model sensitivity
Random-effects model 0.73 (0.72-0.75) 29.6% 0.57 (0.54-0.60) 90.6% 1.38(1.33-1.42) 80.7% 2.02 (1.89-2.16) 72.9%
Fixed-effects model 0.74 (0.72-0.75)  29.6% 0.50 (0.50-0.51) 90.6% 1.13(1.11-1.14) 80.7% 1.44 (1.39-1.50) 72.9%
Hartung-makambi model 0.73 (0.71-0.75) 29.6% 0.57 (0.54-0.59) 90.6% 1.37 (1.33-1.41) 80.7% 2.00 (1.87-2.13) 72.9%
With effects extrapolation 2 0.74 (0.72-0.76) 49.6% 0.57 (0.54-0.60) 90.5%
Without continuity adjustment 1.38(1.33-1.43) 82.0% 2.03 (1.89-2.17) 74.6%
Indication and drug sensitivity
Indication approval sequence

First indication 0.70 (0.66-0.74) 32.6% 0.48 (0.42-0.54) 91.1% 1.76 (1.55-1.97) 67.5% 2.52 (2.08-2.96) 45.2%

Subsequent indications 0.74 (0.72-0.76) 21.6% 0.58 (0.55-0.62) 89.9% 1.36 (1.31-1.41) 82.0% 1.99 (1.84-2.14) 76.5%

Without checkpoint inhibitors 0.74 (0.72-0.77) 54.3% 0.52 (0.49-0.55) 89.7% 1.37(1.32-1.42) 79.5% 2.12 (1.96-2.28) 61.3%
Targeted drugs
Without biomarker 0.76 (0.73-0.79) 31.2% 0.51 (0.47-0.56) 91.7% 1.48 (1.39-1.57) 73.1% 2.23(1.99-2.48) 57.4%
With biomarker 0.72 (0.67-0.76) 36.7% 0.50 (0.45-0.55) 84.6% 1.43 (1.32-1.53) 74.0% 1.94 (1.71-2.18) 54.1%
Without non-metastatic cancers ~ 0.73 (0.72-0.75) 33.2% 0.57 (0.54-0.60) 90.4% 1.38(1.33-1.42) 80.8% 2.02 (1.89-2.16) 73.0%
Clinical trial sensitivity

Only double-blind trials 0.73 (0.71-0.76) 16.5% 0.51 (0.47-0.55) 89.7% 1.37 (1.28-1.45) 67.4% 1.87 (1.65-2.08) 52.5%
Only phase 3 trials 0.74 (0.72-0.75) 28.3% 0.57 (0.54-0.60) 90.9% 1.37(1.33-1.42) 81.4% 2.01(1.87-2.15) 74.0%
Only trials with 2 arms 0.73(0.72-0.75) 30.1% 0.57 (0.54-0.60) 90.6% 1.37(1.33-1.42) 80.8% 2.01(1.87-2.15) 73.2%
Comparator
Active agent 0.72 (0.69-0.75) 39.4% 0.61 (0.56-0.66) 91.8% 1.44 (1.36-1.51) 86.1% 2.08 (1.86-2.29) 81.1%
Placebo or no treatment 0.74 (0.72-0.76) 22.2% 0.54 (0.50-0.57) 89.4% 1.33(1.28-1.39) 71.9% 1.94 (1.79-2.10) 54.3%

FDA approval sensitivity
Approval trial ©

Standard trial 073(0.71-0.75) 32.3% 057 (0.54-0.60) 90.7%  1.40 (1.35-1.45) 81.1%  2.02 (1.87-2.16) 73.3%
Confirmatory trial 0.75(0.70-0.80) 29.6%  0.53 (0.45-0.61) 89.6% 1.7 (1.20-1.35) 62.2%  2.08 (1.71-2.45) 66.8%
Base case 0.73 (0.72-0.75) 29.6% __ 0.57 (0.54-0.60) 90.6% __ 1.38 (1.33-1.42) 80.7% 2.0 (1.89-2.16) 72.9%

Table 8: Sensitivity analyses

2 For this scenario, treatment outcomes without 95% confidence intervals were extrapolated based on the number
of events and subjects in the control and treatment group. Thereby 5 confidence intervals for OS and 1 for PFS
were extrapolated.

b Continuity adjustment of 0.5 for control arms with O responders was applied in the base case. This scenario
calculates tumor response without continuity adjustment.

¢ Confirmatory trials may be required by the FDA for indications receiving accelerated approval. This scenario
compares treatment outcomes for indications supported by standard trials and those approved based on confirma-
tory trials after accelerated approval (n=28).

Abbreviations: HR, hazard ratio; RR, relative risk; OR, odds ratio, OS, overall survival; PFS, progression-free
survival.

The drug-level fixed-effects regression analyses further confirm the robustness of previous re-
sults (Table 9). In the fixed-effects model, the PFS HR increased by 0.02 (95% CI: 0.00 to 0.05,
p=0.030) for each additional indication approval. Accordingly, the RR of tumor response de-
clined (-1.99, 95% CI: -3.46 to -0.52, p=0.008). Consistent with results from the meta-analysis
and meta-regression, there was no association between OS HR and the FDA indication approval

sequence.
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OS (HR) PFS (HR) Tumor Response (RR)
Coef. (95% ClI) P-Value Coef. (95% CI) P-Value Coef. (95% CI) P-Value

Z%\r (')’\‘,‘;'Icsaggﬂ once 001 (0.03100.01)  0.466 002 (0.00t00.05) 0.030 199 (-3.4610-052) 0.008
Constant 0.75  (0.70t00.80) _ 0.000 049 (0.44100.55) 0000  10.05 (6.461013.63) 0.000
Observations 172 193 185

R? Within 0.74% 4.34% 8.61%

R2 Between 1.46% 0.57% 2.08%

R Overall 0.76% 0.80% 3.74%

Table 9: Fixed-effects panel regression analyses

The table presents the results of the fixed-effects regression analyses. The indication approval sequence was the
only independent variable. OS, PFS, and tumor response outcomes were specified as the depdendent variables of
interest. Each drug molecule was specified as a distinct panel. The approval sequence was determined according
to each indication’s FDA approval date: Initial indication approvals are classified as 1, second indication approvals
as 2, third indications as 3, etc., until >5 indications).

Abbreviations: FDA, US Food and Drug Administration; HR, hazard ratio; RR, relative risk; OS, overall survival;
PFS, progression-free survival.

2.6 Discussion

This study analyzed the clinical trial evidence and efficacy supporting the initial and supple-

mental FDA approval of 124 cancer drugs across a total of 374 indications.

2.6.1 Cancer drugs’ overall benefit

We find that new cancer drugs significantly reduced the risk of death by 27% and of tumor
progression by 43% compared with control. However, OS and PFS were only prolonged by a
median of 2.80 and 3.30 months, respectively. These results are within the range of previous
meta-analyses. Ladanie et al® calculated an OS benefit of 2.4 months and a PFS benefit of 2.7
months. However, their sample is limited to 92 initial indication approvals (2000-2016). Fojo
et al® reported an OS gain of 2.1 months and a PFS gain of 2.5 months for 71 novel cancer
drugs approved against solid cancers (2002-2014). Davis et al®’ observed a median OS benefit
of 2.7 months on the basis of a sample of 48 European Medicines Agency—approved cancer
drugs across 68 indications (2009-2013). Salas-Vega et al®* estimated an OS gain of 3.43
months for 53 cancer drugs that underwent health technology assessment in France, England,
or Australia (2003-2013). Similar to previous studies, we conclude that novel cancer drugs only

marginally extend patient life.
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2.6.2 Cancer indications’ clinical evidence and benefit

We observed a progressive loss of clinical benefit across indication extensions. This diluted
benefit could be subject to the new indications' line of therapy, clinical trial evidence, selected

patient population, and treated disease.

Cancer drugs are first approved as monotherapies in the second- or third-line setting and then
extended to first-line combination regimens. First approving drugs for advanced-line treatments
results in biased efficacy estimates as these studies select heavily pre-treated patients with more
indolent diseases. The observed higher clinical benefit for initial indications could therefore be

partially attributed to selecting patients who have exhausted standard treatments.1%

The FDA quickly approves new drugs for indications targeting serious conditions with an un-
met need on the basis of the accelerated approval pathway.®* However, initial approval is often
only supported by single-arm trials. Even initial indications that are supported by concurrent
RCTs lack adequate comparators'®* — merely 24% of RCTs for initial indications assess the
new drug to an active comparator. By contrast, supplemental indications are more frequently
supported by phase 111 RCTs with active comparators. The lower OS and tumor response ben-
efits observed in confirmatory trials highlight that poorly designed trials may overestimate ef-
ficacy outcomes. Consequently, original indications' nonrandomized, open-label trials cast
doubt on the certainty and external validity of efficacy estimates. Yet, investors hype initial
indications by posting esthetic Kaplan-Meier curves and astonishing HRs, which are interpreted
by patients — often without reviewing a trial's robustness — who pressure the FDA to swiftly

approve the new treatment.

Furthermore, the selected patient population influences efficacy estimates. Drugs are frequently
approved in specific patient subgroups, for example, those with positive biomarkers, and then

expanded to the broader population regardless of biomarker status to increase a drug's market
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size. However, pooling efficacy data from high, low, and negative biomarker patients results in
a diluted overall benefit. For example, pembrolizumab was first approved for the treatment of
patients with > 50% and then extended to > 1% programmed death ligand-1-positive non—
small-cell lung cancer (OS HR, 0.60 v 0.81).31%" The FDA must critically review pooled effi-
cacy data to identify patient subgroups that stand to benefit most from a new treatment. Ad-
dressing areas of unmet need should be achieved through patient selection on the basis of vali-

dated biomarkers, not more and more drugs.

Coherent with previous studies,®“° the market access pattern of immune checkpoint inhibitors
(Figure 17) highlights that drugs are first approved for rare diseases with unmet needs and then
expanded to less serious conditions. This indication prioritization is incentivized by the FDA's
special designations (e.g., orphan or breakthrough therapy), enabled by innovative clinical trial
designs (e.g. basket trials), and motivated by a single drug pricing policy.*° First approving a
drug for orphan diseases enables pharmaceutical companies to set the highest possible list
price.3"3840 These high prices are maintained while drugs are expanded to non-orphan diseases
with a high prescription volume, yet a potentially lower clinical benefit to patients, under cur-

rent US policies. 113749
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Figure 17: Sankey diagram of diseases treated by immunotherapy checkpoint inhibitors

Notes: Nodes present diseases that are treated by immunotherapy checkpoint inhibitors. The number in brackets
refers to the order in which the drug was approved by the FDA. Colors visualize the FDA approval pathway for
each checkpoint inhibitor: Ipilimumab (dark blue), pembrolizumab (purple), nivolumab (red), atezolizumab (yel-
low), avelumab (green), durvalumab (turquoise), cemiplimab-rwlc (orange).

Abbreviations: BCC, basal cell carcinoma; CRC, colorectal cancer; cSCC, cutaneous squamous cell carcinoma;
HCC, hepatocellular carcinoma; HL, Hodgkin lymphoma; HNSCC, head and neck squamous cell carcinoma;
MCC, merkel cell carcinoma; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; SCLC, small cell
lung cancer.

2.6.3 Indication-specific pharmaceutical policies

This study highlights that initial drug approvals rely on non-robust evidence, which may over-

estimate treatment outcomes. This differential evidence and efficacy a drug offers to patients
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and insurers across indications should be reflected in pricing, coverage, and reimbursement

policies.>>1%8

In the United States, drugs are sold on the basis of a single drug price across all indications. For
multi-indication drugs with varying clinical benefits per indication, this policy causes a misa-
lignment between value and price.3"3840.55108 Therefore, Bach*! proposed an indication-specific
pricing (ISP) mechanism, which prices each indication according to its distinct safety and effi-
cacy profile. Although no such policy has been implemented to date, several countries adopted
indirect ISP policies. For instance, Germany and France evaluate each new indication's evi-
dence, safety, and efficacy and then (re)calculate a weighted-average price across all indications
to bill drugs.2¥4% Coherent with the diluted clinical benefit, these countries were shown to
effectively reduce list prices with each indication extension. To adopt similar policies in the
United States, legislators must empower Medicare to directly negotiate prices with manufac-

turers.>°

For indication approvals encircling a broad population without adequate (biomarker-) selection
by the FDA, US payers should evaluate restricting coverage to patient subgroups that benefit
most from the new treatment. The FDA's special review processes, especially accelerated ap-
provals, are criticized to nurture the approval of potentially unsafe and ineffective, yet expen-
sive drugs.!® Although the FDA mandates post-marketing trials that prove a drug's safety and
efficacy, these often take years to complete — with some not even initiated — and fail to verify
clinical benefit.®* For debated FDA approvals, US payers could restrict coverage to patients
enrolled in post-marketing trials with clinical endpoints. Medicare's decision to only cover adu-
canumab for beneficiaries enrolled in clinical trials established the first precedence for this pol-
icy.1% Price negotiations and coverage decisions should be informed by indication-specific

cost-effectiveness analyses conducted by independent health technology assessment institutes.
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If insurers restricted coverage to drug indications that prove to increase patient survival, perhaps

there would be more of them.10

US insurers should further explore indication-specific reimbursement. Performance- and finan-
cial-based MEAs could help to incentivize evidence development for and control expenditure
on expensive drug indications with uncertain evidence.3® However, the implementation of in-
dication-specific pricing, coverage, and reimbursement policies in the United States remains
debated. Political opposition, structural investments, and a payers' system oriented toward un-

met needs must be surmounted to innovate pharmaceutical policies.

2.6.4 Limitations

This study is prone to several limitations. First, the analyses are limited to clinical trial evidence
disclosed on FDA labels. Other clinical trials evaluating a drug for the respective indication
may exist. Furthermore, our analyses only considered data present at the time of FDA approval.
Although long-term data are scarce, 5- or 10-year follow-up outcomes could offer more precise
treatment outcomes. Second, sample selection bias of only including successful FDA reviews
and clinical trials may overestimate results. Third, similar to previous studies,®®" clinical out-
comes were meta-analyzed across a variety of tumor entities with low to high heterogeneity
between effect sizes. “However, it is reasonable to pool outcome data, even in the case of high
heterogeneity,” (Ladanie et al., 2020, p. 11) with previous meta-analyses demonstrating coher-
ent interpretations of treatment outcomes across tumor types.1%11! Fourth, at the time of our
study, indication development is still ongoing for certain drugs. Fifth, non-proportional hazard
models may be a possible source of misestimation in the grouped estimates as the sensitivity

analysis for immune checkpoint inhibitors illustrates.
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2.7 Conclusion

In conclusion, pharmaceutical innovation in oncology is driven by the development and use of
drugs for multiple rather than one cancer entity. This study showed that novel cancer drugs
reduce the risk of death by 27% and tumor progression by 43%; however, the quality of evi-
dence and patient benefit vary across indications. Patients and physicians must be able to rely
on the FDA's competence to decide that a drug is safe and effective for all approved cancer
entities. Patients and insurers should only pay for the clinical benefit a drug delivers in their
cancer treatment. We consequently advise policymakers to explore indication-specific pricing,

coverage, and reimbursement policies.
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3 Prices for cancer drugs with multiple indications

Summary: This cross-sectional study identifies and quantifies factors associated with cancer

drug prices in the United States, distinctly analysing original and supplementary indications.

3.1 Abstract

Objectives: Rising cancer drug prices challenge patients and healthcare systems. Whilst prices
are routinely assigned to original drug indications receiving FDA approval, the pricing of sup-
plemental indication approvals remains uncertain. This study identifies and quantifies factors

associated with cancer drug prices, distinctly analyzing original and supplemental indications.

Methods: Clinical trial evidence and epidemiologic data supporting new indications’ FDA ap-
proval (2003-2022) were collected from the Drugs@FDA database, clinicaltrials.gov, and the
Global Burden of Disease study. Indication-specific monthly treatment costs were calculated
for Medicare patients. The association between log-prices and collected variables was assessed

in regression analyses.

Results: We identified 145 drugs approved across 373 cancer indications. Drugs were priced
at $24,444 per month on average (median=$16,013). For original indications, prices were sig-
nificantly associated with improvements in OS (p=0.28, p=0.037) and PFS ($=0.16, p=0.001).
Original indications’ prices were: (i) negatively associated with disease incidence (B=-0.21,
p<0.001) and prevalence; (ii) positively associated with first-in-class drugs (26%, p=0.057),
gene and cell therapies (176%, p<0.001), hematologic cancers (62%, p<0.001), and severe dis-
eases with substantial unmet needs (6% per disability-adjusted life year [DALY], p<0.001); and
(iii) negatively associated with indications supported by phase 3 RCTs. Prices were poorly as-

sociated with supplemental indications’ efficacy, clinical evidence, and epidemiology.
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Conclusions: Cancer drug prices are set based on the original indication’s characteristics,
thereby omitting the value of supplemental indications. Indication-specific pricing, coverage,
and reimbursement policies considering each indication’s safety, efficacy, innovativeness, and

unmet needs are necessary to align a drug’s value and price.
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3.2 Highlights

Cancer drug prices are a leading contributor to growing healthcare expenditure in the
US with unaffordable drugs’ financial toxicity adversely affecting treatment adher-
ence. Previous studies found cancer drug prices are not aligned with the clinical bene-
fit they offer; however, these studies are limited to original drug approvals. After the
FDA first approves a drug in its original indication, sponsors submit additional evi-
dence to extend a drug’s use to supplemental indications.

For original indications, drug prices are poorly aligned with the survival benefit they
offer to patients. Drug prices are significantly aligned with the unmet medical needs
they fill and the biotechnological innovation they achieve. Albeit the majority of can-
cer drugs are FDA-approved for multiple indications, drug prices were not associated
with the efficacy, clinical evidence, and epidemiology offered by supplemental indica-
tions.

In summary, cancer drug prices are set based on the original indication’s characteris-
tics, thereby omitting the value of supplemental indications. Indication-specific pric-
ing, coverage, and reimbursement policies considering each indication’s safety, effi-
cacy, innovativeness, and unmet needs, are necessary to reconcile the disconnect be-

tween a medicine’s costs and value.
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3.3 Introduction

Medical expenditure has been identified as the leading cause of personal bankruptcy in the
US.® Particularly drug prices over $100,000 per year contribute to catastrophic health expendi-
ture among the low-and middle-income population.*2 In Europe, universal health coverage ef-
fectively protects patients from this financial risk of ill health; however, in the US, insured
patients typically bear 20-30% of treatment costs OOP.1>6 The financial toxicity resulting from
these OOP expenditures adversely affects treatment adherence specifically for the poor; ulti-
mately increasing inequity and mortality rates.” Meanwhile, the pharmaceutical industry ar-
gues high prices are necessary to fund innovative R&D projects as it costs beyond $2.8 billion
to bring a new drug to market.'® However, this argument stands in contrast to revised R&D
estimates of $1.3 billion, which are not even linked to a drug’s price and are often substantially
lower than its revenues; thereby generating excess profit margins for pharmaceutical compa-
nies.>2%-22 Furthermore, there is substantial uncertainty around a link between high prices and

truly innovative medicines.*!2113

Although this public debate has been ongoing for more than 20 years in the US, there remains
a lack of transparency and regulation in the pricing of novel drugs. Only recently, US Congress
passed the IRA, which — for the first time in US history — grants the government the power to
negotiate prices directly with manufacturers for the 10 highest spending prescription drugs start-

ing in 2025.2% The negotiation will be extended to a total of 60 drugs until 2029.

Drug pricing is further complicated by considering the value of multiple clinical indications.
The FDA first approves a drug in its original indication. Thereafter, a company may submit
additional evidence to extend a drug’s marketing authorization to supplemental indications.
These supplemental approvals are particularly important given that all top ten grossing drugs

(2019) were sold across more than one indication and especially oncology drugs are regularly
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commercialized across multiple indications.!®”® Supplemental indications have, therefore, be-
come an important source of pharmaceutical innovation. Patients benefit from the extension of
drug patents to new indications and uses by increasing the availability of treatment options.
However, the clinical benefit, clinical trial evidence, regulatory approval, and clinical develop-
ment timelines differ for original and supplemental indications.3840.73101.192 Qncology drugs
were shown to first receive approval for “rare diseases that offer significant QALY gains and
[are] then extended to indications that deliver lower QALY gains to more eligible patients”
(Michaeli etal., 2022, p. 767).%8 This “orphan-first” strategy permits pharmaceutical companies
to anchor drug prices to orphan indications and then transfer these high prices to non-orphan
diseases. As a result of single drug prices across all indications, yet lower QALY gains for
supplemental than original indications, supplemental indications’ are often assessed to be not
cost-effective. In the US, increasing ICERs were observed for original relative to second and
third indications (188,382 vs. 513,249 vs. 515,144 USD per QALY).%® Consequently, Bach
proposed an indication-specific pricing methodology that distinctly prices a drug based on each
indication’s differential value.** Whilst European countries account for a drug’s indication-spe-
cific value through volume-weighted-average prices, differential discounts, MEAs, and/or by
restricting coverage,*6384949 to date no such policy has been implemented in the US.1%*
Therefore, we hypothesize that in the US drug prices are currently anchored to the original
FDA-approved indication and thereby do not adequately reflect the value, unmet needs, and

innovation offered by supplemental indications.

Previous studies routinely described treatment costs of cancer drug prices, correlated prices to
efficacy, safety, and quality of evidence,'1%12-118 gvaluated price changes over time,14119-122
compared prices across countries, 13117118120 and correlated prices to disease prevalence.23-1%5

However, comprehensive evidence evaluating the relation between drug prices and efficacy,
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clinical trial evidence, and epidemiology data is missing. The objective of this study is to iden-
tify drug-, indication-, clinical trial-, and epidemiology-specific factors associated with cancer
drug prices in the US. This is also the first study that distinctly analyzes drug prices for original

and supplementary FDA-approved indications.

3.4 Data and methods

3.4.1 Sample selection

All new cancer drugs with initial FDA approval between 1st January 2003 and 1st January 2022
were identified in the Drugs@FDA database. Both NDAs and BLAs were included. The sample
was then restricted to on-patent anti-cancer drugs, thereby excluding generics, biosimilars, sup-
portive cancer treatments, and diagnostic agents. Gene and cell therapies were included. For
each drug, we then identified all supplemental New Drug Applications (SNDA) and supple-
mental Biologic License Applications (SBLA) anti-cancer indications approved by the FDA
until 1st January 2022 in the Drugs@FDA database (Figure 18). 1st January 2022 was the cut-

off date since data collection was conducted in 2022.
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Figure 18: Flow diagram of new cancer drugs and their original and supplemental indications
included in the analysis

Notes: We identified all FDA drug approvals between 1st January 2003 and 1st January 2022 in the Drugs@FDA
database. Thereafter, the sample was restricted to on-patent anti-cancer drugs, thereby excluding generics, biosim-
ilars, supportive cancer treatments, and diagnostic agents. CAR T-cell therapies were included. For each drug, we
further identified all supplemental indications approved by the FDA until 1st January 2022. Consequently, ap-
proved treatments were categorized into original and supplemental indications.

Abbreviations: CAR, chimeric antigen receptor; FDA, US Food and Drug Administration.

3.4.2 Data collection

Data on drug, indication, clinical trial, and epidemiologic characteristics were collected by two
independent reviewers (Table 3). Data collection adhered to peer-reviewed guidelines for evi-
dence synthesis from FDA approval documents.’%®% The first reviewer (D.T.M.) extracted
drug, indication, and clinical trial evidence from FDA labels. The extracted information was

cross-checked by the second reviewer (T.M.) based on data found on clinicaltrial.gov and peer-
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reviewed publications associated with each trial’s NCT. Reviewers solved any inconsistencies

in consensus or by consulting an independent experienced oncologist (T.B).

Drug characteristics

Data on drug, indication, and clinical trial evidence were obtained from FDA labels, clinical-
trials.gov, and associated peer-reviewed publications.?12” Drugs were categorized by their
number of indications, innovativeness/novelty, mechanism of action, and molecule type. Each
drug’s innovativeness/novelty was assessed based on the World Health Organization’s (WHO)
Anatomical Therapeutic Chemical (ATC) code. Drugs with an ATC code ending in 1 were
considered “first-in-class”, all others being “not-first-in-class”. For drugs with ambiguous ATC
codes (e.g. ATC categories with a “X”’), two independent reviewers (D.T.M. and T.M.) assessed
the drug’s novelty. Drugs were classified by mechanism of action (cytotoxic chemotherapy vs.
targeted therapy vs. immune-regulators) according to information found on the Drug Bank.
Targeted agents include anti-hormonal compounds and therapeutics such as TKIs, whilst im-
mune-regulators include immune-modulators, CAR T-cell therapies, and immune-antibodies,
comprising immune-checkpoint inhibitors such as PD-1/PD-L1 and CTLA-4 inhibitors. The
Drug Bank was further accessed to categorize each drug’s product type (small molecules vs.

antibodies vs. antibody-drug conjugates vs. others).

Indication characteristics

For each indication, we obtained information on the FDA approval date, treatment type (mon-
otherapy vs. combination therapy), disease type (solid vs. hematologic), companion biomarker
status, and line of therapy (first-line vs. advanced-line). We differentiated indications according
to FDA approval type (standard vs. accelerated approval). For accelerated approvals final FDA
decisions (conversion/verified benefit vs. pending assessment vs. not converted/withdrawn in-

dication) were traced until 31st March 2023.
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Clinical trial characteristics

We noted the pivotal trial’s number of enrolled patients, phase (phase 1 or 2 vs. phase 3), design
(RCTs vs. other), blinding (open-label/single-blind vs. double-blind), and treatment outcomes
for each indication. For indications supported by multiple clinical trials, we selected the trial
that was of the highest phase or with the most number of enrolled patients. The pivotal trial
design category “other” includes single-arm trials, dose-comparison trials, and non-randomized

trials.

Clinical benefit

For RCTs, we noted each drug’s clinical benefit in relation to the control arm. First, we ex-
tracted the absolute benefit in OS/PFS. Then, we calculated the drug’s relative benefit in rela-
tion to the control arm expressed as OS/PFS percentage. Lastly, as an alternative measure for

clinical benefit, we noted HRs for OS/PFS.

Cancer epidemiology

Epidemiologic data associated with each indication were obtained from two separate sources.
The annual disease incidence, disease prevalence, and DALY comprised of years lived with
disability (YLD) and years of life lost (YLL) were retrieved from the Global Burden of Disease
study for the US population in 2019.128 DALYs, alongside YLD and YLL, were considered as
a measurement for the disease burden. We calculated DALYS, YLD, and YLL per person to
prevent confounding by disease incidence, e.g. the influence of rare diseases. Epidemiologic
data were obtained for cancer entities, e.g. breast cancer or melanoma. Therefore, these data

did not differentiate between distinct tumor subgroups and lines of therapy.

We accessed the National Cancer Institute’s cancer drug list to identify the number of available

treatment options for each indication as a proxy for competition on the treatment level.?® For
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each cancer entity data on 5-year survival rates were obtained from the National Cancer Insti-
tute’s Surveillance, Epidemiology, and End Results (SEER) program.®*® 5-year survival rates

were considered as a measurement of disease severity.

Drug prices

Drug prices were collected from two distinct data sources coherent with a methodology em-
ployed in previous studies.!!611%13! For drugs covered by Medicare Part B, prices were ex-
tracted from the CMS files for the first quarter of 2023. For drugs covered by Medicare Part D,
prices were obtained from Medicare’s plan finder tool in January 2023. To ensure comparability
with prior studies,!'®*3 we collected Part D price data using the following steps. First, we
searched the plan finder tool for each drug’s name. For each indication, we then selected the
appropriate dosing regimen (see below). Thereafter, we selected the lowest-cost pharmacy for
patients living in New York City (ZIP code 10065). We then chose the “Humana Basic Rx Plan
(PDP)” and noted the “Full Cost of Drug”, e.g. the retail price. For drugs covered under both
Medicare Part B and D, we used Part B prices. The collected treatment costs are an approxima-
tion of drug list prices. Patients’ OOP resulting from deductibles, premiums, co-payments, and

coverage gaps may vary depending on the insurance plan.

For each indication, monthly treatment costs were calculated for an average adult with a body
surface area of 1.7 m2 weighing 70 kg with normal renal and hepatic function, 15117119131 The
average monthly treatment costs of indication regimens were calculated based on indication-
specific dosing schedules. Dosing schedules were obtained from each drug indication’s FDA
label. For regimens entailing different drug doses for initiation, consolidation, and/or mainte-
nance treatment, average monthly costs were calculated for the median treatment duration de-
fined in the respective pivotal trial. For indications with multiple dosing schedules, the dosing
schedule resulting in the lowest treatment costs was selected. Calculated treatment costs there-

fore only include a drug’s price without any supportive treatment, doctor’s fees, administrative
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costs, or delivery expenses. The assumptions and two examples for the monthly treatment cost

calculations are detailed in Table 54.

Monthly instead of episode treatment costs were calculated for several medical and economic
reasons. First, in previous literature, most articles calculated monthly treatment
costs!12113.115.116,119120.122.132 rather than episode treatment costs.!*%1” Among articles with ep-
isode treatment costs, one article!'® found a significant relationship between drugs’ benefits and
episode treatment costs for several following reasons. The timeframe to calculate episode treat-
ment costs is clinically defined by the DoR or the time until tumor progression. Both measures
vary widely based on the underlying tumor disease, e.g. patients with pancreatic cancer may
only receive a new agent for a few weeks up to months, whereas patients with multiple myeloma
or prostate cancer may receive the new drug for several months or even years. Accordingly, a
larger absolute benefit for new drugs is measured for drugs treating prostate cancer or multiple
myeloma rather than pancreatic cancer given that these cancers have distinct and greatly vary-
ing pathologic growth and progression rates. Further, the new agent, therefore, also has more
time to exert its anti-cancer effect on the tumor. Out of these reasons, the relationship between
episode treatment costs and new drugs’ clinical benefit is confounded by the underlying disease.
Second, in the previous chapter we showed that large heterogeneity exists between trials and,
even more concerningly, between patients in tumor response and tumor progression. This is
particularly highlighted by the clinical trial’s Kaplan-Meier survival curves. Although one may
measure a median PFS or DoR benefit, the benefit for each patient is represented by the under-
lying survival curve. Furthermore, the length of the clinical drug use may vary from clinical
trial results, particularly given that the introduction of prior-line/later-line treatments influences
the examined drug’s clinical benefit and treatment duration. In addition, physicians usually pre-
scribe time-unlimited anti-cancer agents for a pre-defined period of 2-3 months. Thereafter,

stagings are performed with computed tomography or magnetic resonance imaging scans to
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decide if the treatment should be continued or changed. Henceforth, in clinical practice,
monthly rather than episode treatment costs are considered as the relevant measure to evaluate

drug prices.

3.4.3 Statistical analysis

Descriptive statistics examine the sample’s baseline characteristics. Thereafter, the association
between collected variables and monthly treatment costs was analyzed in a series of linear uni-
variate ordinary least squares (OLS) regression analyses reporting coefficients (B), 95% confi-
dence intervals (CI), and R2. For all regression models, indication-specific monthly treatment

costs were defined as the dependent variable.

We evaluated the association between the dependent variable and the following independent
variables in separate univariate OLS regressions: clinical benefit, number of indications, inno-
vativeness/novelty, mechanism of action, molecule type, treatment type, cancer disease, com-
panion biomarker, line of therapy, as well as the pivotal trial’s number of enrolled patients, trial
phase, trial design, trial blinding, as well as the treated disease’s incidence, prevalence, DALY,
YLD, YLL, and number of competitors. Treatment costs, the pivotal trial’s number of enrolled
patients, and disease incidence were transformed with the natural logarithm to account for their
right-skewed distribution (Table 10). Distinct regressions were conducted for original and sup-
plemental indication approvals. For regressions analyzing supplemental indications, standard

errors are corrected for clustering at the drug level.
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Variable N Mean Median P25 P75 SD  Skewness
Monthly treatment cost, $ 372 24,444 16,013 14,648 22,348 30,671 564
Improvement in median OS, % 95 0.35 026 0.16 0.38 0.32 -0.15
Improvement in median PFS, % 155 0.83 061 027 104 0091 -0.50
No. patients enrolled in pivotal trial 373 395 270 106 565 431 9
Incidence per 100,000 US inhabitants 366  40.0 9.8 39 676 995 0.0
Prevalence per 100,000 US inhabitants 365 165.4 67.3 132 1178 260.4 0.1
DALY per person 359 101 10.0 55 164 5.8 0.0

YLD per person 359 0.5 0.5 0.3 0.7 0.2 0.0

YLL per person 359 9.6 9.3 48 16.2 5.9 0.0
5-year survival rate, % 367  0.65 072 036 091 0.27 0.07
No. of available treatment options 359 10.1 10.0 55 164 5.8 0.0

Table 10: Distribution of interval-scaled variables

Abbreviations: DALYs, disability-adjusted life years; OS, overall survival; PFS, progression-free survival; SD,
standard deviation; YLD, year lived with disability; YLL, years of life lost.

We conducted a variety of sensitivity analyses to scrutinize the robustness of our results. First,
we considered different measures of clinical benefit (e.g. relative benefit, absolute monthly
benefit, and HRs). Second, all regression analyses were re-conducted with models adjusting for
FDA approval year. Third, median monthly treatment costs were compared across the afore-

mentioned variables.

Furthermore, we calculated the price per LY gained for original and supplemental indications
based on OS and PFS trial data. A higher price per LY gained indicates a worse cost-to-benefit
ratio for indications. We hypothesize that supplemental indications have a higher cost-to-bene-
fit ratio, e.g. a higher price per LY gained, than original indications. This hypothesis was tested
by comparing indications price per LY gained using medians and in a fixed-effects regression

analysis.

Data were stored in Microsoft Excel (Microsoft Corp) and analyzed with Stata software, version
14.2 (StataCorp LLC, College Station, TX). Two-tailed p-values below 0.05 were considered
significant. This study followed the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) reporting guideline when applicable.*®
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3.5 Results

3.5.1 Sample overview

The analyses entail 145 new cancer drugs approved by the FDA across a total of 373 indica-
tions. Of these, 154 were original and 219 supplemental indication approvals. Drugs were
priced at $24,444 per month on average (median $16,013; IQR 14,648 to 22,348). We observed
rising drug prices for more recent FDA-approved indications (Figure 19). Out of 145 drugs, 54
(37%) were first-in-class, and 95 (66%) were small molecules (Table 11). Fourteen (10%) drugs
acted via a cytotoxic, 96 (66%) via a targeted, and 35 (24%) via a immune-regulatory mecha-
nism of action. Seventy-four (51%) drugs were approved across multiple indications. Only 206
(55%) indications were approved on the basis of phase 3 trials. Clinical trials were mostly open-
label or single-blind (287 [77%]) and enrolled a median of 270 (IQR 106 to 565) patients.
Across indications with available data from RCT (216 [58%]), new cancer drugs improved OS
by a median of 2.80 months (IQR, 1.97 to 4.60 months) and PFS by 3.30 months (IQR, 1.50 to
5.58 months) or by 26% (IQR 16 to 38) and 61% (IQR 27 to 104) compared to control, respec-

tively.
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Figure 19: Drug prices for original (a) and supplementary (b) cancer indications approved by

the FDA

Notes: The analysis entails all new cancer drugs with FDA approval for original and supplemental indications
between 2003 and 2022. Drug prices were obtained from CMS files for drugs covered under Medicare Part B and
from the publicly available plan finder tool for drugs covered under Medicare Part D. Monthly treatment costs
were calculated using indication-specific dosing regimens retrieved from each drug’s FDA label. All costs were
calculated for January 2023.

Abbreviations: CMS, Centers for Medicare and Medicaid Services; FDA, US Food and Drug Administration.
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Variable No. (%)

(A) Drug characteristics
No. of indications

Single-indication 71 (49.0)
Multi-indication 74 (51.0)
Innovation status
Not-first-in-class 91 (62.8)
First-in-class 54 (37.2)
Mechanism of action
Cytotoxic chemotherapy 14 9.7)
Targeted agents 96 (66.2)
Immune-regulators 35 (24.1)
Molecule Type
Small-molecule 95 (65.5)
Antibody 29 (20.0)
Other 21 (14.5)
Total no. of drugs 145 (100.0)
(B) Indication characteristics
Treatment type
Combination 127 (34.0)
Monotherapy 246 (66.0)
Disease
Solid 248 (66.5)
Hematologic 125 (33.5)
Biomarker
No 230 (61.7)
Yes 143 (38.3)
Line of therapy
First-line 170 (45.6)
Advanced-line 203 (54.4)
Accelerated approval
No 247 (66.2)
Yes 126 (33.8)
Converted 55 (43.7)
Pending 54 (42.9)
Not converted / withdrawn 17 (13.5)
(C) Pivotal clinical trial characteristics
No. enrolled patients, median (IQR) 270.0 (106-565)
Trial Phase
Phase 1 21 (5.6)
Phase 2 146 (39.1)
Phase 3 206 (55.2)
Trial design
Other 157 (42.1)
Randomized-controlled trial 216 (57.9)
Trial blinding
Open label or single-blind 287 (76.9)
Double blind 86 (23.1)

(D) Cancer epidemiology
Incidence per 100,000 US inhabitants, median (IQR) 9.8  (3.9-67.6)
Prevalence per 100,000 US inhabitants, median (IQR) 67.3 (13.2-117.8)

DALY per person, median (IQR) 10.0 (5.5-16.4)
YLD per person, median (IQR) 0.5 (0.3-0.7)
YLL per person, median (IQR) 9.3 (4.8-16.2)

5-year survival rate, percentage (IQR) 72.2  (36.0-90.7)

Available treatment options, median (IQR) 10.0 (5.5-16.4)

Total no. of indications 373 (100.0)

Table 11: Descriptive statistics for the entire sample

Abbreviations: DALYSs, disability-adjusted life years; IQR, interquartile range; YLD, year
lived with disability; YLL, years of life lost.
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3.5.2 Clinical benefit

Drug prices were associated to improvements in OS for original (p=0.28, 95%CI 0.02 to 0.54,
p=0.037), yet not for supplemental indications (=0.13, 95%CI -0.46 to 0.72, p=0.656) (Figure
20). Accordingly, prices were associated with improvements in PFS for original ($=0.16,
95%CI 0.07 to 0.25, p=0.001) and supplemental indications ($=0.12, 95%CI 0.04 to 0.21,
p=0.006). No consistent significant association was observed when measuring OS and PFS
benefit in absolute months, as hazard ratios, and as a binary variable (Figure 21, Figure 22, and

Table 12).

Across all indications, the median price per LY gained amounted to $176,807 (IQR: $154,439
to 209,799) and the median price per PFS year gained amounted $177,095 (IQR: $162,591 to
231,415). There was no significant difference in the median price per LY gained ($193,534 vs.
176,807, p=0.092) or median price per PFS gained ($187,766 vs. 177,095, p=0.628) for original

relative to supplemental indications.

Table 13 shows the fixed-effects regression analysis of indication approval type on the price
per LY gained. Similar to Howard et al., LYs gained were calculated based on OS and PFS data
with a separate dummy variable for the reported endpoint. There was no significant association
between the FDA indication approval type, e.g. original or supplemental, and the price per LY

gained (3=-0.13, 95%CI -0.35 to 0.09, p=0.256).
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Figure 20: Association between OS/PFS improvement (%) and drug prices for original and
supplementary FDA indication approvals

Notes: Graphs a and c illustrate the regression analyses of cancer drugs’ overall / progression-free survival benefit
and prices for original FDA approvals. In contrast, graphs b and d conduct the same analyses considering only
supplemental indications. Monthly treatment costs were calculated for January 2023 based on Medicare Part B
and D prices using indication-specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: FDA, US Food and Drug Administration; OS, overall survival; PFS, progression-free survival.
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Figure 21: Association between OS/PFS improvement (months) and drug prices for original

and supplementary FDA indication approvals

Notes: Graph a and c illustrate the regression analyses of cancer drugs’ OS/PFS benefit and prices for original
FDA approvals. In contrast, graphs b and d conduct the same analyses considering only supplementary indications.
Monthly treatment costs were calculated for January 2022 based on Medicare Part B and D prices using indication-
specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: FDA, US Food and Drug Administration; OS, overall survival; PFS, progression-free survival.
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Figure 22: Association between OS/PFS benefit (hazard ratios) and drug prices for original
and supplementary FDA indication approvals

Notes: Graph a and c illustrate the regression analyses of cancer drugs’ OS/PFS benefit and prices for original
FDA approvals. In contrast, graphs b and d conduct the same analyses considering only supplementary indications.
Monthly treatment costs were calculated for January 2022 based on Medicare Part B and D prices using indication-
specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: FDA, US Food and Drug Administration; OS, overall survival; PFS, progression-free survival.

Original Indication

Supplemental Indication

2 [95% CI] P R? iR [95% CI] P R2

Improvement in median survival, %

0s 0.28 [0.02t00.54] 0.037 6.36% 0.13 [-0.46100.72] 0.656 0.43%

PFS 0.16 [0.07t00.25] 0.001 12.06% 0.12 [0.04t00.21] 0.006 5.47%
Improvement in median survival, months

0s 0.01 [0.00t00.02] 0.191 0.99% -0.02 [-0.06 t0 0.01] 0.154 3.76%

PFS 0.00 [-0.02t00.03] 0.662 0.21% 0.01 [-0.02t00.04] 0.670 0.80%
Hazard ratio

0s -0.34 [-1.14t00.46] 0.395 1.20% -0.25 [-1.271t00.77] 0.624 0.35%

PFS -0.36 [-1.04t00.33] 0.300 1.94% -0.31 [-0.68t00.06] 0.096 2.07%
Significant improvement in OS?

No Ref. Ref.

Yes 0.23 [0.00t00.46] 0.050 1.70% 0.05 [-0.10t00.20] 0.488 0.17%

Table 12: Series of univariate regression analysis of survival benefit on cancer drug prices

2 For the analysis of supplementary indications, standard errors are corrected for clustering at the molecule level.

Abbreviations: OS, overall survival; PFS, progression-free survival.
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Log(Price per LY gained)
R [95% CI] P Value

FDA approval type

Original indication Ref.

Supplemental indication -0.13 [-0.35t00.09] 0.256
Endpoint type

(O8] Ref.
PFS -0.05 [-0.12t00.02] 0.182
N 160
Within R2 7.52%
Between R? 1.16%
Overall R2 2.41%

Table 13: Fixed-effects regression of FDA approval type on price per life years gained

Notes: The table presents the results of a fixed-effects regression analysis of the FDA indication approval type on
the price per LY gained. LY gained were calculated based on OS and PFS data. To account for the differential
nature of these endpoints and additional dummy variable indication the measured trial endpoint was included in
the model. The model accounts for heteroskedastic standard errors. Results suggest that supplemental indications
do not have a higher price per LY gained.

Abbreviations: FDA, US Food and Drug Administration; LY, life year; OS, overall survival; PFS, progression-
free survival.

3.5.3 Drug characteristics

Initial indication’s prices were 26% (95%CI -1 to 60, p=0.057) non-significantly higher for
first-in-class compared to not-first-in-class drugs and 176% (95%CI 79 to 324, p<0.001) greater
for gene and cell therapies, radionuclides, and enzymes relative to small-molecules (Table 14).
The observed associations were of smaller magnitude and lower explanatory power for supple-

mental indication prices.
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Original Indication Supplemental Indication
B2 [95% CI] P R? B2 [95% CI] P R?
(A) Drug characteristics
No. of indications
Single-indication Ref.
Multi-indication -10.81% [-30.52 to 14.48] 0.367 0.58%
Innovation status
Not-first-in-class Ref. Ref.
First-in-class 25.91%  [-0.71to 59.68] 0.057 2.23% 13.25%  [-7.94 to 39.33] 0.235 1.47%
Mechanism of action
Cytotoxic chemotherapy Ref. Ref.
Targeted agents ° -6.83%  [-44.08 to 55.25] 0.785 8.93% 41.96% [-17.68 to 144.79] 0.204
Immune-regulators © 59.45%  [-10.4 to 183.77] 0.112 ' 37.96%  [-21.38 to 142.09] 0.258  0.46%
Molecule Type
Small-molecule Ref. Ref.
Antibody 12.97%  [-15.13 to 50.37] 0.401 -19.68% [-28.96 to -9.19] 0.001
Other ¢ 175.83% [79.3 to 324.31] 0.000 21.14% 52.44%  [-38.75t0 279.39] 0.360 10.51%
(B) Indication characteristics
FDA approval year 5.61% [2.38 t0 8.95] 0.001  9.33% 2.40% [-1.95 to 6.94] 0.280 1.57%
Treatment type
Combination Ref. Ref.
Monotherapy 7.99% [-16.79 to 40.14] 0.561 0.18% 16.34%  [-0.36 to 35.83] 0.055 2.13%
Disease
Solid Ref. Ref.
Hematologic 62.04%  [27.68 to 105.66] 0.000 10.18% 19.96%  [-7.75 to 55.99] 0.171  2.53%
Biomarker
No Ref. Ref.
Yes -11.77% [-28.63 t0 9.07] 0.245 0.67% -14.07% [-27.88 t0 2.39] 0.089 2.06%
Line of therapy
First-line Ref. Ref.
Advanced-line 31.35%  [1.57 to 69.85] 0.038  2.99% 9.20% [-3.81 to 23.98] 0.171  0.73%
Accelerated approval
No Ref. Ref.
Yes 3.54% [-18.05 to 30.81] 0.769  0.05% 1.55% [-12.3t0 17.57] 0.835 0.02%
Converted Ref. Ref.
Pending 30.88%  [-1.85to 74.53] 0.066 24.96%  [0.37 to 55.57] 0.047
Not converted / Withdrawn -23.81% [-40.51 to -2.44] 0.032 12.33% -5.49%  [-13.68 to 3.48] 0.211 12.54%
(C) Pivotal clinical trial characteristics
Log(Enrolled patients) -0.3136  [-0.43881t0-0.1884] 0.000 15.14% -0.0959  [-0.1669 to -0.025]  0.009  4.04%
Trial Phase
Phase 1 or 2 Ref. Ref.
Phase 3 -30.68%  [-45.49 to -11.86] 0.003 5.87% -17.03% [-30.63 to -0.77] 0.041  3.04%
Trial design
Other f Ref. Ref.
Randomized controlled -35.03% [-48.3310-18.31] 0.000 8.16% -19.16% [-33.74t0 -1.37] 0.036 3.71%
Trial blinding
Open-label/single-blind Ref. Ref.
Double-blind -21.59% [-35.80 to -4.24] 0.017 1.76% 3.93% [-10.62 to 20.83] 0.612  0.10%
(D) Cancer epidemiology
Log(Incidence) &9 -0.2055  [-0.2786 to -0.1325] 0.000 23.30% -0.0604  [-0.1069 to -0.0138] 0.012 3.81%
Log(Prevalence) &9 -0.2118  [-0.2851t0-0.1386] 0.000 26.43% -0.0420  [-0.091 to 0.007] 0.092 1.85%
DALYSs per person 5.67% [3.41t0 7.99] 0.000 18.17% 0.21% [-1.27 t0 1.72] 0.777  0.06%
YLD per person -14.11% [-51.02 to 50.61] 0.593  0.14% 35.67% [-15.41t0 117.62] 0.202 1.26%
YLL per person 5.58% [3.33t07.87] 0.000 17.92% 0.17% [-1.29 to 1.66] 0.813  0.04%
5-year survival -45.00% [-64.71to -14.28] 0.009  3.99% 22.51% [-7.8510 62.89] 0.159 1.27%
No. of competitors -0.24%  [-0.98 to 0.50] 0.671  0.21% -0.01%  [-0.59 to 0.57] 0.967  0.00%

Table 14: Series of univariate regression analyses of collected variables on cancer drug prices

a For the analysis of supplementary indications, standard errors are corrected for clustering at the molecule level.
b Targeted agents include anti-hormonal compounds and therapeutics such as tyrosine kinase inhibitors.

¢ Immune-regulators include immune-modulators, CAR T-cell therapies, and immune-antibodies, including im-
mune-checkpoint inhibitors such as PD-1/PD-L1 and CTLA-4 inhibitors.

4 The category “other” includes antibody-drug conjugates, enzymes, radio-therapeutics, gene therapies, and cell
therapies.

¢ For the number of enrolled patients and disease incidence/prevalence, coefficients should be interpreted as elas-
ticities. For example, a 1% increase in disease incidence corresponds to a -0.21% decrease in drug prices for
original indications.

f The category “other” includes single-arm, non-randomized, and dose comparison trials.

9 Disease incidence/prevalence rate per 100,000 US inhabitants.

Abbreviations: CAR, chimeric antigen receptor; CTLA-1, cytotoxic T-lymphocyte-associated protein 4; DALYS,
disability-adjusted life years; FDA, US Food and Drug Administration; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death ligand-1; YLD, years lived with disability; YLL, years of life lost.
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Indication characteristics

Figure 19 shows that original indications’ prices in 2023 were significantly associated with the
year of FDA approval (6% per year, 95%CI 2 to 9, p=0.001). Original indications treating he-
matologic cancers were priced 62% (95%CI 28 to 106, p<0.001) higher than those treating solid
cancers. We observed 31% (95%CI 2 to 70, p=0.036) greater treatment costs for advanced-line
compared to first-line treatments. However, the association with disease type (20%, 95%CI -8
to 56, p=0.171) and line of therapy (9%, 95%CI 4 to 24, p=0.171) for supplemental indications

were not significant.

Out of 373 indications, 247 (66%) received standard and 126 (34%) received accelerated ap-
proval by the FDA. There was no difference in prices of drugs receiving standard relative to
accelerated approval. Out of the 126 accelerated approvals, 55 (44%) were converted to full
approvals, 54 (43%) have pending confirmatory trials, and 17 (14%) were not converted/with-
drawn. For original indications, withdrawn indications were priced -24% (95%CI -41 to -2,
p=0.032) lower than those converted to full approvals. This association was not consistent for

supplemental indications.

Clinical trial evidence

The pivotal trial’s number of enrolled patients was significantly associated with the original
indications’ cost (Figure 23). A 1% increase in the number of enrolled patients corresponds to
a-0.31% (95%CI -0.44 to -0.19, p<0.001) decrease in drug prices. The elasticity was -0.10 for
supplemental indications (95%CI -0.17 to -0.03, p=0.009). Original indications supported by
phase 3 trials cost -31% (95%CI -45 to -12, p=0.003) less than those approved based on phase
1 or 2 trials. Similarly, prices were -35% (95%CI -48 to -18, p<0.001) lower for original indi-
cations approved based on RCTs. Both associations were of smaller magnitude and had lower

explanatory power for supplemental indications.
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Figure 23: Association between the number of patients enrolled in the pivotal trial and drug
prices for original (a) and supplementary (b) FDA indication approvals

Notes: The number of enrolled patients in the pivotal trial leading to FDA approval was obtained from FDA drug

labels for each indication. Monthly treatment costs were calculated for January 2022 based on Medicare Part B
and D prices using i

ndication-specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: FDA, US Food and Drug Administration.
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Cancer epidemiology

Drug prices were negatively associated with disease incidence (Figure 24) and prevalence rates
(Figure 25). A 1% increase in disease incidence corresponds to a -0.21% (95%CI -0.28 to -0.13,
p<0.001) decrease in drug prices. The disease prevalence elasticity was -0.21 (95%CI -0.29 to
-0.14, p<0.001). These elasticities were of smaller magnitude, had lower explanatory power,

and were not significant for supplemental indications.
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Figure 24: Association between disease incidence and drug prices for original (a) and supple-
mentary (b)

Notes: Disease incidence rates for the 2019 US population were retrieved from the Global Burden of Disease study
and matched to indications based on FDA labels. Monthly treatment costs were calculated for January 2022 based
on Medicare Part B and D prices using indication-specific dosing regimens retrieved from each drug’s FDA label.
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Figure 25: Association between disease prevalence and drug prices for original (a) and sup-

plementary (b) FDA indication approvals

Notes: Disease prevalence rates for the 2019 US population were retrieved from the Global Burden of Disease
study and matched to indications based on FDA labels. Monthly treatment costs were calculated for January 2022
based on Medicare Part B and D prices using indication-specific dosing regimens retrieved from each drug’s FDA

label.

Abbreviations: FDA, US Food and Drug Administration.

111




Economics of cancer drugs

Drugs treating diseases with a greater burden and severity were priced higher (Figure 26). Prices
increased by an average of 6% (95%CI 3 to 8, p<0.001) per additional DALY. Figure 27
demonstrates that this association is mainly driven by an association between drug prices and
YLL (6% per additional YLL, 95%CI 3 to 8, p<0.001). For supplemental indication approvals,
none of these associations were observed. Prices were significantly associated with the treated
disease’s 5-year survival rate for original indications (-45%; 95%CI -104% to -15%; p=0.009),
yet not supplemental indications (20%; 95%CI -8% to 49%; p=0.159). Neither original nor

supplemental indication prices were associated with the number of competitors.
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1,000,000 =

100,000=4

log(price) = 0.06x + 9.42
<0.001
R2=18.17%

1,000,000 =

100,000~

+ Supplemental Indication

log(price) = 0.00x + 9.70
p=0.777
R2 = 0.06%

Price per month ($)
Price per month ($)
*
£ d

10,0004 10,000~ *

1,000 T T T T 1 .00 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25

DALYs per person DALYs per person

Figure 26: Association between DALYs and drug prices for original (a) and supplementary (b)
FDA indication approvals

Notes: DALY for the 2019 US population were retrieved from the Global Burden of Disease study and matched
to indications based on FDA labels. Monthly treatment costs were calculated for January 2023 based on Medicare
Part B and D prices using indication-specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: DALYS, disability-adjusted life years; FDA, US Food and Drug Administration.
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Figure 27: Association between YLD / YLL and drug prices for original and supplementary
FDA indication approvals

Notes: YLD and YLL for the 2019 US population were retrieved from the Global Burden of Disease study and
matched to indications based on FDA labels. Monthly treatment costs were calculated for January 2023 based on
Medicare Part B and D prices using indication-specific dosing regimens retrieved from each drug’s FDA label.

Abbreviations: FDA, US Food and Drug Administration; YLD, years lived with disability; YLL, years of life lost.

Results were robust when regression models were adjusted for the FDA approval year (Table

15) and when comparing median drug prices (Table 16).
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Original Indication Supplemental Indication
B2 [95% CI] P R? B2 [95% CI] P R?

(A) Drug characteristics
No. of indications

Single-indication Ref.

Multi-indication -0.02 [-0.28t00.23] 0.865 9.35%
Innovation status

Not-first-in-class Ref. Ref.

First-in-class 0.30 [0.07t00.53] 0.010 13.10% 0.12 [-0.09t00.33] 0.257 2.97%
Mechanism of action

Cytotoxic chemotherapy Ref. Ref.

Targeted agents ° -0.25 [-0.79t00.29] 0.356 0.35 [-0.141t00.84] 0.158

Immune-regulators © 0.25 [-0.35t00.86] 0.407 17.44% 030 [-0.22t00.82] 0.252 2.18%
Molecule Type

Small-molecule Ref. Ref.

Antibody 0.15 [-0.13t00.44] 0.296 -0.22 [-0.34t0-0.1] 0.001

Other ¢ 0.93 [051t01.34] <.001 26.45% 0.40 [-051t01.32] 0.384 11.62%
(B) Indication characteristics
Treatment type

Combination Ref. Ref.

Monotherapy 0.09 [-0.15t00.33] 0.464 9.59% 0.16 [0.01t00.31] 0.032 3.98%
Disease

Solid Ref. Ref.

Hematologic 0.48 [0.26t00.71] <.001 19.58% 0.22 [-0.04t00.47] 0.093 4.99%
Biomarker

No Ref. Ref.

Yes -0.19 [-0.39t00.02] 0.072 10.82% -0.15 [-0.33t00.02] 0.080 3.70%
Line of therapy

First-line Ref. Ref.

Advanced-line 0.32 [0.07t00.57] 0.013 13.41% 0.09 [-0.03t00.22] 0.135 2.40%
Accelerated approval

No Ref. Ref.

Yes 0.01 [-0.21t00.24] 0.917 9.34% 0.02 [-0.12t00.16] 0.789 1.59%

Converted Ref. Ref.
Pending 0.23 [-0.08t00.55] 0.142  0.00% 0.21 [-0.06t00.49] 0.126 0.00%

Not converted / Withdrawn ~ -0.29 [-0.54t0-0.04] 0.026 12.63% -0.06 [-0.18t00.05] 0.270 12.58%

(C) Pivotal clinical trial characteristics

Log(Enrolled patients) © -0.26 [-0.39t0-0.14] <.001 19.16% -0.09 [-0.16t0-0.03] 0.007 5.28%
Trial Phase

Phase 1 or 2 Ref. Ref.

Phase 3 -0.30 [-0.53t0-0.07] 0.010 13.21% -0.18 [-0.35t0-0.02] 0.032 4.54%
Trial design

Other f Ref. Ref.

Randomized controlled -0.37 [-0.58t0-0.16] 0.001 15.10% -0.21 [-0.39t0-0.02] 0.030 5.02%
Trial blinding

Open-label/single-blind Ref. Ref.

Double-blind -0.16 [-0.35t00.04] 0.117 10.03% 0.03 [-0.12t00.19] 0.666 1.65%
(D) Cancer epidemiology
Log(Incidence) &9 -0.20 [-0.27t0-0.13] <.001 30.89% -0.06 [-0.11t0-0.02] 0.007 5.75%
Log(Prevalence) &9 -0.20 [-0.27t0-0.13] <.001 32.91% -0.04 [-0.09t00.01] 0.082 3.41%
DALYSs per person 0.05 [0.03t00.07] <.001 25.08% 0.00 [-0.01t00.02] 0.855 1.22%

YLD per person -0.03 [-0.55t00.49] 0.902 9.02% 0.36 [-0.09t00.81] 0.117 2.91%

YLL per person 0.05 [0.03t00.07] <.001 24.79% 0.00 [-0.01t00.02] 0.896 1.20%
5-year survival -0.45 [-0.86t0-0.03] 0.034 11.42% 0.23 [-0.05t00.51] 0.103 2.92%
No. of competitors 0.00 [-0.01t00.01] 0.568 9.50% 0.00 [-0.01t00.01] 0.960 1.57%

Table 15: Series of univariate regression analyses of collected variables on cancer drug prices
adjusted for FDA approval year

2 For the analysis of supplementary indications, standard errors are corrected for clustering at the molecule level.
b Targeted agents include anti-hormonal compounds and therapeutics such as tyrosine kinase inhibitors.

¢ Immune-regulators include immune-modulators, CAR T-cell therapies, and immune-antibodies, including im-
mune-checkpoint inhibitors such as PD-1/PD-L1 and CTLA-4 inhibitors.

d Biologics include monoclonal antibodies, antibody-drug conjugates, enzymes, and radio-therapeutics.

¢ For the number of enrolled patients and disease incidence/prevalence, coefficients should be interpreted as elas-
ticities. For example, a 1% increase in disease incidence corresponds to a -0.2042% decrease in drug prices for
original indications.

" The category “other” includes single-arm, non-randomized, and dose comparison trials.

9 Disease incidence/prevalence rate per 100,000 US inhabitants.

Abbreviations: CAR, chimeric antigen receptor; CTLA-4, cytotoxic T-lymphocyte-associated protein-4; DALYS,
disability-adjusted life years; FDA, US Food and Drug Administration; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death ligand-1; YLD, years lived with disability; YLL, years of life lost.
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Original Indication

Supplemental Indication

Median [IQR] pa Median [IQR] p2
(A) Drug characteristics
No. of indications
Single-indication 21,708 [13825 to 30359]
Multi-indication 17,624 [14674 to 22544] 0.135
Innovation status
Me-too 17,847 [13868 to 23315] 14,758 [13911 to 17335]
First-in-class 21,654 [16146 to 35047] 0.031 15,000 [14734 to 19285] 0.031
Mechanism of action
Cytotoxic chemotherapy 15,054 [11024 to 28679] 12,859 [8236 to 17482]
Targeted agents ® 18,990 [14439 to 23564] 17,188 [14711 to 19387]
Immune-regulators © 23,151 [14758 to 61058] 0.011 14,734 [14648 to 14758] <.001
Molecule Type
Small-molecule 19,137 [14509 to 23302] 17,385 [15864 to 21092]
Antibody 14,758 [13023 to 24523] 14,734 [13911 to 14758]
Other ¢ 36,785 [24932 t0 143933] <.001 36,785 [13284 to 36785] <.001
(B) Indication characteristics
Treatment type
Combination 17,254 [13485 to 24523] 14,734 [13911 to 16243]
Monotherapy 19,723 [14674 to 27137] 0.364 15,325 [14734 to 19387] 0.001
Disease
Solid 17,482 [13520 to 23223] 14,734 [14103 to 16243]
Hematologic 21,506 [16000 to 36785] 0.003 17,385 [15000 to 22544] <.001
Biomarker
No 19,252  [13911 to 30359] 14,758 [14734 to 19268]
Yes 19,993  [15151t023606]  0.849 14,758 [13911 to 17385] 0.114
Line of therapy
First-line 17,592 [13636 to 23262] 14,734 [14103 to 17385]
Advanced-line 20,260 [14758 to 28679] 0.111 15,092 [14734 to 20405] 0.046
Accelerated Approval
No 17,610  [13520 to 27957] 14,758 [14103 to 18035]
Yes 20,298 [15487 to 26590] 0.256 14,758 [14734 to 17385] 0.965
Converted 20,196 [16146 to 23223] 14,734 [14734 to 15000]
Pending 22,348 [18318 to 29027] 15,243 [14734 to 21933]
Not converted / Withdrawn 15,672 [13485 to 21009] 0.014 14,734 [13911 to 14758] 0.012
(C) Pivotal clinical trial characteristics
Trial Phase
Phase 1 or 2 21,357 [15716 to 29480] 14,758 [14734 to 21273]
Phase 3 16,337 [12767 to 23164] <.001 14,758 [13911 to 17482] 0.106
Trial design
Other © 21,392 [15672 to 30543] 14,758 [14734 t0 21273]
Randomized controlled 16,536 [13293 to 23122] <.001 14,758 [13911 to 17482] 0.035
Trial blinding
Open-label/single-blind 20,196 [14648 to 28679] 14,758 [14648 to 18844]
Double-blind 17,487 [13502 to 23306] 0.103 15,349 [14734 to 17385] 0.568
Table 16: Median cancer drug prices compared across drug, indication, and clinical trial char-
acteristics

2 P-Values calculated based on Mann-Whitney-U tests and Kruskal-Wallis tests.

b Targeted agents include anti-hormonal compounds and therapeutics such as tyrosine kinase inhibitors.

¢ Immune-regulators include immune-modulators, CAR T-cell therapies, and immune-antibodies, including im-
mune-checkpoint inhibitors such as PD-1/PD-L1 and CTLA-4 inhibitors.

4 The category “other” includes monoclonal antibody-drug conjugates, enzymes, radio-therapeutics, gene thera-

pies, and cell therapies.
¢ The category “other” includes single-arm, non-randomized, and dose comparison trials.

Abbreviations: CAR, chimeric antigen receptor; CTLA-1, cytotoxic T-lymphocyte-associated protein 4; FDA, US
Food and Drug Administration; IQR: interquartile range; PD-1, programmed cell death protein-1; PD-L1, pro-

grammed cell death ligand-1.
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3.6 Discussion

This study analyzed factors associated with anti-cancer drug prices in the US based on a sample
of 145 drugs with FDA approval across 373 indications. In 2023, average drug prices amounted
to $24,444 per month. For original indications, median OS improvement of 26% and PFS im-
provement of 61% were significantly associated with drug prices. Original indications’ prices
were: (i) negatively associated with disease incidence/prevalence and the pivotal trial’s number
of enrolled patients; (ii) positively associated with first-in-class drugs, gene and cell therapies,
hematologic cancers, and severe diseases with high unmet needs; and (iii) negatively associated
with double-blinded phase 3 RCTs. However, prices are only poorly associated with supple-

mental indications’ efficacy, clinical evidence, or cancer epidemiology.

3.6.1 Pricing the original indication

Clinical benefit

In our sample of 373 cancer indications with FDA approval (2003-2022), treatment costs were
significantly associated with improvements in OS and PFS. However, this association was of
low magnitude. Similarly, Mailankody & Prasad only observed a weak insignificant association
between OS/PFS and treatment costs based on 51 FDA-approved cancer drugs (2009-2013).112
Accordingly, four other studies could not confirm any association between cancer drug prices
and clinical benefit.}*118 In contrast, Howard et al. found prices increased by 120% (95% CI
74 to 166%) for each additional LY gained based on 58 FDA-approved cancer drugs (1995-
2013).1° However, their regression analysis includes modeled outcomes and does not distin-
guish between OS and PFS benefit. Unlike the aforementioned studies, they calculated each

disease episode’s treatment costs instead of mean monthly drug prices.

For supplemental indications, the association between prices and clinical benefit were of lower

maginute or insignificant. However, the conducted comparison of prices per life LY gained
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could not confirm our hypothesis that supplemental indications have a lower cost-to-benefit
ratio than original indications. Nonetheless, OS and PFS data from RCTs for this analysis was
only available for a total of 160 out of 373 drug indications. Furthermore, many original high-
value indications are approved based on single-arm phase 1/2 trials without available OS and
PFS data. Recent studies highlight that original indications are of higher clinical value than
supplemental indications.®®40.73134 A similar analysis to ours, with benefit data available for all
indications, should compare QALYSs and ICERs across original and supplemental indications.
A study of 25 cancer drugs with FDA approval across 100 indications showed ICERs increased

from original to second to third approved indications in the US, France, and Canada.*®

We conclude that cancer drug prices are (at best) only poorly aligned to the marginal benefit
they offer to patients. If the US implemented value-based pricing, coverage, and reimbursement
policies that incentivized manufacturers to only develop drugs that offer a meaningful survival

benefit, “perhaps there would be more of them” (Howard et al., 2015, p. 158).1°

Clinical trial evidence

The US drug market seemingly offers a price premium to medicines supported by poor evi-
dence, which are often also those targeting rare diseases. The approval of drugs with limited
safety and efficacy evidence was progressively enabled by the introduction of special FDA
review processes, especially the accelerated approval pathway. These processes expedite the
approval of drugs treating severe conditions with significant unmet needs. However, drugs with
special designations are not more effective or innovative and lack evidence from RCTs.”313% As
a result of limited trial experience, expedited approvals are associated with more unknown side-
effects; yet, the required post-marketing trials are often deferred or not even commenced. 3613/
Expedited approvals are nonetheless swiftly incorporated in clinical guidelines and prescribed
for patients across multiple indications,'® thereby causing a significant economic burden for

the US healthcare system.*%° A drug price and coverage system with evidence development
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could reconcile the disconnect between high prices and poor clinical evidence:'* If payers ne-
gotiated discounts for or restricted coverage of indications supported by low-quality trials, per-

haps there would be more indications supported by robust RCTSs.

Our findings provide evidence that the US drug market already incorporates clinical trial evi-
dence for new cancer drugs. Drugs that are approved based on early clinical trials, yet fail to
convert this accelerated approval to full approval in confirmatory trials, are sold for a 25%

discount.

Innovation

We observed significantly higher prices for innovative — “first-in-class” — cancer drugs. First-
in-class drugs were priced higher than not-first-in-class drugs ($21,654 vs. $17,847, p=0.031).
Gene and cell therapies, enzymes, and radionuclides were priced higher than antibodies and
small molecules ($36,785 vs. $14,758 vs. 19,137, p<0.001). These results were consistent for
original and supplemental indications. These findings suggest that the US drug market encour-
ages the development of new agents with an innovative molecular target, mechanism of action,
and/or product type. Some authors criticize US patients are paying for the world’s pharmaceu-
tical inventions as foreign countries “freeload off American medical innovations” (Pitts, 2017,
p. 1).140 A global approach to harmonizing drug development efforts across nations is encour-
aged to equitably distribute the cost of biotechnological innovation across patients. Meanwhile,
US policymakers must balance the affordability, access, and innovativeness of new cancer

drugs — “a drug that cannot be purchased offers no value to patients” (Prasad, 2020, p. 167).14

Cancer epidemiology

Results demonstrate that cancer drug prices are negatively associated with disease incidence
and prevalence. For every -1% decrease in disease incidence, drug prices increased by 0.21%.

These results are coherent with previous studies from Europe.'?*12° Accordingly, particularly

118



Prices for cancer drugs with multiple indications

high drug prices were observed for orphan drugs in previous research.'?>1% Alongside special
approval procedures, tax credits, waiver of fees, research grants, and extended marketing ex-
clusivity periods, high prices aim to incentivize the development of drugs for rare diseases.!#?
Orphan drug development has, henceforth, emerged as an “economically viable strategy”
(Meekings et al., 2012, p. 660) that increases manufacturers’ returns and company valua-
tions.8281143 However, high orphan drug prices “pose significant barriers to patient access”

(Gammie, 2015, p. 20) especially when patients have to pay OOP for co-payments.14

Results furthermore demonstrate that drug prices are significantly associated to disease burden,
measured by DALYS, and disease severity, measured by 5-year survival rates, respectively. A
one-point increase in DALYs was associated with a 5.7% increase in drug prices. A 1% de-
crease in the 5-year survival rate was associated with a 0.45% increase in drug prices. DALY's
are a composite measure considering the burden and duration of physical impairment (YLD) as
well as premature death (YLL) caused by a disease.** Consequently, higher prices are paid for
drugs treating more severe diseases with a significant burden for patients, e.g. diseases that
substantially reduce life expectancy.!'? This was particularly driven by the association between
prices and YLL. This result indicates that drugs targeting pediatric cancers, which cause a high

burden of premature mortality, are priced higher than those targeting tumors of the elderly.

The regression analysis could not confirm any significant relationship between prices and a
drug’s number of competitors. Accordingly, Gordon et al. found that drug price changes were
not influenced by the introduction of new competitors.!'® In contrast, Howard et al. observed
lower prices for diseases with many competitors.!'® Similar to Howard et al., we collected the
number of available treatment options per cancer site from the National Cancer Institute. How-
ever, measuring available treatment options, and thereby competition, remains complex as
“drugs are often used in a complementary manner” (Howard et al., 2015, p. 152) in addition to

their use as single treatments for certain indications.!
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Unmet medical need is characterized by three aspects according to a comprehensive global
literature review: (1) disease incidence/prevalence, (2) disease burden/severity, and (3) availa-
ble treatment options.!*® Our analysis demonstrates that (1) and (2), yet not (3), are significantly
associated with cancer drug prices. We, therefore, conclude that cancer drug prices in the US
are not priced based on the benefits they deliver to patients; prices are rather based on the unmet
medical needs they fill. The alignment between unmet needs and drug prices could be improved
by reassessing drug pricing and coverage as new treatment alternatives, e.g. competitors, are

introduced to the market.

3.6.2 Pricing supplementary indications

Previous research highlighted that the clinical benefit, quality of evidence, regulatory approval,
and clinical development timelines differ for original and supplemental indications,38:40.73:101.102
However, drugs are currently commercialized for the same price across all indications in the
US. Consequently, results from the regression analyses show that these uniform (single) drug
prices are only poorly associated with the supplemental indications’ efficacy, clinical trial evi-
dence, and unmet needs. Without considering the specific characteristics of supplemental indi-
cations a drug’s value and price are delinked. Policymakers in the US should explore indication-
specific pricing, coverage, and reimbursement policies to realign a drug’s clinical benefit, in-
novativeness, and unmet needs with its cost. Ideally, the following pricing and coverage poli-
cies should be evaluated and implemented in conjunction with each other, rather than viewing

them as isolated regulations.

Indication-specific pricing

Indication-specific pricing distinctly prices a drug according to each indication’s differential

value.** A pure indication-specific pricing system — “one drug, different prices” — faces several
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barriers to implementation, including a costly IT infrastructure to track indication-specific us-
age.*® Therefore, Germany and France introduced an indirect indication-specific pricing mech-
anism: volume-weighted-average drug prices.!*49 Under this policy, health technology agen-
cies evaluate and weigh the value and eligible patient population for each indication. Michaeli
et al. observed cancer drugs’ list prices declined with the introduction of new indications in
Germany and France.®® If indication-specific pricing were to be implemented, it would likely
result in cost-savings for payers and patients.134° Both policies could reduce ICERs for sup-
plemental indications with a lower QALY gains. Whilst critiques argue that indication-specific
pricing may disincentivize the development of clinical trials for “low-value” indications, e.g.
indications with decimale QALY gains and high ICERs, (especially with few patients), propo-
nents welcome the dynamic competitive pressure that is introduced by a multi-price sys-
tem. 113849 In this context, the recently passed IRA offers the CMS the power to negotiate drug
prices with pharmaceutical companies and, thereby, the potential to adopt similar indication-

specific pricing policies in the US.%

Indication-specific coverage

As long as direct nor indirect indication-specific pricing are not implemented in the US, payers
should explore the indication-specific assessment and coverage of new drugs. For indications
that are deemed not cost-effective at a drug’s current list price, payers may restrict coverage to
patient subgroups that stand to benefit most from the new treatment. New US policies could be
guided by the French, Australian, British, or Canadian examples.*134° These countries employ
indication-specific coverage restrictions to effectively control the use of drugs in supplementary
indications with low clinical value, e.g. few quality-adjusted life years gained.*® Similarly, the
CMS could only cover drugs for indications and patient subgroups that prove to extend quality

of life or patient survival. CMS’ recent decision to restrict aducanumab’s coverage sets the first
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precedence for such a policy.1® In this context, the CMS’ existing CED program, which re-
quires sponsors of drugs without a proven clinical benefit to enroll beneficiaries in post-ap-
proval trials,**® is a pre-requisite for most indication-specific coverage and reimbursement pol-

icies.

Indication-specific reimbursement

Payers may also choose to reimburse drugs on an indication-specific level based on their dis-
tinct evidence, efficacy, and epidemiology. Previous studies showed that especially trials sup-
porting original indications’ accelerated approvals are of poor design, suffer from selection bias,
and lack adequate sample size and follow-up, thereby potentially overestimating efficacy re-
sults.®®"® Therefore, payers in Europe increasingly implement indication-specific MEAs, 113849
Countries such as Italy, England, Spain, and Scotland employ financial or outcome-based
MEAs and negotiate indication-specific discounts on drugs to contain spending on new drugs.
All proposed policies must be tailored to the US insurance and pharmaceutical market. There-
fore, the feasibility of implementing new indication-specific drug policies in the US remains
difficult compared to the EU, given the fragmented system of public and private health insurers,
pharmaceutical benefit managers mediating drug procurement, and the lack of federal health

technology assessments.>°

3.6.3 Limitations

There are several limitations inherent to this study. First, drug prices were extracted for Medi-
care and Medicaid patients — drug prices for other insurance systems may vary. Second, we
analyzed average sales prices, which do not capture confidential discounts and rebates negoti-
ated between manufacturers and insurers/health systems. Third, epidemiologic variables were

obtained for cancer entities and matched to each indication. However, within cancer entities
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prognosis, incidence/prevalence, and the number of available treatments differ by tumor histol-
ogy, biomarker, stage, and line of therapy. Fourth, although this study is unique in its breadth
of analyzed variables, further data characterizing an indication’s safety profile, patients’ quality
of life, or special regulatory approval pathways could help to explain variations in drug prices.
To include these data points, future studies could therefore employ the European Society for
Medical Oncology — Magnitude of Clinical Benefit Scale (ESMO-MCBS), American Society
of Clinical Oncology — Value Framework (ASCO-VF), or National Comprehensive Cancer
Network (NCCN) Evidence Blocks to assess cancer drugs’ clinical benefit and price across
indications. Fifth, efficacy and clinical trial evidence were collected from data disclosed on
FDA labels at the time of approval. Therefore, our analysis is biased to only successful FDA
reviews which may overestimate a drug’s efficacy. Moreover, clinical trial evidence reported

after FDA approval with longer follow-up periods could offer more precise efficacy measures.

3.7 Conclusion

This study finds that new cancer drugs are not affordable to US patients, with 95% of drugs
costing more than $10,000 per month and patients’ with a median household income of $5,899
have to cover 20-30% of these prices OOP. Drug prices are (at best) only poorly aligned with
the survival benefit they offer. Drug prices are significantly aligned with the unmet medical
needs they fill and the biotechnological innovation they achieve. US policymakers should ex-
plore value-based pricing and coverage policies with evidence development to incentivize the

development of drugs that prove to increase patient survival in RCTs.

Although the majority of drugs are approved for multiple indications, US prices are pre-domi-
nantly set based on the original indication’s characteristics. Thereby the value of supplemental
indications is omitted. Policy reforms are necessary to reflect a drug’s clinical benefit, innova-

tiveness, and unmet needs across all approved indications. The authors, therefore, recommend
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US decision-makers explore the adoption of indication-specific pricing, coverage, and reim-

bursement policies.
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4 Launch and post-launch prices of injectable cancer drugs in the US

Summary: This longitudinal study identifies and quantifies factors associated with launch

prices and post-launch price changes of injectable cancer drugs in the United States.
4.1 Abstract
Background: Rising cancer drug prices adversely affect patients’ adherence and survival.

Objective: To identify and quantify factors associated with launch prices and post-launch price

changes of injectable cancer drugs in the US from 2005 to 2023.

Data and methods: All anti-cancer drugs with FDA approval between 2000 and 2022 were
identified in the Drugs@FDA database. The sample was then restricted to cancer drugs covered
under Medicare Part B (injectable drugs). Data characterizing each drug’s clinical benefits, dis-
ease epidemiology, approved indications, competition, and price were obtained from FDA la-
bels, the Global Burden of Disease study, and the CMS. The association between launch/post-

launch prices and collected variables was assessed in random-effects regressions.

Results: Of 170 cancer drugs with FDA approval between 2000 and 2022, we identified 66
(39%) injectable cancer drugs with available quarterly price data from 2005 to 2023. In 2023,
mean prices amounted to $27,688 per month with an average price increase of 94% from 2005
to 2023. Launch and post-launch price changes were significantly associated with the treated
disease epidemiology. A 1% decline in disease incidence was associated with a 0.2511%
(p=0.008) increase in launch prices and a 0.0086% (p=0.032) annual increase in post-launch
prices, respectively. Accordingly, launch prices were 120% (p=0.051) higher for orphan than
non-orphan drugs, with 3% (p=0.008) greater annual post-launch price increases. Post-launch
prices declined by up to -2% annually as new supplemental indications were approved for the

same drug. We found no consistent association between launch/post-launch prices and drugs’
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clinical benefit in terms of OS, PFS, and tumor response. The market entry of new competitors
was not associated with price reductions. 28 of 33 drug pairs within the same class had positive
correlation coefficients. Pearson correlation coefficients were high (>0.80) for PD-1/PD-L1 in-

hibitors, CD38 antibodies, CD20 antibodies, HER2 antibodies, and mTOR inhibitors.

Conclusions: Cancer drug prices regularly increase faster than inflation. However, there is no
evidence that launch prices and post-launch price changes are aligned with the clinical benefit
a drug offers to patients. In particular, patients with rare diseases experienced greater price
increases for their orphan drugs. There is no evidence that brand-brand competition results in

drug price reductions.
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4.2 Key Points

e From 2005 to 2023, US injectable cancer drug prices increased faster than inflation.

e Launch prices and post-launch price increases are not aligned with the clinical benefit
a drug offers to patients.

e In particular, great price increases were observed for orphan drugs.

e There is no evidence that brand-brand competition results in drug price reductions.
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4.3 Introduction

From 2020 to 2021, US launch prices for half of all new medicines approved by the FDA ex-
ceeded $150,000 per year.? In particular, high prices were observed for oncology drugs, with
95% of new anti-cancer drugs in the US priced beyond $100,000 per year in 2023.7* For cancer
patients in the US, who typically bear 20-30% of treatment costs OOP, these high prices are a
major cause of financial distress and financial toxicity.’® High drug prices contribute to cata-
strophic healthcare expenditure, which ultimately leads to personal bankruptcy.®® Particularly
cancer patients are at 2.7-times greater risk of personal bankruptcy than non-cancer patients in
the US.!" This financial toxicity results in non-adherence to recommended treatment regi-

mens!*® and, therefore, higher mortality rates.4

High prescription drug prices are not only caused by high launch prices. Contributing to the
economic burden of prescription drug costs are post-launch price changes. Price changes ex-
ceeding inflation were identified as a major contributor to rising treatment costs and patients’
OOP, particularly for cancer drugs in the US.*120150 For instance, the annual price for the TKI
imatinib, a scientific breakthrough for patients with chronic myeloid leukemia, more than tri-
pled in price from $30,000 to $92,000 in merely 10 years.'® This price increase occurred despite
the introduction of new second-generation TKIs, such as dasatinib and nilotinib. Although these
competitors are similar in their mechanism of action and treat similar diseases, they were com-

mercialized for launch prices beyond $110,000 per year.

Previous studies analyzed the association between launch prices and R&D costs, competition,
drug safety and efficacy, disease incidence and burden, and special FDA review proce-
dures.?274110112-118.123-125 £y rther studies investigated the correlation between post-launch price
changes and new competitors, new indication approvals, new off-label uses, and safety and
efficacy measures,>"110.119.120.122. 151155 Hoywever, these studies are limited in their sample size,

analyzed time horizon, and statistical analysis. Therefore, in this longitudinal study, we identify
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and quantify factors associated with launch prices and post-launch price changes of injectable
cancer drugs. We evaluate the association between launch/post-launch prices and time-depend-
ent and time-independent variables, characterizing each drug’s innovativeness, efficacy, dis-

ease epidemiology, and competition.

4.4 Data and methods

4.4.1 Sample identification

We identified all new drugs that received FDA approval between 1st January 2000 and 1st
January 2022. The sample was then restricted to include only anti-cancer medicines, excluding
those for supportive cancer care, diagnostic agents, and anti-emetics. For these anti-cancer
drugs, we identified all original and supplemental anti-cancer indication approvals until 1st
January 2022. In our analyses, we only included drugs covered under Medicare Part B given
that no longitudinal price data are available for drugs covered under Medicare Part D from the
CMS. In general, Medicare Part B covers injectable cancer drugs (typically drugs that are ad-
ministered at a hospital or doctor’s office), whilst Medicare Part D covers oral cancer drugs
(typically self-administered drugs). Certain drugs with multiple routes of administration are

covered by Medicare Part B and D, for example, everolimus.

4.4.2 Data collection

For all identified cancer agents, we collected price data and information characterizing each

drug’s characteristics, disease epidemiology, and market dynamics (Table 17).
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Variable Type Tlmg- Definition Source Link
Varying
. Monthly treatment costs for the average patient in- Centers for Medicare and https://V\_/WW.cms.qov/med|care/med|care-fee-
Drug prices Interval  Yes . o . for-service-part-b-drugs/mcrpartbdrugavg-
sured under Medicare Medicaid Services (CMS) -
salesprice
Clinical benefit:
Overall survival (HRs) Interval  No Sg::;zllir?l:?r\g\'lrasl benefit in terms of hazard ratios re- FDA documents https://www.accessdata.fda.gov/
_Overall survival (median Interval  No Median overall survwal benefit between treatment FDA documents https://www.accessdata.fda.qov/
improvement) and control arm in RCTs At et L LU
Progression-free  survival Interval No Prqgressmn-fre_e survival benefit in terms of hazard FDA documents httos://www.accessdata.fda.qov/
(HRs) ratios reported in RCTs Dllps e accessdala.lda.go
Proglfess_lon-free survival Interval No Median progression-free §urV|vaI benefit between FDA documents https://www.accessdata.fda.qov/
(median improvement) treatment and control arm in RCTs At et L LU
Tumor response (RRS) Interval No Tumor response benefitin terms of relative risk rate FDA documents https://www.accessdata.fda.gov/
reported in RCTs
Duration of response (me- Interval No Median tumor response benefit between treatment FDA documents https://www.accessdata.fda.qov/
dian improvement) and control arm in RCTs At et L LU
Innovativeness Binary No O r]extjln-class WHO ATC code https://www.whocc.no/atc_ddd_index/
1: first-in-class
Molecule Type Binary No 2 z{rlla(;lrl-amolecule DrugBank https:/go.drugbank.com/
Biomarker Binary No O no companion biomarker FDA documents https://www.accessdata.fda.gov/
1: companion biomarker
. . ) No 0: Non-orphan FDA Orphan Drug Designa- https://www.ac-
Orphan designation Binary 1: Orphan tions and Approvals database cessdata.fda.gov/scripts/opdlisting/oopd/
. No 0: Standard Approval FDA Accelerated Approvals https://www.fda.gov/drugs/nda-and-bla-
Accelerated approval Binary . .
1: Accelerated Approval List approvals/accelerated-approvals
Fast track status Binary No O Not Fast Track F_DA Fast Track Approvals https://www.fda.gov/drugs/nda-and-bla-
1: Fast Track List approvals/fast-track-approvals
L . . No 0: Standard Review FDA Priority Review Approv-  https://www.fda.gov/drugs/nda-and-bla-
Priority review Binary 1: Priority Review als List approvals/priority-nda-and-bla-approvals
b . No 0: Not Breakthrough Therapy Designation FDA Breakthrough Therapy https://www.ac-
Breakthrough therapy Binary 1: Breakthrough Therapy Designation Designation Approvals List cessdata.fda.gov/scripts/cder/daf/
. i No Disease incidence rate per 100,000 US inhabitants Global Burden of Disease .
Disease incidence Interval in 2019 study, 2019 https://www.healthdata.org/gbd
DALYs Interval  No DALYs per person for the US population in 2019 SGtIuo(;);IZOBngden of Disease https://www.healthdata.org/gbd
New supplemental indica- Interval  Yes Number of new supplemental indications with FDA FDA documents httos://www.accessdata.fda.qov/
tions approval for each drug Al deessduld L govt
Number of new competitors defined as new anti-
New competitors (broad) Interval  Yes cancer indications with FDA approval for the same FDA documents https://www.accessdata.fda.gov/
disease
Number of new competitors defined as new anti-
New competitors (narrow) Interval  Yes cancer indications with FDA approval for the same FDA documents https://www.accessdata.fda.gov/

disease in the same line of therapy for the same
treatment setting with the same biomarker

Table 17: Variable definition and data sources

@ The category other includes biologics, antibody-drug conjugates, enzymes, cell therapies, gene therapies, and
radionuclides.
® Only cancer drugs with FDA approval after 2012 were included to compare breakthrough and non-breakthrough
therapy drugs.

Abbreviations: ATC, Anatomical Therapeutic Chemical; DALYS, disability-adjusted life years; FDA, US Food
and Drug Administration; WHO, World Health Organization.

Drug characteristics

First, we characterized each drug’s innovativeness. Two reviewers assessed the novelty of the
underlying drug target based on the WHO’s ATC code. Drugs with novel targets were consid-
ered first-in-class, whereas those with known targets were considered next-in-class. Second, the
University of Alabama’s drug database — “Drug Bank” — was accessed to determine each drug’s
product type. Drugs were categorized as small molecules and others, which entail biological
agents, antibody-drug conjugates, gene therapies, cell therapies, enzymes, and radionuclides.
Third, we obtained information on the approval of companion biomarkers from FDA labels.

Finally, we obtained data from FDA websites to determine if special FDA designations were
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associated with each drug, e.g. orphan designation, accelerated approval, fast track, priority

review, and BTD.

Clinical benefit

The clinical benefit of new cancer drugs was measured by their benefit in OS, PFS, and tumor
response rates. We accessed FDA labels and clinicaltrials.gov to collect data on OS and PFS
hazard ratios and tumor response rates from RCTs. Furthermore, we extracted median improve-
ments in OS, PFS, and duration of response. The absolute median improvement in OS/PFS was
calculated as the difference between median OS/PFS in the treatment relative to the control
arm. The percentage improvement in OS/PFS was then calculated as the quotient of the absolute
median OS/PFS improvement relative to the absolute median OS/PFS in the control arm. Alt-
hough multiple analyses evaluated the association between new drugs’ clinical benefit and
launch prices,?>4112-118 evidence scrutinizing the association between new drugs’ clinical ben-
efit and post-launch price changes remains scarce.'?® Most European countries introduced reg-
ulations to limit drug price increases exceeding inflation and even reduce drug prices to control
expenditure on new drugs. For instance, drug price increases are re-evaluated in Switzerland
every 3 years, controlled by the government in England, and re-evaluated for drugs with new
indications in Germany and France.3®%° Given that over the study period, there was no value-
based pricing policy in the US that regulates launch prices and post-launch price changes, we
hypothesize that there is no association between launch/post-launch prices and drugs’ clinical

benefit.

Disease epidemiology

We obtained epidemiologic data for the US population in 2019 from the Global Burden of
Disease study to describe the disease treated by each drug.'?® First, we collected disease inci-

dence rates (per 100,000 US inhabitants) as a measure of disease rarity. Second, we collected
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DALYs per person as a measure of disease burden. DALY are calculated as the sum of YLD
and YLL. Therefore, DALYs not only capture the forgone lifetime but also the reduced quality
of life that is caused by diseases. The disease-specific epidemiologic data were matched to each

drug according to the treated disease specified in FDA labels.

Market dynamics

Market dynamics were captured in two variables. We tracked the FDA approval of new sup-
plemental indications for each drug. Given that these supplemental indications are often for
non-orphan diseases supported by robust clinical trials with a relatively low clinical benefit
(“low-value indications”), we expect drug prices to decline following the introduction of new

indications for the same drug.3340:7

We then monitored the number of new competitors entering the market for each drug. We used
two alternative measures of new competitors. First, we counted the number of new cancer drug
indications receiving FDA approval within the same disease during each quarter. This repre-
sents a broad measure of competition in the market of anti-cancer drugs (variable: new compet-
itors (broad)). Second, we counted the number of new anti-cancer drug indications receiving
FDA approval within the same disease in the same line of therapy for the same treatment setting
with the same biomarker during each quarter. This represents a narrow measure of competition
in the market of anti-cancer drugs (variable: new competitors (narrow)). The narrow measure
of competition might be more reflective of the underlying market dynamics in the cancer drug
market, given that each drug and indication often fills a distinct therapeutic niche that is defined
by the therapeutic setting (neoadjuvant vs. adjuvant vs. metastatic), line of therapy (first-line
vs. second-line vs. advanced-line), and biomarker profile (for example differentiated by driver

mutations for non-small cell lung cancer: KRAS vs. EGFR vs. ALK vs. BRAF vs. MET vs.
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ROS1 vs. HER2 (ERBB2) vs. NTRK). For both measures of competition, we included the mar-
ket entry of all new drug indications with FDA approval regardless of insurance states, e.g. we

included drug indications covered under Part B and D.
Drug prices

Drug prices were calculated according to a methodology that has been described in prior arti-
cles.’4116.119131 First we accessed the CMS’ quarterly average sales price (ASP) data files to
obtain drug pricing data from 2005 to 2023. For each drug, we then calculated monthly treat-
ment costs based on the dosing regimen defined in FDA labels for the average US patient with
a body weight of 70 kg and a body surface area of 1.7 m2.74115-117.131 Ag 3 result, these treatment
costs only include the drug price and do not consider any additional charges for doctor’s fees,
delivery expenses, administrative fees, or supportive care that may be necessary for the treat-

ment of cancer patients.
4.4.3 Statistical analysis

We used descriptive statistics to describe the sample’s baseline characteristics. Then, we con-
ducted random-effects regression models to evaluate the association between post-launch price
changes and collected variables. Random-effects effects regressions were performed to exam-
ine the association between time-varying and time-invariant variables on drug prices. The use
of random-effects rather than fixed-effects models was confirmed by performing the Hausman
test (y>=12.47, p=0.0861) and the Lagrange Multiplier test ()?:42,858.22, p<0.001). All mod-
els account for drug-level clustered standard errors to adjust for heteroscedasticity and autocor-
relation. Drug prices, disease incidence, and disease prevalence were transformed with the nat-

ural logarithm to account for their skewed distribution.

For all models, the dependent variable (y,4;) is the inflation-adjusted log-price for each drug

(d). First, we evaluated the association between each independent variable and launch prices as
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well as post-launch drug price changes in a series of separate univariate regression analyses. In
these models, each independent time-invariant variable (x,;) was included alongside an interac-
tion term between the time-invariant variable and the time since launch (q4;) (Equation 1). We
defined drug launch as the first time a drug’s price was listed in CMS files. Coefficients of the
independent variable () can be interpreted as the association between the independent varia-
ble of interest and launch prices. The coefficient of the interaction term (34,) can be interpreted
as the association between the independent variable of interest and post-launch price changes.
Product type, innovativeness, companion biomarkers, special FDA designations, disease inci-
dence, and DALY s per person were included as time-independent variables. Across all models,

v, represents the drug-specific error and &, represents the idiosyncratic error.

Yar = @ + qatPo + XaP1 + QacXaPq1 + Va + €at
Equation 1

Among models with time-varying variables, the variable of interest (x;;) was the only inde-
pendent variable and its coefficient can be interpreted as the post-launch price change (Equation
2). The number of new competitors and new supplemental indications were included as time-

varying variables.

Yar = @ + qacBo + XatP1 + Va + €ar _
Equation 2

Thereafter, a multivariate regression model was conducted (Equation 3). Special FDA designa-

tions, except for the orphan designation were excluded, as they are often granted concurrently.

I ]
Yar = @ + qatfo + Z(xdiﬁi + qatixaiBqi) + Z(xatjﬁj) +vg + €gt
i=1 Jj=1
Equation 3

Sensitivity analysis was conducted using two-step fixed-effects mondels rather than random-
effects regression models. First, we constructed a fixed-effects panel regression including all

time-varying variables. Based on this model we predicted log-prices at launch. Thereafter, an
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OLS regression including all time-invariant variables on predicted log-prices at launch was

performed.

Coherent with previous studies, we examined the cancer drug market within drug classes based
on the correlation of prices.'>11°3-1% The relationship between 9 drug classes with a total of 25
injectable cancer agents was analyzed and visualized using a Pearson correlation matrix. Stigler
& Sherwin (1985) suggest that price movements between two products can be used to define
the extent of a market.®" A positive correlation coefficient close to 1 indicates that two products
are competing in the same market, whereas a low correlation coefficient suggests that the two
products are competing in separate markets.!*® We tested for causality between each drug pair’s

logarithmic first difference of prices using the Granger causality test.!>®

Data were stored in Microsoft Excel (Microsoft Corp) and analyzed with Stata software, version
14.2 (StataCorp LLC). Two-tailed p-values below 0.05 were considered significant. This study
followed the Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) reporting guidelines where applicable.!33

45 Results

45.1 Sample overview

We identified a total of 720 new drugs that received FDA approval between 2000 and 2022.
Among these, we identified 170 anti-cancer agents with FDA approval for a total of 455 indi-
cations. 104 of these drugs were covered under Medicare Part D and, therefore, excluded from
our analysis. The final sample consists of 66 cancer drugs with quarterly price data from 2005

to 2023 (Figure 28).
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720 Drugs identified with FDA approval
between 15t Jan, 2000 and 15t Jan, 2022
577 New Drug Applications
143 Biologics License Applications

Identification

556 Drugs excluded
532 Non-oncology drugs
24 Oncology drugs
11 Diagnostic agents
6 Anti-cancer CAR T-cell therapies with 5 Antiemetic drugs
FDA approval included 8 Other supportive care drugs

170 Anti-cancer drugs screened for
original and supplemental indications with
FDA approval until 15t Jan, 2022

Screening

9 Non-oncology indications excluded

170 Drugs with FDA approval for 455
anti-cancer indications assessed for
eligible Medicare coverage scheme

Eligibility

104 Drugs covered under Medicare Part
D without quarterly price data from 2005
to 2023 excluded

Included

66 Drugs covered under Medicare Part B
with quarterly price data from 2005 to
2023 included in the analysis

Figure 28: Flow chart of FDA-approved injectable cancer drugs included in the analysis, 2000-
2023

Abbreviations: CAR, chimeric antigen receptor; FDA, US Food and Drug Administration.

For these 66 drugs, mean prices amounted to $27,688 per month in 2023. Higher prices were
observed for on-patent than generic drugs (mean: $33,988 vs. $7,529, Student’s t-test p=0.008).
Figure 29 illustrates the post-launch price trajectory of cancer drugs in our sample. For on-
patent drugs, prices increased by an average of 94% from 2005 to 2023. For drugs that lost their

exclusivity, prices declined by an average of -94% (Figure 30).
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Figure 29: Prices of injectable cancer drugs from 2005 to 2023

Notes: The graph shows individual and median prices for injectable cancer drugs (covered under Medicare Part
B) from 2005 and 2023. Prices were calculated for the average patient’s monthly treatment cost for the first indi-
cation with FDA approval. The median monthly drug price amounted to USD 2,809 in 2005 and rose to USD
14,950 in 2023. We only included on-patent periods, whilst excluding periods after patent expiry. The outlier

triptorelin pamoate was excluded for visualization. All prices are presented in US dollars.

Abbreviations: FDA, US Food and Drug Administration.
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Figure 30: Post-launch price changes for injectable cancer drugs, 2005-2023

Notes: The graph shows the mean price development of cancer drugs since 2005 stratified by patent status. The
price development was calculated as an index with a baseline of 100 in the first quarter of 2005, which changes
each quarter according to the mean change in drug prices over the next quarter. The price development is illustrated
for all drugs (blue), on-patent drugs (orange), and off-patent drugs with an available generic or biosimilar (green).

Abbreviations: CPI, consumer inflation index; FDA, US Food and Drug Administration.

Out of the 66 included drugs, 42% were first-in-class agents and 41% were small molecules
(Table 18). There were 12 drugs (18%) that were approved with a companion biomarker. Can-
cer drugs frequently received the orphan designation (62%), accelerated approval (50%), fast
track (44%), priority review (80%), and BTD (63%). Median disease incidence per 100,000 US
inhabitants was 8.3 (IQR: 3.2 to 69.3) and median DALY's per person were 7.7 (IQR: 5.5 to
12.9). A median of 1 (IQR: 0 to 3) supplemental indication was approved by the FDA for each
drug. On a broad level, a median of 14 (IQR: 6 to 23) new competitors entered the market and
on a narrow level a median of 3 (IQR: 1 to 6) new competitors entered the market during the

study period.
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No. (%)

Clinical benefit

OS (HRs), median (IQR) 0.76 (0.68-0.9)

OS (median improvement), median (IQR) 2.2 (1.5-3.7)

OS (% improvement), median (IQR) 24  (10-30)

PFS (HRs), median (IQR) 0.64 (0.48-0.7)

PFS (median improvement), median (IQR) 2.4 (1.4-4.3)

PFS (% improvement), median (IQR) 62 (40-110)

Tumor response (RRS) 2.37 (1.37-5.78)
Innovativeness

Next-in-class 38  (57.6%)

First-in-class 28  (42.4%)
Molecule Type

Small-molecule 27  (40.9%)

Other @ 39  (59.1%)
Biomarker

No 54  (81.8%)

Yes 12 (18.2%)
Orphan designation

No 25  (37.9%)

Yes 41  (62.1%)
Accelerated approval

No 33 (50.0%)

Yes 33 (50.0%)
Fast track status

No 37 (56.1%)

Yes 29  (43.9%)
Priority review

No 13 (19.7%)

Yes 53  (80.3%)
Breakthrough therapy ®

No 13 (37.1%)

Yes 22 (62.9%)
Disease incidence, median (IQR) © 8.3 (3.2-69.3)
DALYSs per person, median (IQR) 7.7 (5.5-12.9)
New supplemental indications, median (IQR) ¢ 1 (0-3)
New competitors (broad), median (IQR) ¢ 14 (6-23)
New competitors (narrow), median (IQR) ¢ 3 (1-6)
Total 66  100.0%

Table 18: Sample overview

@ The category other includes biologics, antibody-drug conjugates, enzymes, cell therapies, gene therapies, and
radionuclides.

® Only cancer drugs with FDA approval after 2012 were included to compare breakthrough and non-breakthrough
therapy drugs.

¢ Disease incidence rate per 100,000 US inhabitants.

4 New supplemental indications and competitors were tracked until 2022.

Abbreviations: DALY s, disability-adjusted life years; FDA, US Food and Drug Administration; HR, hazard ratio;
IQR, interquartile range; OS, overall survival; PFS, progression-free survival; RR, relative risk.
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4.5.2 Univariate regression analysis

Results of the univariate regression analyses are exhibited in Table 19. OS hazard ratios were
not significantly correlated to launch prices (3=1.12, p=0.441) or post-launch price changes
(%=-0.0097, p=0.651). Accordingly, there was no meaningful association between PFS HRs,

and launch (R=0.11, p=0.945) or post-launch prices (3=0.0071, p=0.729).

In the univariate random-effects models, there was a non-significant trend that launch / post-
launch prices are 50% (p=0.220) / 2% per year (p=0.183) higher for first-in-class and 55%
(p=0.191) / 2% (p=0.283) higher for biologic agents. There was no relevant association between
launch / post-launch prices and a drug’s biomarker status. The price elasticity between launch
prices and disease incidence was -0.26 (p=0.006) and between annual post-launch price changes
and disease incidence -0.0065 (p=0.028). Accordingly, 73% (p=0.108) higher launch prices and
2% (p=0.037) higher price increases per year post-launch were observed for orphan than non-
orphan drugs. The approval of new supplemental indications (3=-0.0082, p=0.097) and the mar-
ket entry of new competitors were only marginally and non-significantly associated with post-

launch price changes (13=-0.0064, p=0.076).
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Univariate analyses

R [95% CI] P
Clinical Benefit
OS (HRs)
OS (HRs) 1.1207 [-1.7291to0 3.9706] 0.441
A Time since launch X OS (HRs) -0.0097 [-0.0517 to 0.0323] 0.651
OS (median improvement)
OS (median improvement) -0.0448 [-0.1383t0 0.0487] 0.348

A Time since launch X OS (median improvement)  0.0001 [-0.0031 to 0.0033] 0.935
OS (% improvement)

OS (% improvement) -0.0704 [-0.7945 to 0.6538] 0.849

A Time since launch X OS (% improvement) 0.0072 [-0.0296 to 0.0440] 0.701
PFS (HRs)

PFS (HRs) 0.1127 [-3.0821t0 3.3075] 0.945

A Time since launch X PFS (HRs) 0.0071 [-0.03321t0 0.0475] 0.729
PFS (median improvement)

PFS (median improvement) 0.0545 [-0.0697 t0 0.1787] 0.390

A Time since launch X PFS (median improvement) -0.0015 [-0.0026 to -0.0004] 0.006
PFS (% improvement)

PFS (% improvement) 0.2214 [-0.5773to 1.0200] 0.587

A Time since launch X PFS (% improvement) -0.0068 [-0.0167 to 0.0032] 0.182
Tumor response (RRs)

Tumor response (RRs) -0.0234 [-0.0481t0 0.0013] 0.063

A Time since launch X Tumor response (RRs) 0.0003 [0.0000 to 0.0005] 0.023

Drug Characteristics
Innovativeness

First-in-Class 0.4058 [-0.2432 10 1.0548] 0.220

A Time since launch X First-in-Class 0.0196 [-0.0092 to 0.0483] 0.183
Product Type

Biologic 0.4396 [-0.2186 to 1.0979] 0.191

A Time since launch X Biologic 0.0171 [-0.01411t0 0.0482] 0.283
Biomarker Status

Biomarker 0.0199 [-0.907 t0 0.9468] 0.966

A Time since launch X Biomarker 0.0017 [-0.034t00.0375] 0.924

Disease Epidemiology
Disease Incidence @

Log(Disease Incidence) -0.2608 [-0.4451 to -0.0765] 0.006

A Time since launch X Log(Disease Incidence) -0.0065 [-0.0124 to -0.0007] 0.028
Disease Burden

DALYs per Person 0.0640 [0.0059 to 0.1221] 0.031

A Time since launch X DALY per Person 0.0016 [-0.0003 to 0.0035] 0.094

Special FDA Designations
Orphan Designation

Orphan Designation 0.5492 [-0.12131t0 1.2197] 0.108

A Time since launch X Orphan Designation 0.0240 [0.0014 to 0.0465] 0.037
Fast Track

Fast Track -0.3499 [-0.9393t0 0.2395] 0.245

A Time since launch X Fast Track -0.0226 [-0.0476 to 0.0024] 0.077
Accelerated Approval

Accelerated Approval 0.1817 [-0.44721t0 0.8106] 0.571

A Time since launch X Accelerated Approval 0.0244 [-0.0025 to 0.0512] 0.075
Priority Review

Priority Review 0.4409 [-0.4970to 1.3788] 0.357

A Time since launch X Priority Review -0.0148 [-0.0521 to 0.0225] 0.436
Breakthrough Therapy °

Breakthrough Therapy 0.4189 [-0.1635to0 1.0013] 0.159

A Time since launch X Breakthrough Therapy -0.0083 [-0.0171to 0.0004] 0.062
Market Dynamics ©
A New Supplemental Indications -0.0082 [-0.0180 to 0.0015] 0.097
A New Competitors (broad) -0.0064 [-0.0135to 0.0007] 0.076
A New Competitors (narrow) -0.0114 [-0.0249 to 0.0021] 0.099

Table 19: Univariate random-effects regression analyses of collected variables on prices for
FDA-approved injectable cancer drugs from 2005 to 2023

Notes: Each row represents a separate random-effects regression. Time-variant variables are marked with a A and
their coefficients can be interpreted as associations with drugs’ post-launch price changes. Coefficients of all other
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variables are time-invariant and can be interpreted as associations with drugs’ launch prices. All models were
adjusted for heteroskedastic standard errors.

2 The category other includes biologics, antibody-drug conjugates, enzymes, cell therapies, gene therapies, and
radionuclides. ® Only cancer drugs with FDA approval after 2012 were included to compare breakthrough and
non-breakthrough therapy drugs. ¢ Disease incidence rate per 100,000 US inhabitants. ¢ Only includes price data
until the fourth quarter of 2021, given that indication and competition data was not collected for 2022.

Abbreviations: DALY, disability-adjusted life years; FDA, US Food and Drug Administration; HR, hazard ratio;
OS, overall survival; PFS, progression-free survival; RR, relative risk.

4.5.3 Multivariate regression analysis

In the multivariate random-effects model, special FDA pathways (e.g. fast track, priority re-
view, accelerated approval, BTD) other than the orphan designation were excluded given that
these are often granted concurrently to medicines with substantial benefits in treating serious
conditions with significant unmet needs, e.g. orphan conditions.’”® We conducted three different
multivariate random-effects models (Table 20). The first model included all variables, the sec-
ond model excluded the orphan designation, and the third model excluded disease incidence
and DALY s per person, given that these three variables are collinear. The second model shows
that launch and post-launch price changes were negatively associated with disease incidence,
yet not disease burden. The elasticity between launch / post-launch price changes and disease
incidence was -0.25 (p=0.008) / -0.0086 (p=0.032), respectively. The third model highlights
that launch prices were 120% (p=0.051) higher for orphan than non-orphan drugs, with 3%

(p=0.008) greater annual post-launch price increases.
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Model 1 Model 2 Model 3

[ [95% CI] P [ [95% CI] P B [95% CI] P
Time invariant variables
First-in-class 0.0890  [-0.4655 to 0.6436] 0.753 0.0903  [-0.4685 to 0.6491] 0.751 0.2119 [-0.3614 to 0.7851] 0.469
Biologic 0.4951  [-0.1823t0 1.1725] 0.152 0.4794  [-0.2084 to 1.1673] 0.172 0.3171  [-0.3208 to 0.9550] 0.330
Biomarker 0.3190 [-1.0338t0 1.6718]  0.644 0.3320 [-0.9269t0 1.5910]  0.605 0.3708  [-0.9687to0 1.7102]  0.587
Orphan Designation -0.1120  [-0.9321t0 0.7082]  0.789 0.7870  [-0.0045t0 1.5784]  0.051
Log(disease incidence) * -0.2748  [-0.4700t0 -0.0797]  0.006 -0.2511 [-0.4357t0 -0.0666]  0.008
DALYSs per person 0.0291  [-0.0243 to 0.0825] 0.285 0.0288  [-0.0269 to 0.0845] 0.311
Time variant variables
A Time since launch -0.0105 [-0.0649to 0.0439]  0.704 0.0402  [0.0027 to 0.0777]  0.036 0.0001  [-0.0209to0 0.0210]  0.995
A Time since launch X First-in-class 0.0069  [-0.0115 to 0.0254] 0.462 0.0111  [-0.0085 to 0.0307] 0.268 0.0071  [-0.0092 to 0.0234] 0.391
A Time since launch X Biologic 0.0174  [-0.0037 to 0.0386] 0.106 0.0182  [-0.0040 to 0.0404] 0.108 0.0183  [-0.0049 to 0.0415] 0.123
A Time since launch X Biomarker 0.0017  [-0.0225t0 0.0258]  0.893 0.0032  [-0.0264t0 0.0328]  0.832 0.0020  [-0.0238t0 0.0277]  0.881
A Time since launch X Orphan Designation 0.0388  [0.0000to0 0.0776]  0.050 0.0301  [0.0079t0 0.0523]  0.008
A Time since launch X Log(disease incidence)  0.0029  [-0.0070to 0.0128]  0.566 -0.0086 [-0.0165to -0.0007]  0.032
A Time since launch X DALY per person 0.0000 [-0.0021to 0.0021]  0.988 -0.0004 [-0.0028t0 0.0019] 0.716
A New supplemental indications -0.0164 [-0.0317t0 -0.0012]  0.034 -0.0136  [-0.0290 to 0.0018]  0.083 -0.0158 [-0.0306 to -0.0010] ~ 0.037
A New competitors (broad) -0.0002  [-0.0077 to 0.0074]  0.964 0.0012  [-0.0073t0 0.0097]  0.789 0.0006  [-0.0075t0 0.0088]  0.876
Constant 4.6105 [3.3516 t0 5.8694]  <0.001 4.4835 [3.6062 to 5.3607]  <0.001 3.6663 [2.7965 to 4.5360]  <0.001
Observations 1733 1733 1744
R2 Within 47.6% 45.0% 47.5%
R? Between 21.4% 22.0% 12.5%
R2 Overall 13.1% 13.8% 9.0%

Table 20: Multivariate random-effects regression analyses of collected variables on prices for
FDA-approved injectable cancer drugs from 2005 to 2022

Notes: Three distinct models were constructed. Whilst Model 1 includes all variables, Model 2 excludes the orphan
designation status and Model 3 excludes disease incidence rates and DALY's per person, given their collinearity.

@ The category other includes biologics, antibody-drug conjugates, enzymes, cell therapies, gene therapies, and
radionuclides.
b Disease incidence rate per 100,000 US inhabitants.

Abbreviations: DALYS, disability-adjusted life years; FDA, US Food and Drug Administration.

In all three models, post-launch prices declined by up to -2% as the FDA approved new sup-
plemental indications for the same drug. Prices did not significantly decline as new competitors

for the same disease entered the market.

4.5.4 Sensitivity analysis

Results remain robust under sensitivity analysis. Regression coefficients and significance levels
were robust when using a two-step fixed-effects approach to evaluate the association between
collected variables and launch / post-launch price changes (Table 21). Furthermore, there was
also no association between post-launch price changes and the narrow measure of competition

(Table 22).
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A) Fixed-Effects Panel Regression

Model 1 Model 2 Model 3
[ [95% ClI] P B [95% ClI] P [ [95% ClI] P
Time variant variables
A Time since launch -0.0108 [-0.0663to 0.0447] 0.699 0.0401 [0.0019 to 0.0783] 0.040 0.0002 [-0.0212t0 0.0216]  0.987
A Time since launch X First-in-class 0.0069  [-0.0119t0 0.0258]  0.465 0.0111  [-0.0089t0 0.0311] 0.272 0.0072  [-0.0095to 0.0238]  0.392
A Time since launch X Biologic 0.0175  [-0.0041t0 0.0390] 0.110 0.0182  [-0.0044t0 0.0409] 0.112 0.0183  [-0.0054 to 0.0419]  0.127
A Time since launch X Biomarker 0.0015  [-0.0231to 0.0261] 0.902 0.0031 [-0.0271t0 0.0332]  0.839 0.0019 [-0.0244t0 0.0282]  0.885
A Time since launch X Orphan Designation 0.0389  [-0.0007 to 0.0785]  0.054 0.0300 [0.0074 t0 0.0527]  0.010
A Time since launch X Log(disease incidence) ~ 0.0030  [-0.0071t0 0.0131]  0.556 -0.0086 [-0.0166 to -0.0005]  0.037
A Time since launch X DALY’ per person 0.0000  [-0.0022to 0.0022]  0.995 -0.0004  [-0.0028t0 0.0020]  0.722
A New supplemental indications -0.0164 [-0.0320to -0.0009] 0.038 -0.0136  [-0.0293 to 0.0021]  0.089 -0.0157 [-0.0308to -0.0006] 0.042
A New competitors (broad) -0.0003  [-0.0080 to 0.0074]  0.935 0.0010 [-0.0077 to 0.0097]  0.814 0.0006 [-0.0077 to 0.0088]  0.890
Observations 1733 1733 1744
R2 Within 47.6% 45.0% 47.5%
R? Between 0.0% 0.5% 0.2%
R2 Overall 0.8% 1.9% 1.4%
B) OLS Regression at Launch
Model 1 Model 2 Model 3
B [95% ClI] P B [95% ClI] P B [95% ClI] P

Time invariant variables
First-in-class 0.0889 [-0.4952 to 0.6729] 0.761 0.0902 [-0.4865 to 0.6669] 0.755 0.2119 [-0.3782 to 0.8021] 0.475
Biologic 0.4959 [-0.2205 to 1.2124] 0.171 0.4803 [-0.2270 to 1.1877] 0.179 0.3175 [-0.3428 t0 0.9779] 0.340
Biomarker 0.3191 [-1.0666 to 1.7048] 0.646 0.3319 [-0.9337 to 1.5975] 0.601 0.3708 [-0.9563 to 1.6979] 0.578
Orphan Designation -0.1112 [-0.9394 to 0.7170] 0.789 0.7871 [-0.0006 to 1.5749] 0.050
Log(disease incidence) # -0.2746  [-0.480210-0.0690]  0.010 -0.2510  [-0.4467t0 -0.0553]  0.013
DALYS per person 0.0292 [-0.0259 to 0.0842] 0.293 0.0288 [-0.0273 to 0.0849] 0.308

Observations
R? Between

60
21.5%

60
21.4%

61
12.2%

Table 21: Multivariate fixed-effects regression analyses of collected variables on prices for
FDA-approved injectable cancer drugs from 2005 to 2022

Notes: First, we constructed a fixed-effects panel regression including all time-varying variables (A). Based on
this model we predicted log-prices at launch. Thereafter, we conducted an OLS regression including all time-
invariant variables on predicted log-prices at launch was performed (B). Three distinct models were constructed.
Whilst Model 1 includes all variables, Model 2 excludes the orphan designation status, and Model 3 excludes
disease incidence rates and DALY per person, given their collinearity. Coefficients of the time-invariant variables
can be interpreted as associations with drugs’ launch prices. Coefficients of the time-variant variables can be in-
terpreted as associations with drugs’ post-launch prices. All models were adjusted for heteroskedastic standard
errors. The time since launch was measured in years.

2 Disease incidence rate per 100,000 US inhabitants.

Abbreviations: DALYSs, disability-adjusted life years; FDA, US Food and Drug Administration; OLS, ordinary
least squares.

Model 1 Model 2 Model 3
B [95% CI] P [ [95% CI] P [ [95% Cl] P

Time invariant variables
First-in-class 0.0840  [-0.4702t0 0.6381] 0.767 0.0883  [-0.4694 t0 0.6459] 0.756 0.2097  [-0.3647t0 0.7841] 0.474
Biologic 0.5068 [-0.1629t0 1.1766] 0.138 0.4865 [-0.19081t0 1.1638]  0.159 0.3251 [-0.3075t0 0.9578] 0.314
Biomarker 0.3095 [-1.0382t0 1.6573]  0.653 0.3348  [-0.9169to 1.5864] 0.600 0.3717  [-0.9604 to 1.7037]  0.584
Orphan Designation -0.1159  [-0.927t0 0.6951]  0.779 0.7870  [-0.0072to0 1.5812]  0.052
Log(disease incidence) ® -0.2741 [-0.4671t0-0.081] 0.005 -0.2498 [-0.4361t0 -0.0635] 0.009
DALYS per person 0.0301  [-0.0234t0 0.0836] 0.270 0.0290  [-0.0268t0 0.0849]  0.308
Time variant variables
A Time since launch -0.0129  [-0.0646 to 0.0388]  0.625 0.0403  [0.0028't0 0.0778]  0.035 0.0019  [-0.0166 to 0.0204]  0.839
A Time since launch X First-in-class 0.0062 [-0.0122t0 0.0245]  0.510 0.0111  [-0.0083to 0.0306] 0.261 0.0070  [-0.0093t0 0.0232]  0.402
A Time since launch X Biologic 0.0179  [-0.0037 to 0.0394]  0.104 0.0181  [-0.0044to 0.0407] 0.115 0.0185 [-0.0051t0 0.0421] 0.124
A Time since launch X Biomarker 0.0013  [-0.0229t0 0.0255]  0.916 0.0030  [-0.0269t0 0.0328]  0.846 0.0018  [-0.024t0 0.0276]  0.890
A Time since launch X Orphan Designation 0.0409  [0.0029t0 0.0789]  0.035 0.0290  [0.0086 to 0.0494]  0.005
A Time since launch X Log(disease incidence) 0.0040  [-0.0056 to 0.0137]  0.413 -0.0083 [-0.0158to -0.0008] 0.029
A Time since launch X DALY's per person 0.0000  [-0.0021to 0.0021] 0.997 -0.0004  [-0.0028to 0.002]  0.726
A New supplemental indications -0.0169 [-0.0325t0 -0.0013] 0.033 -0.0134  [-0.0292 to 0.0024]  0.097 -0.0157 [-0.0305 to -0.0008] 0.039
A New competitors (broad) -0.0040 [-0.0179t0 0.0099] 0.571 0.0003  [-0.0132t0 0.0138] 0.961 -0.0015 [-0.0156 to 0.0126] 0.833
Constant 4.6085  [3.3607t0 5.8564]  <.001 4.4813  [3.6028 to 5.3598]  0.000 3.6703  [2.7929 to 4.5477]  0.000
Observations 1733 1733 1744
R2 Within 47.8% 45.0% 47.5%
R? Between 21.0% 21.7% 12.3%
R2 Overall 12.7% 13.6% 8.8%

Table 22: Multivariate random-effects regression analyses with the narrow measure of new

competitors

Notes: Three distinct model were constructed. Whilst Model 1 includes all variables, Model 2 excludes the orphan
designation status and Model 3 excludes disease incidence rates and DALY's per person, given their collinearity.

@ The category other includes biologics, antibody-drug conjugates, enzymes, cell therapies, gene therapies, and
radionuclides. ® Disease incidence rate per 100,000 US inhabitants.

Abbreviations: DALYS, disability-adjusted life years; FDA, US Food and Drug Administration.
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455 Pairwise Pearson correlation coefficients

Figure 31 shows pairwise Pearson correlation coefficients of inflation-adjusted prices for drugs
within a class. Price changes for PD-1/PD-L1 inhibitors were closely aligned with Pearson cor-
relation coefficients between 0.8 and 1.0 (only coefficients for dostarlimab, which was only
recently approved by the FDA, were lower). The Granger causality test suggests that for most
PD-1/PD-L1 inhibitor drug pairs’ prices (at least) univariate causality exists (Figure 32). Simi-
larly, coefficients were approaching 1.0, suggesting a very strong positive correlation between
prices of drugs within the same class, for CD20 antibodies (r=0.68 (no causality), 0.93 (bidi-
rectional causality), and 0.97 (unidirectional causality)), CD38 antibodies (r=0.91, no causal-
ity), HER2 antibodies (r=0.88, unidirectional causality), and mTOR inhibitors (r=0.98, bidirec-
tional causality). In contrast, correlation coefficients were negative for VEGFR antibodies (r=-
0.24, unidirectional causality), proteasome inhibitors (r=-0.83, no causality), and HDAC inhib-
itors (r=-0.31, no causality). For EGFR antibodies, we observed positive (r=0.20 to 0.72) and

negative (r=-0.45) correlation coefficients with mixed causality test results.

147



Economics of cancer drugs
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Figure 31: Pairwise Pearson correlation coefficients among injectable cancer drugs

Notes: This matrix presents pairwise correlation coefficients for 9 injectable cancer classes entailing 25 distinct
drugs. We included cancer drugs with FDA approval between 2000 and 2022. To accurately analyze the compet-
itive dynamics of the HER2 and CD20 antibodies, we further included rituximab and trastuzumab. We only in-
cluded price data for drugs before patent expiry.

Abbreviations: CAR, chimeric antigen receptor; CD20, cluster of differentiation 20; CD38, cluster of differentia-
tion 38; EGFR, epidermal growth factor receptor; FDA, US Food and Drug Administration; HDAC, histone
deacetylase; mTOR, mammalian target of rapamycin; NE, no estimates; VEGFR, vascular endothelial growth
factor receptor.
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Figure 32: Granger causality test for the first difference of log prices of injectable cancer drugs

Notes: This matrix presents p-values for the Granger causality test for the first difference of log prices of 9 inject-
able cancer classes entailing 25 distinct drugs. We included cancer drugs with FDA approval between 2000 and
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2022. We further included rituximab and trastuzumab to accurately analyze the competitive dynamics of the HER2
and CD20 antibodies. We only included price data for drugs before patent expiry. For each drug pair, bidirectional
causality was tested, resulting in two p-values.

Abbreviations: CAR, chimeric antigen receptor; CD20, cluster of differentiation 20; CD38, cluster of differentia-
tion 38; EGFR, epidermal growth factor receptor; FDA, US Food and Drug Administration; HDAC, histone
deacetylase; mTOR, mammalian target of rapamycin; NE, no estimates; VEGFR, vascular endothelial growth
factor receptor.

Figure 33 suggests that the number of overlapping FDA-approved indications was positively
associated with the measured correlation coefficient for each drug pair. For example, the CD38
antibodies daratumumab and isatuximab were both only approved to treat multiple myeloma
(100% overlapping indications). Their price correlation coefficient was 0.91. In contrast, the
price correlation coefficient was -0.45 for panitumumab and necitumumab, EGFR antibodies

that were separately approved for colorectal cancer and NSCLC, respectively (0% overlapping

indications).
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Figure 33: Scatterplot of pairwise correlation coefficients and the share of overlapping indica-
tions

Notes: The graph plots the share of overlapping indication against pairwise correlation coefficients for each drug
pair within a class. The share of overlapping FDA-approved indications was determined by the quotient of the
number of common indications and the number of total indications for each drug pair. PD-1/PD-L1 inhibitors were
excluded. Further, the drug pair “bortezomib-carfilzomib” was excluded given that carfilzomib, a second genera-
tion proteasome inhibitor, replaced bortezomib, a first generation proteasome inhibitor, for most multiple myeloma
patients.

Abbreviations: FDA, US Food and Drug Administration.
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4.6 Discussion

This longitudinal study analyzed factors associated with launch prices and post-launch price
changes of injectable cancer drugs in the US. Over the study period from 2005 to 2023, prices
for on-patent cancer drugs increased by an average of 94%. We found that launch prices were
non-significantly higher for innovative first-in-class drugs. Post-launch price changes were pos-
itively associated with the orphan designation and negatively associated with disease incidence
and the approval of new supplemental indications. We found no consistent association between
launch/post-launch prices and drugs’ clinical benefit. The market entry of new competitors was
not associated with price reductions. 28 of 33 drug pairs within the same class had positive

correlation coefficients.

4.6.1 Clinical benefit

We found that post-launch price changes were not significantly associated with new cancer
drugs’ clinical benefit in terms of OS, PFS, or tumor response benefit. Similarly, Vokinger et
al. could not identify any association between post-launch price changes and drugs’ clinical
benefit, as measured by the ASCO-VF and the ESMO-MCBS.% We observed a positive asso-
ciation between launch prices and drugs’ PFS, yet not OS and tumor response. This positive
association between launch prices could be explained by the orphan drugs’ greater PFS benefit
that is measured in non-robust clinical trials.”®®° These findings are coherent with prior studies
that could not confirm a consistent link between drugs’ benefits and launch prices.?>74112-118 |

summary, there is little evidence that launch and post-launch prices are aligned with the clinical

benefit a drug offers to patients in the US.

US policymakers could implement value-based pricing policies that regularly re-examine drug
prices following initial market entry to better align launch prices and post-launch price changes

with drugs' clinical benefits. Thereby new drug prices could better reflect each drug’s clinical

150



Launch and post-launch prices of injectable cancer drugs in the US

benefit as new evidence is generated. This is particularly relevant for cancer drugs.?® Most can-
cer drugs are initially approved based on small, non-robust, single-arm trials testing the new
drug for rare diseases in a heavily pre-treated patient population and reporting surrogate end-
points, e.g. PFS or tumor response.” Over time more robust post-approval trials are conducted
for the first-line setting evaluating clinical endpoints, e.g. OS. Evidence from European coun-

tries highlights that the resulting lower benefit is associated with price reductions.®

4.6.2 Cancer epidemiology

Greater post-launch price increases were observed for orphan drugs. Accordingly, post-launch
price changes were negatively associated with disease incidence. A 1% decline in disease inci-
dence was associated with a 0.2511% (p=0.008) increase in launch prices and a 0.0086% annual
increase in post-launch prices, respectively. These findings are coherent with previous studies
highlighting that sponsors of specialty drugs, in particular those for rare diseases, demand a
launch price premium and further increase prices at more than double the pace of non-orphan
drugs.”®123-125 Qrphan drugs often offer significant therapeutic advances for patients.’®1%
However, their high launch and rising post-launch prices pose a barrier for patients to access
these medicines.'*? Insured patients do not only have to pay their insurance premium but also
have to bear the insurance plans’ deductible and co-payment. Given that co-payments are cal-
culated as a percentage of a drug’s list price, rising post-launch list prices result in rising OOP
expenditure for patients. The Orphan Drug Act of 1983 effectively grants drugs for rare diseases
7 years of market exclusivity. Sponsors often use this monopoly position to raise prices,’® which
results in excess profits and returns for pharmaceutical firms.88! The recently introduced IRA
contains an OOP cost cap of $2,000 per year for Medicare Part D drugs. A similar provision
would be necessary to limit patients” OOP expenditures of Medicare Part B drugs, particularly

those with rare diseases.
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4.6.3 Competition

In our study, the market entry of new competitors for the same disease was not associated with
post-launch price declines. These findings are coherent with previous literature finding no or
weak evidence for price competition. Sarpatwari et al. systematically reviewed ten studies and
found little evidence and no evidence that launch and post-launch prices are affected by com-
petition, respectively.>” Howard et al. found launch prices for anti-cancer drugs to be negatively
associated with the number of competitors.!'° Bennette et al. analyzed the market for oral anti-
cancer drugs from 2007 to 2013 using pharmacy claims data and found that the market entrance
of new competitors resulted in a 2% price reduction.* In contrast, Gordon et al. did not observe
any change in anti-cancer post-launch prices as new competitors entered the market between
2005 and 2012. In conclusion, there is little to no evidence of brand-brand price competition in

the drug market.

Several factors could help to explain the special competitive dynamics in branded pharmaceu-
tical product markets. First, higher prices could signal greater safety and efficacy, e.g., high-
quality products. Acting as a Veblen good, highly-priced drugs could be viewed as superior and
thereby induce demand, especially when safety and efficacy data are not available or not acces-
sible (which is often the case for newly approved cancer drugs).6%2 Second, anti-cancer drugs
may often fill niche market segments within a disease. Given only a subset of biomarker-posi-
tive patients are eligible to receive targeted agents, from the pool of all available medicines for
a disease, only a few products can be perceived as close substitutes. Moreover, the market for
anti-cancer drugs is further convoluted by the use of drugs in different lines of therapy and a
complementary manner.* Next-in-class drugs may enter market segments for the advanced-

line but not first-line therapy within the same disease, and thereby do not affect the pricing of
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the first-in-class agent. Nonetheless, our narrow measure of competition, which adjusts for dis-
ease type, line of therapy, therapeutic setting, and biomarker profile, did not show any signifi-

cant price reductions following the entry of new competitors.

Prior studies inappropriately evaluated the competitive dynamics of the pharmaceutical market
based on a price correlation analysis.®115315 They assumed that drugs of the same class com-
pete within the same market. Although cancer drugs within the same class are typically not
approved for the same indications, authors assumed that high correlation coefficients (>0.80)
can be interpreted as a lack of within-class competition, given that drug pairs’ prices rise at the
same pace. However, correlation coefficients approaching 1 may also indicate competitive pres-
sure if drug pairs’ prices simultaneously decline. In economics, price correlations are used to
define and differentiate markets.?>"1%8163 A positive correlation indicates that two products
compete in the same market, whereas a low correlation suggests that they belong to two separate
markets. This study observed positive correlation coefficients beyond 0.80 for 25 of 33 evalu-
ated drug pairs (without PD-1/PD-L1 inhibitors: 6 of 12). Excluding PD-1/PD-L1 inhibitors,
we found the percentage of overlapping indications to be positively associated with drug pairs’
correlation coefficients. This result suggests that the drug’s class, which represents a biochem-
ical classification of a drug’s target, may not be the sole adequate measure to define the com-
petitive market for cancer drugs. Instead, a clinical, patient-centered approach for a cancer
drug’s competitive market should also entail its FDA-approved indications which legally define
the eligible patient population. In other words, physicians can only interchangeably prescribe
new drugs of the same class to cancer patients (and thereby create a competitive market envi-
ronment) if both drugs receive approval for the same diseases and line of therapy. Therefore,
future studies analyzing competition among cancer drugs must adequately define the competi-
tive market for each drug based on the eligible patient population, and employ appropriate eco-

nomic methodology to analyze competition.
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4.6.4 Supplemental indications

Results show a marginal reduction in prices (up to -2%) as new supplemental indications were
approved for the same drug. In contrast, Gordon et al. did not observe any association between
price changes and new supplemental indications or off-label uses,'!® whilst Bennette et al. found
a positive correlation between price changes and new supplemental indications.*> However,
Gordon et al.’s analysis is based on multivariate OLS models and limited to 24 injectable anti-
cancer drugs with price data from 2005 to 2017. In our analysis, we performed random-effects
panel regressions entailing price data from 66 drugs from 2005 to 2023. Further, Bennette et al.
examined the market for oral cancer drugs from 2007 to 2013, whilst we analyzed the market
for injectable cancer drugs. The dynamics for these two markets appear to differ. Furthermore,
the result that new supplemental indication approvals are associated with marginal price de-
clines was expected given that pharmaceutical companies were shown to first approve cancer
drugs for orphan indications and then extend FDA approval to non-orphan diseases with a
greater patient population for which the drug often offers a lower clinical benefit.384%73 Phar-
maceutical companies seem to account for the FDA label extension to more patients with a

lower benefit by marginally reducing drug prices.

4.6.5 Inflation Reduction Act of 2022

US Congress recently passed the IRA in 2022,1%* which contains three key elements to reduce
the financial burden of prescription drug prices for patients and the healthcare system. Regard-
ing drugs covered under Medicare Part B, there are two important IRA provisions. First, the
CMS is now, for the first time in US history, permitted to directly negotiate prices of the 10/20
top-grossing prescription drugs with manufacturers, beginning in 2026/2029.%° For Medicare
Part B drugs, these negotiations may start in 2028, excluding orphan drugs (with only a single
approved indication). Given the significantly higher prices of orphan than non-orphan drugs

that generate substantial revenues for pharmaceutical companies,*®’® top-grossing orphan drugs
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should be included in price negotiations. Second, the CMS sets discounts on post-launch drug
price increases exceeding inflation beginning in 2023. Although this provision will limit post-
launch net price increases for patients and insurers, pharmaceutical companies will likely con-
tinue to raise list prices as certain countries, e.g. Canada, South Korea, or Japan, include US
drug prices in their basket of countries to calculate their national price (external reference pric-
ing).1%® For these countries and for patients” OOP expneses, limiting the post-launch list, instead

of net, price increases in the US would be the more effective pharmaceutical policy.

4.6.6 Limitations

There are several limitations inherent to our analysis. First, we only assessed prices for drugs
covered under Medicare Part B. Medicare Part B covers only injectable drugs that are typically
administered at a hospital or doctor’s office. Therefore, our sample is restricted to 66 out of 170
drugs (39%) with FDA approval between 2000 and 2022. The distinction between injectable
(Part B) and oral (Part D) drugs is particularly important given that these two markets could be
subject to different pricing dynamics.* These different dynamics may be caused by separate
price regulations for Medicare Part B and D drugs. For Part B drugs, the Medicare payment
limit is defined as lesser of 106% of the ASP or 106% of the wholesale acquisition cost for the
drug. Whilst this provision effectively limits the reimbursement of Part B drugs, the reimburse-
ment and post-launch price changes for Part D drugs have remained largely unregulated until
the introduction of the IRA. Furthermore, our analysis of Pearson correlation coefficients is
also limited to Part B drugs. Future research should conduct a similar analysis with Part B and
D drug prices to fully capture the market dynamics of new competitors. Second, we analyzed
list prices for patients covered under Medicare. Net prices and net price changes may vary,
particularly for patients covered by private insurers whose plans may offer a distinct set of co-
payments, deductibles, and discounts. Third, our analysis was conducted before the IRA’s pro-

vision to limit price increases exceeding inflation became effective in 2023. This provision may
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distort the competitive dynamics of branded pharmaceutical products, thereby limiting the gen-
eralizability of our findings for the future. Fourth, the pairwise correlation analysis could be
subject to omitted variable bias and spurious correlation.'®® Furthermore, our analysis is limited
to price data. Price changes caused by differential changes in the number of units sold for a
drug pair could yield too-low correlation coefficients. Moreover, the price correlation analysis
does not capture drugs’ differential quality. Finally, given that our findings rely on cancer drug

prices, results, and policy implications should be confirmed for non-oncology drugs.

4.7 Conclusion

Using Medicare and Medicaid data, we observed substantial increases in the post-launch prices
of injectable cancer drugs from 2005 to 2023. Launch prices and post-launch price changes
were not aligned with the clinical benefit a drug offers to patients. Greater launch prices and
post-launch price changes were observed for orphan drugs, whilst the introduction of new sup-
plemental indications was associated with a -2% price reduction. We show that the competitive
market for each drug is defined by the eligible patient population (e.g. FDA-approved indica-
tions). In our analysis, the market entry of new competitors was not associated with price de-
clines. Similar to European countries, US policymakers should not only negotiate drug prices
at launch but also reassess their initial negotiations several years post-launch to limit the rising

cost of cancer drugs for health insurers and patients.
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5 Ultra-rare, rare, common, and non-orphan cancer drug indications

Summary: This cross-sectional study compares the FDA approval, clinical trial evidence, ef-
ficacy, epidemiology, and price of ultra-rare, rare, common, and non-orphan cancer drug indi-

cations.

5.1 Abstract

Objective: To analyze the FDA approval, trials, unmet needs, benefits, and pricing of ultra-
rare (<6,600 affected US inhabitants), rare (6,600-200,000 US inhabitants), common (>200,000

US inhabitants), and non-orphan cancer drug indications.

Design: Cross-sectional analysis.

Setting: Data from Drugs@FDA, FDA labels, Global Burden of Disease study, and Medicare

and Medicaid.

Population: 170 FDA-approved drugs across 455 cancer indications between 2000 and 2022.

Main outcome measures: Comparison of ultra-rare, rare, common, and non-orphan indications
regarding regulatory approval, trials, epidemiology, and price. HRs for OS and PFS survival

were meta-analyzed.

Results: 161 non-orphan and 294 orphan cancer drug indications were identified, of which 25
were approved for ultra-rare diseases, 205 for rare diseases, and 64 for common diseases. Drugs
for ultra-rare orphan indications were more frequently first-in-class (76% v 48% v 38% v 42%);
P<0.001), monotherapies (88% v 69% v 72% v 55%; P=0.001), for hematologic cancers (76%
Vv 66% v 0% v 0%; P<0.001), and supported by smaller trials (median 85 v 199 v 286 v 521
patients; P<0.001), of single arm (84% v 44% v 28% v 21%; P<0.001) phase 1/2 design (88%

v 45% v 45% v 27%; P<0.001) compared with rare, common, and non-orphan indications.
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Drugs for common orphan indications were more often biomarker-directed (69% v 26% v 12%;
P<0.001), first-line (77% v 39% v 20%; P<0.001), small molecules (80% v 62% v 48%;
P<0.001) benefiting from quicker time to first FDA approval (median 5.7 v 7.1 v 8.9 years;
P=0.02) than those for rare and ultra-rare orphan indications. Drugs for ultra-rare, rare, and
common orphan indications offered a significantly greater PFS benefit (HR: 0.53 v 0.51 v 0.49
v 0.64; P<0.001), but not OS benefit (HR: 0.50 v 0.73 v 0.71 v 0.74; P=0.06), than non-orphans.
In single-arm trials, tumor response rates were greater for drugs for ultra-rare orphan indications
than for rare, common, or non-orphan indications (ORR: 57% v 48% v 55% v 33%; P<0.001).
Disease incidence/prevalence, five-year survival, and the number of available treatments were
lower, whereas DALY per patient were higher, for ultra-rare orphan indications compared with
rare, common, and non-orphan indications. For 147 on-patent drugs with available data in 2023,
monthly prices were higher for ultra-rare orphan indications than for rare, common, and non-
orphan indications ($70 128 (£55971; €63 370) v $33 313 v $16 484 v $14 508; P<0.001). For
48 on-patent drugs with available longitudinal data from 2005 to 2023, prices increased by 94%

for drugs for orphan indications and 50% for drugs for non-orphan indications on average.

Conclusions: The ODA incentivizes drug development not only for rare diseases but also for
ultra-rare diseases and subsets of common diseases. These orphan indications fill significant
unmet needs, yet their approval is based on small, non-robust trials that could overestimate
efficacy outcomes. A distinct ultra-orphan designation with greater financial incentives could

encourage and expedite drug development for ultra-rare diseases.
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5.2 Summary box

What is already known on this topic:

The ODA of 1983 incentivizes drug development for serious conditions affecting
fewer than 200,000 US inhabitants.

Orphan drugs are often supported by small, single-arm, non-randomized trials measur-
ing surrogate rather than clinical endpoints.

Orphan drug prices are a leading contributor to growing healthcare expenditure in the
US, with unaffordable drugs’ financial toxicity adversely affecting adherence to treat-

ment.

What this study adds:

Orphan drugs fill significant unmet needs, but their approval is supported by small,
non-robust trials. For these orphan drugs manufacturers demand prices beyond

$30 000 per month.

The ODA incentivizes drug development not only for rare diseases but also for ultra-
rare diseases and subsets of common diseases.

Common orphan drugs benefit from all of the ODA’s incentives, although developing

and seeking approval for ultra-rare and rare orphan drugs is more complex.
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5.3 Introduction

The ODA, passed in 1983, aims to facilitate and financially incentivize the R&D of drugs for
rare diseases with fewer than 200,000 affected inhabitants.%® The ODA incentives include re-
search grants for conducting clinical trials, tax credits of 25%, exemption from FDA user fees,

and enhanced marketing exclusivity of up to seven years after regulatory approval.!%®

Celebrated as (potentially) the best healthcare legislation of the 20" century, the ODA encour-
aged the development of 6,144 drug indications, of which 1,035 received FDA approval since
1983 (Figure 34). However, voices calling for reform of the ODA to keep pace with the bio-

technological innovation and commercialization strategies of the 21% century are grow-

ing.125,167—171
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Figure 34: Orphan drug designations and approvals by the FDA from 1983 to 2021

Notes: The graph illustrates the total number of orphan designations granted and approved by the FDA since the
ODA was passed in 1983 until 2021. Data was obtained and analyzed as presented in the FDA’s Orphan Drug
Designations and Approvals database.

Abbreviations: FDA, US Food and Drug Administration; ODA, Orphan Drug Act.
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Advances in precision medicine enabled drug companies to develop targeted treatments for rare
diseases. With the rise of this personalized medicine, companies also began to “slice” common
diseases into multiple narrow indications. According to the FDA’s interpretation, “orphan sub-
set[s] of a non-rare disease” (21 U.S. Code 8§ Sec. 316.3 Definitions (b) (13)) are eligible to
receive the orphan designation.!’? The FDA has the power to grant the orphan designation not
only to drugs treating rare diseases with fewer than 200,000 affected US inhabitants but also to
drugs treating common diseases “for which there is no reasonable expectation that the cost of
developing and making available in the United States a drug for such disease or condition will
be recovered from sales in the United States of such drug” (21 U.S. Code § 360bb - Designation
of drugs for rare diseases or conditions (a) (2)).% However, biomarker-defined subsets of com-
mon diseases were especially identified as a misfit to the ODA’s intention.*” 1’117 These orphan
drugs for common diseases are criticized as benefiting from expedited development timelines
and swift expansion to non-orphan indications, resulting in considerable revenues for manufac-
turers,*”1”® while shifting the FDA’s and taxpayers’ resources away from truly rare or even

ultra-rare diseases.

A public debate surrounds the safety, efficacy, and affordability of orphan drugs. Orphan drugs
are frequently supported by small, non-randomized clinical trials assessing surrogate end-
points, 124174175 a5 competent investigators, sufficient funding, and the right patients for trials
of orphan drugs are lacking.}’® However, biased and small trials were found to overstate effi-
cacy outcomes and lead to unknown side effects at the time of FDA approval.t’"~1° Drug com-
panies pursue orphan drugs as “an economically viable strategy” (Meekings et al., 2012, p. 660)
with high profit margins and firm valuations resulting from governmental incentives, smaller

and shorter clinical trials, and higher success rates,3%81143180 byt insurers are often reluctant to
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reimburse highly priced orphan drugs with an uncertain efficacy.!8! Trapped between corpo-
rates’ financial interests, patients are too often denied access to promising, yet unaffordable,

new treatments.

The purpose of this study was to compare orphan and non-orphan cancer drug indications (orig-
inal and supplemental) regarding their FDA approval, trial evidence, unmet needs, and pricing.
We defined and compared subsets of common, rare, and ultra-rare orphan indications to refine

the ODA.

5.4 Data and methods

5.4.1 Sample identification

We accessed the Drugs@FDA database to identify all new drugs, including NDAs and BLAs,
with FDA approval between 1 January 2000 and 1 January 2022. Before 2000, the FDA label
structure was inconsistent with newer approvals. We then restricted the sample to include only
anticancer drugs, excluding non-oncology, supportive care, and diagnostic agents, but including
CAR T-cell therapies. For each drug, we accessed the Drugs@FDA database to identify all

original and supplemental anti-cancer indications approved until 1 January 2022.

We used the FDA’s orphan drug database to link the orphan designation status to each indica-
tion (Table 3). We stratified orphan indications according to the number of affected US inhab-
itants into common (>200,000), rare (6,600-200,000), or ultra-rare (<6,600). Coherent with
health technology assessment agencies in the UK (Scottish Medicines Consortium (SMC) and
National Institute for Health and Care Excellence (NICE)),'82183 we defined the threshold for

ultra-rare diseases based on a prevalence rate of 1 in 50,000 US inhabitants.
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5.4.2 Data collection

We accessed public data sources to collect information characterizing each drug indication’s

FDA approval, clinical trial evidence, cancer epidemiology, and price (Table 3).
FDA approval

We reviewed FDA labels for each anti-cancer indication to collect data on drug, indication, and
clinical trial characteristics. The first reviewer (D.T.M.) independently retrieved data from FDA
labels, which the second reviewer (T.M.) then cross-checked with data found on clinicaltri-
als.gov and associated peer-reviewed publications. Disagreements were resolved in consensus
or by consulting an experienced oncologist. Full details of the data extraction method have been
described elsewhere,”® adhering to peer-reviewed guidelines for evidence synthesis from FDA

documents, 103104

We categorized drugs by their number of indications (single-indication versus multi-indica-
tion), innovativeness (first-in-class versus not-first-in-class), mechanism of action (cytotoxic
chemotherapy versus targeted agents versus immune regulators), and product type (small mol-
ecule versus antibody versus antibody-drug conjugate versus other). For multi-indication drugs,
we classified FDA approvals as original and supplemental indications. We then categorized
indications by treatment regimen (monotherapy versus combination), cancer type (solid versus
hematologic), biomarker status, and line of therapy (first-line versus second-line versus third-
line or higher). We characterized each indication’s pivotal trial by the number of enrolled pa-
tients, phase, design (randomized concurrent versus randomized dose comparison versus non-
randomized versus single-arm), blinding (open-label versus single-blind versus double-blind),
number of arms, comparator (no treatment or placebo versus active comparator), and endpoint.

For indications supported by multiple clinical trials, we retrieved data for the largest and highest
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phase trial. Among RCTs, we extracted HRs for OS and/or PFS and/or the RR of tumor re-
sponse with 95% confidence intervals. We noted the number of participants and events for the
control and intervention arms. We calculated median improvements in OS, PFS, and duration
of tumor response with IQR. For single-arm trials, we noted the objective response rate (ORR)

based on the number of responders and enrolled patients.

Cancer epidemiology

For each indication, we retrieved data on the treated cancer’s incidence, prevalence, and
DALYs, comprising YLD and YLL, from the Global Burden of Disease study.'?® Five-year
survival rates and the number of available treatment options per cancer entity came from the

National Cancer Institute.

Drug prices

We retrieved drug prices in January 2023 from the CMS and Medicare’s plan finder tool for an
average patient covered under Medicare Part B and D. Coherent with previous studies,'*>
117.119.131 \we estimated monthly treatment costs for the average adult living in New York (ZIP
code 10065) covered under the “Humana Basic Rx Plan” with a body surface area of 1.7 m?
weighing 70 kg based on the dosing regimen defined in the respective FDA label. Full details

of the drug price calculation have been described elsewhere.™

5.4.3 Statistical analysis

We compared ultra-rare, rare, common, and non-orphan cancer drug indications regarding their
time to approval, drug, indication, clinical trial and epidemiologic characteristics, and efficacy,
as well as price. Similar to prior studies,'3 we compared the time to approval, calculated as the
difference between IND to NDA/BLA approval, in a Cox regression model. We used Fisher’s

exact tests to compare the distribution of categorical variables. We compared medians with

166



Ultra-rare, rare, common, and non-orphan cancer drug indications

Kruskal-Wallis tests. We meta-analyzed OS, PFS, and RR outcomes in random effects regres-
sions for RCTs and ORR outcomes for single-arm trials. We compared differences between
orphan and non-orphan indications with Cochran’s Q test. For on-patent drugs with available
data, we compared mean monthly prices in January 2023 by using Student’s t-test and analysis
of variance. We calculated the compounded annual growth rate (CAGR) of drug prices from
2005 to 2023. We stored data in Microsoft Excel and analyzed data with Stata 14.2. We con-
sidered two-tailed P values below 0.05 to be significant. This study followed the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline when

applicable.1®

5.4.4 Patient involvement statement

Owing to a lack of funding, no patients or members of the public were directly involved in the
design, conduct, or reporting of this study. A member of the public was, however, asked to read

the manuscript after submission.

5.5 Results

The FDA approved 720 new drugs from 2000 until 2022, 170 of which were anti-cancer treat-
ments (Figure 35). For these 170 anticancer drugs, we identified 455 original and supplemental
indication approvals until 2022 (Table 55). Of these, the FDA granted the orphan designation
to 294 (65%) indications: 64 (15%) for common diseases, 205 (48%) for rare diseases, and 25

(6%) for ultra-rare diseases.
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Figure 35: Flow diagram of ultra-rare, rare, common, and non-orphan cancer drug indications
included in the analysis, 2000-2022

Notes: All drugs that received FDA approval between 1st January 2000 and 1st January 2022 were identified in
the Drugs@FDA database. We then limited the sample to anti-cancer drugs by excluding non-oncology drugs and
oncology drugs indicated for diagnostic, supportive care, or antiemetic treatments. For each drug, we identified all
original and supplementary indications with FDA approval until 1st January, 2022, excluding approvals for non-
oncology indications. Orphan indications were stratified according to the number of affected US inhabitants into
common (>200,000), rare (200,000-6,600), or ultra-rare (<6,600).

Abbreviations: FDA, US Food and Drug Administration.

5.5.1 Time to approval

The time from IND to first FDA approval was similar for orphan and non-orphan drugs (me-
dian: 7.0 vs. 7.0 years, p=.292; Figure 36). Orphan drugs for common diseases were approved

earlier than those for rare and ultra-rare diseases (median: 5.7 vs. 7.1 vs. 8.9 years).
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Figure 36: Time from IND to first FDA approval for ultra-rare, rare, common, and non-orphan
cancer drugs

Notes: Graph a illustrates the cumulative incidence of first FDA approval for cancer drugs with an orphan (blue
curve) and non-orphan designation (red curve) for the first indication. Graph b portrays the cumulative incidence
of first FDA approval for cancer drugs with rare (golden curve) and common (purple curve) orphan designations
for the first indication. Orphan indications were stratified according to the number of affected US inhabitants into
common (>200,000), rare (200,000-6,600), or ultra-rare (<6,600). Only drugs receiving their FDA approval within
12 years of the IND are illustrated.

Abbreviations: FDA, US Food and Drug Administration; IND, investigational new drug application.
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5.5.2 Drug characteristics

Drugs for orphan and non-orphan indications did not differ significantly in their innovativeness
or mechanism of action (Table 23). However, the orphan designation was more frequently
granted to small molecules (64% v 45%; p<0.001). In particular, drugs for common orphan
indications were predominantly small molecules (80% v 62% v 48%; p<0.001) acting via a
targeted mechanism of action (84% v 56% v 52%; p<0.001) relative to those for rare and ultra-
rare orphan indications, respectively (Table 24). Drugs for ultra-rare orphan indications were
more innovative than those for rare and common orphan indications, given the higher percent-

age of first-in-class molecules (76% vs. 48% vs. 38%, p=.006).
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No. (%)

Orphan designation

Variables No Yes P Value @

Drug characteristics

Number of indications 0.036
Single-indication 19 (11.8) 58 (19.7)
Multi-indication 142 (88.2) 236 (80.3)

Innovativeness 0.238
Me-too 93 (57.8) 152 (51.7)
First-in-class 68 (42.2) 142 (48.3)

Mechanism of action 0.474
Cytotoxic chemotherapy 11 (6.8) 21(7.1)

Targeted agents 91 (56.5) 182 (61.9)
Immune-regulators 59 (36.6) 91 (31.0)

Product type <.001
Small-molecule 73 (45.3) 189 (64.3)

Antibody 79 (49.1) 76 (25.9)
Antibody-drug conjugate 8 (5.0) 15(5.1)
Other ° 1(0.6) 14 (4.8)

Indication characteristics

FDA approval type 0.007
Original indication 50 (31.1) 130 (44.2)
Supplemental indication 111 (68.9) 164 (55.8)

Treatment type <.001
Combination 73 (45.3) 84 (28.6)
Monotherapy 88 (54.7) 210 (71.4)

Cancer type <.001
Hematological 0 (0.0) 154 (52.4)

Solid 161 (100.0) 140 (47.6)

Biomarker 0.186
No 95 (59.0) 193 (65.6)

Yes 66 (41.0) 101 (34.4)

Line of therapy 0.001
First-line 84 (52.2) 133 (45.2)

Second-line 69 (42.9) 114 (38.8)
>Third-line 8(5.0) 47 (16.0)

Clinical trial characteristics

Enrolled patients, median (IQR) 521 (219-793) 187 (97-424) <.001

Clinical trial phase <.001
Phase 1 6(3.7) 15 (5.1)

Phase 2 38 (23.6) 130 (44.2)
Phase 3 117 (72.7) 149 (50.7)

Trial design <.001
Single-arm 34 (21.1) 129 (43.9)
Non-randomized 1(0.6) 7(2.4)

Concurrent RCT 122 (75.8) 152 (51.7)
Dose-comparison RCT 4 (2.5) 6 (2.0)

Type of blinding 0.023
Open-label 109 (67.7) 229 (77.9)

Single-blind 0(0.0) 1(0.3)
Double-blind 52 (32.3) 64 (21.8)

Clinical trial arms <.001
larm 34 (21.1) 129 (43.9)

2 arms 121 (75.2) 156 (53.1)
>3 arms 6 (3.7) 9(3.1)

Total concurrent RCTS, no. 122 152
Endpoint for concurrent RCTs

Overall survival 104 (85.2) 100 (65.8) <.001

Progression-free survival 102 (83.6) 120 (78.9) 0.328

Tumor response 96 (78.7) 123 (80.9) 0.647

Other 17 (13.9) 17 (11.2) 0.493
Comparator 0.261

Active agent 51 (41.8) 53 (34.9)

Placebo/No treatment 71 (58.2) 99 (65.1)

Cancer epidemiology

Disease incidence, median (IQR) ¢ 67.6 (18.8-77.6) 7.1(2.3-9.8) <.001

Disease prevalence, median (IQR) © 117.8 (111.2-832.8) 24.2(7.1-35.4) <.001

DALY:s per person, median (IQR) 7.1 (5.5-7.7) 10.8 (6.4-16.4) <.001
YLL per person, median (IQR) 6.6 (4.8-7.2) 10.5 (5.9-16.2) <.001
YLD per person, median (IQR) 0.5 (0.2-0.7) 0.5 (0.3-0.6) 0.606

5-year survival rate in %, median (IQR) 76.4 (66.2-91.4) 66.1 (30.5-88.9)  <.001

No. of available treatments, median (IQR) 18 (12-38) 14 (11-22) 0.026

Total no. of indications 161 (35.4) 294 (64.6)

Table 23: Characteristics of orphan and non-orphan cancer drug indications approved by the
FDA from 2000 to 2022

2 P Values calculated based on Fisher’s-exact tests or Kruskal-Wallis tests. ® Other includes gene therapies, cell
therapies, enzymes, and radionuclides. ¢ Disease incidence and prevalence rates per 100,000 US inhabitants. Ab-
breviations: DALYs, disability-adjusted life years; FDA, US Food and Drug Administration; IQR, interquartile
range; RCTs, randomized controlled trials; YLD, years of healthy life lost due to disability; YLL, years of life lost
due to premature death.
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No. (%)

Non-orphan | Orphan [ P value
| Common [ Rare [ Ultra-rare |

Drug characteristics

Number of indications 0.077
Single-indication 19 (11.8) 14 (21.9) 37 (18.0) 7(28.0)
Multi-indication 142 (88.2) 50 (78.1) 168 (82.0) 18 (72.0)

Innovativeness 0.006
Not-first-in-class 93 (57.8) 40 (62.5) 106 (51.7) 6 (24.0)
First-in-class 68 (42.2) 24 (37.5) 99 (48.3) 19 (76.0)

Mechanism of action <.001
Cytotoxic chemotherapy 11 (6.8) 0 (0.0) 21(10.2) 0(0.0)

Targeted agents 91 (56.5) 54 (84.4) 115 (56.1) 13 (52.0)
Immune-regulators 59 (36.6) 10 (15.6) 69 (33.7) 12 (48.0)

Product type <.001
Small-molecule 73 (45.3) 51 (79.7) 126 (61.5) 12 (48.0)

Antibody 79 (49.1) 12 (18.8) 57 (27.8) 7(28.0)
Antibody-drug conjugate 8(5.0) 0 (0.0) 12 (5.9) 3(12.0)
Other ® 1(0.6) 1(1.6) 10 (4.9) 3(12.0)

Indication characteristics

FDA approval type 0.005
Original indication 50 (31.1) 35 (54.7) 82 (40.0) 13 (52.0)
Supplemental indication 111 (68.9) 29 (45.3) 123 (60.0) 12 (48.0)

Treatment type 0.001
Combination 73 (45.3) 18 (28.1) 63 (30.7) 3(12.0)
Monotherapy 88 (54.7) 46 (71.9) 142 (69.3) 22 (88.0)

Cancer type <.001
Hematological 0(0.0) 0(0.0) 135 (65.9) 19 (76.0)

Solid 161 (100.0) 64 (100.0) 70 (34.1) 6 (24.0)

Biomarker <.001
No 95 (59.0) 20 (31.3) 151 (73.7) 22 (88.0)

Yes 66 (41.0) 44 (68.8) 54 (26.3) 3(12.0)

Line of therapy <.001
First-line 84 (52.2) 49 (76.6) 79 (38.5) 5(20.0)

Second-line 69 (42.9) 15 (23.4) 84 (41.0) 15 (60.0)
>Third-line 8(5.0) 0(0.0) 42 (20.5) 5(20.0)

Clinical trial characteristics

Enrolled patients, median (IQR) 521 (219-793) 286 (122-505) 199 (98-447) 85 (53-124) <.001

Clinical trial phase <.001
Phase 1 6(3.7) 5(7.8) 9(4.4) 1(4.0)

Phase 2 38 (23.6) 24 (37.5) 85 (41.5) 21 (84.0)
Phase 3 117 (72.7) 35 (54.7) 111 (54.1) 3(12.0)

Trial design <.001
Single-arm 34 (21.1) 18 (28.1) 90 (43.9) 21 (84.0)
Non-randomized 1(0.6) 6(9.4) 1(0.5) 0(0.0)

Concurrent RCT 122 (75.8) 38 (59.4) 110 (53.7) 4 (16.0)
Dose-comparison RCT 4 (2.5) 2(3.1) 4 (2.0) 0(0.0)
Type of blinding 0.002
Open-label 109 (67.7) 43 (67.2) 162 (79.0) 24 (96.0)
Single-blind 0(0.0) 0(0.0) 1(0.5) 0(0.0)
Double-blind 52 (32.3) 21(32.8) 42 (20.5) 1(4.0)
Clinical trial arms <.001
larm 34 (21.1) 18 (28.1) 90 (43.9) 21 (84.0)
2arms 121 (75.2) 41 (64.1) 111 (54.1) 4 (16.0)
>3 arms 6(3.7) 5(7.8) 4 (2.0) 0(0.0)
Total concurrent RCTSs, no. 122 38 110 4
Comparator 0.615
Active agent 51 (41.8) 15 (39.5) 37 (33.6) 1(25.0)
Placebo/No treatment 71 (58.2) 23 (60.5) 73 (66.4) 3(75.0)

Endpoint for concurrent RCTs
Overall survival 104 (85.2) 25 (65.8) 73 (66.4) 2 (50.0) 0.003
Progression-free survival 102 (83.6) 29 (76.3) 89 (80.9) 2 (50.0) 0.297
Tumor response 96 (78.7) 31(81.6) 89 (80.9) 3(75.0) 0.958
Other 17 (13.9) 6 (15.8) 11 (10.0) 0(0.0) 0.615

Cancer epidemiology

Disease incidence, median (IQR) © 68.4 (18.8-77.6) 25 (19.5-67.6) 5.2 (1.5-8.2) 0.9 (0.2-4.3) <.001

Disease prevalence, median (IQR) © 117.8 (111.2-832.8) 117.8 (111.2-198.6) 15.3 (6.5-27.3) 3.2 (0.9-15) <.001

DALYs per person, median (IQR) 7.1(5.5-7.7) 5.5 (3.8-16.4) 12.1(7.3-17.7) 10 (10-10) <.001
YLL per person, median (IQR) 6.6 (4.8-7.2) 4.8 (3.3-16.2) 11.8 (6.8-17.4) 9.3(9.3-9.3) <.001
YLD per person, median (IQR) 0.5 (0.4-0.7) 0.5 (0.2-0.5) 0.5(0.3-0.7) 0.7 (0.7-0.7) <.001

5-year survival rate in %, median (IQR) 76.4 (66.2-91.4) 91.4 (25-95) 65 (32.7-75.2) 66.1(50-75.2)  <.001

No. of available treatments, median (IQR) 18 (12-38) 14 (14-38) 15 (11-22) 8 (7-17) <.001

Total no. of indications 161 (37.4) 64 (14.9) 205 (47.7) 25 (5.8)

Table 24: Characteristics of ultra-rare, rare, common, and non-orphan cancer drug indications
approved by the FDA from 2000 to 2022

Notes: Orphan indications were stratified according to the number of affected US inhabitants into common
(>200,000), rare (200,000-6,600), or ultra-rare (<6,600). 2 P Values calculated based on Fisher’s-exact-tests or
Kruskal-Wallis-tests. ® Other includes gene therapies, cell therapies, enzymes, and radionuclides. ¢ Disease inci-
dence and prevalence rates per 100,000 US inhabitants. Abbreviations: DALYs, disability-adjusted life years;
FDA, US Food and Drug Administration; IQR, interquartile range; RCTs, randomized controlled trials; YLD,
years lived with disability; YLL, years of life lost due to premature death.
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5.5.3 Indication characteristics

Original FDA drug approvals were more likely to receive the orphan designation than supple-
mental indications (44% vs. 31%, p=.007). The FDA more frequently granted the orphan des-
ignation to monotherapy treatments (71% vs. 55%, p<.001) for hematologic cancers (52% vs.
0%, p<.001) in the third-line setting (16% vs. 5%, p<.001). The proportion of monotherapy
treatments (55% vs. 72% vs. 69% vs. 88%, p=.001) for hematologic cancers (0% vs. 0% vs.
66% vs. 76%, p<.001) in the third-line of therapy (5% vs. 0% vs. 21% vs. 20%, p<.001) in-
creased from non-orphan to common, rare, and ultra-rare orphan indications, respectively.
Drugs for ultra-rare orphan indications were predominantly approved for treating lymphoma or
skin cancer, whereas those for common orphan indications were mostly approved for subsets
of lung or skin cancer (Table 25). Biomarker-based approvals were frequently observed for
common orphan (69%) and non-orphan indications (41%) but not for rare (26%) or ultra-rare

(12%, p<.001) orphan indications.

No.
Non-orphan Orphan Total
Common | Rare | Ultra-rare

Bladder 14 0 0 0 14
Brain 0 0 0 3 3
Breast 35 1 0 0 36
Cervical 4 0 0 0 4
Colorectal 19 0 0 0 19
Endometrial 3 0 0 0 3
Gastric 1 0 16 0 17
Head and Neck 5 1 0 0 6
Hepatic 0 0 11 0 11
Leukemia 0 0 62 0 62
Lung 30 26 9 0 65
Lymphoma 0 0 63 13 76
Other 4 2 28 6 40
Ovarian 0 0 12 0 12
Pancreatic 0 0 2 0 2
Prostate 18 0 0 0 18
Renal 21 3 0 0 24
Skin 7 20 2 3 32
Thyroid 0 11 0 0 11
Total 161 64 205 25 455

Table 25: Tumor entities treated by ultra-rare, rare, common, and non-orphan cancer drugs
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5.5.4 Clinical trial characteristics

Clinical trials enrolled a median of 187 patients (IQR: 97-424) for orphan indications compared
to 521 patients (IQR: 219-793, p<.001) for non-orphan indications. The median trial size was
521, 286, 199, and 85 patients for non-, common, rare, and ultra-rare orphan indications
(p<.001). Orphan indications were less often supported by concurrent RCTs (52% vs. 76%,
p<.001) of phase 3 design (51% vs. 73%, p<.001). The share of double-blind (32% vs. 33% vs.
21% vs. 4%, p=.002) concurrent RCTs (76% vs. 59% vs. 54% vs. 16%, p<.001) of phase 3
(73% vs. 55% vs. 54% vs. 12%, p<.001) design declined from non-orphan to common, rare,
and ultra-rare orphan indications, respectively. Concurrent RCTs for orphan indications less

frequently included an assessment of OS (85% vs. 66%, p<.001).

5.5.5 Cancer epidemiology

Drugs for orphan indications treated diseases with a lower prevalence (median: 24 vs. 118 per
100,000 US inhabitants, p<.001) compared with non-orphan indications. Orphan diseases were
more severe, as measured by DALY's (median: 10 vs. 7 DALY per patient, p<.001) and five-
year survival (median: 67% vs. 76%, p<.001). The median prevalence per 100,000 was similar
for non- (118) and common orphans (118) but significantly lower for rare (15) and ultra-rare
orphans (3, p<.001). Accordingly, DALYs were higher and five-survival lower for rare and
ultra-rare compared to non- and common orphan indications. Fewer treatment options were

available for ultra-rare than non-orphan indications (8 vs. 18, p<.001).

5.5.6 Special FDA review

A total of 105 (23%), 358 (78%), 147 (32%), and 137 (39%) indications received fast track,
priority review, accelerated approval, and breakthrough therapy designation, respectively (Ta-
ble 26). Orphan indications were significantly more likely than non-orphan indications to re-

ceive fast track review (26% vs. 17%, p=.036). Ultra-rare and common orphan indications were
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significantly more likely than rare and non-orphan indications to receive the breakthrough ther-

apy designation (77% vs. 57% vs. 30% vs. 34%, p<.001).

a

No. (%)
Orphan designation
No Yes P Value

Fast Track 28/161 (17.4) 771294 (26.2) 0.036
Priority Review 123/161 (76.4) 235/294 (79.9) 0.403
Accelerated Approval 44/161 (27.3) 103/294 (35.0) 0.095
Breakthrough Therapy ° 42/122 (34.4) 95/233 (40.8) 0.253

b
No. (%)

Non-orphan Orphan P Value @
Common | Rare | Ultra-rare

Fast Track 28/161 (17.4) 19/64 (29.7) 52/205 (25.4) 6/25 (24.0) 0.147
Priority Review 123/161 (76.4) 52/64 (81.3) 161/205 (78.5) 22/25 (88.0) 0.614
Accelerated Approval 44/161 (27.3) 23/64 (35.9) 67/205 (32.7) 13/25 (52.0) 0.088
Breakthrough Therapy P 42/122 (34.4) 31/54 (57.4) 47/157 (29.9) 17/22 (77.3) <.001

Table 26: Special review pathways used for the FDA approval of orphan drugs: fast track,
priority review, accelerated approval, and breakthrough therapy

Notes: Orphan indications were stratified according to the number of affected US inhabitants into common
(>200,000), rare (200,000-6,600), or ultra-rare (<6,600).

2 P Values calculated based on Fisher’s-exact-test.
® Includes only indications approved in 2013 and thereafter.

Abbreviations: FDA, US Food and Drug Administration.

5.5.7 OS, PFS, and Tumor Response

Drugs for orphan indications did not prevent more deaths than those for non-orphan indications
(HR: 0.72 vs. 0.74, p=.178) and did not provide a superior survival benefit (median 3.3 vs. 2.8
months, p=.382) (Figure 37). PFS was 13% greater for orphan than non-orphan indications
(HR: 0.51 vs. 0.64, p<.001) with a 1.5 months greater survival benefit (median: 4.2 vs. 2.7,
p=.011). Accordingly, ultra-rare, rare, and common orphan indications offered a significantly
greater PFS benefit (HR: 0.53 vs. 0.51 vs. 0.49 vs. 0.64, p<.001), but not OS (HR: 0.50 vs. 0.73
vs. 0.71 vs. 0.74, p=.055), than those for non-orphan indications. By contrast, tumor response
rates among RCTs were lower for orphan compared to non-orphan indications (RR: 1.29 vs.
1.53, p<.001). However, mean tumor response rates in single-arm trials were greater for orphan

than non-orphan indications (ORR: 51% vs. 33%, p<.001). Similarly, tumor response rates were
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greater for ultra-rare orphan indications than for rare or common orphan indications and non-
orphan indications in single-arm trials (ORR: 57% vs. 48% vs. 55% vs. 33%, p<.001). Details
of the full meta-analyses, including individual effect sizes for each trial, can be found in Figure

62, Figure 63, and Figure 64.

A
Subgroup Intervention Control OS Hazard Ratio (95% Cl) ? P Value ° Survival Gain P Value ®
no. of patients with event/total no. of patients (%) median (IQR), months
FDA orphan designation i 0.178 0.382
Non-orphan 14605/38606 (37.8) 14455/32455 (44.5) -l- 0.74(0.72-0.76) 29.7% 2.8(1.8-4.6)
Orphan 10156/22790 (44.6) 9784/19182 (51) - 0.72 (0.69-0.75) 33.5% 3.3(2-4.7)
Refined orphan designation 0.055 0.199
Non-orphan 14605/38606 (37.8) 14455/32455 (44.5) - 0.74 (0.72-0.76) 29.7% 2.8(1.8-4.6)
Common orphan 2557/6536 (39.1) 2571/5413 (47.5) — 0.71(0.65-0.77) 42.7% 3.9 (3.4-5.68)
Rare orphan 7559/16100 (47) 7154/13615 (52.5) - 0.73 (0.71-0.76) 27.1% 2.8(1.9-4.1)
Ultra orphan 40/154 (26) 59/154 (38.3) *—S—— | 0.5(0.31-0.68) 0.0% 7.7(7.7-7.7)
Overall 24761/61396 (40.3) 24239/51637 (46.9) 0.73 (0.72-0.75) 31.7% 2.9 (1.99-4.65)
04 05 06 07 08 09 10 11
—
Intervention better Control better
B
Subgroup Intervention Control PFS Hazard Ratio (95% Cl) ? P Value ° Survival Gain P Value ®
no. of patients with event/total no. of patients (%) median (IQR), months
FDA orphan designation <.001 0.011
Non-orphan 19142/33004 (58) 17996/27040 (66.6) 0.64 (0.6-0.67) 86.2% 2.7(1.4-5.2)
Orphan 13388/26873 (49.8) 13735/22553 (60.9) 0.51 (0.47-0.54) 90.6% 4.2(2.1-7.1)
Refined orphan designation <.001 0.030
Non-orphan 19142/33004 (58) 17996/27040 (66.6) 0.64 (0.6-0.67) 86.2% 2.7(1.4-5.2)
Common orphan 3393/6457 (52.5) 3622/5360 (67.6) 0.49 (0.42-0.56) 89.0% 4.8(2.77-7.6)
Rare orphan 9923/20262 (49) 10027/17039 (58.8) 0.51 (0.46-0.56) 91.3% 3.6 (1.5-6.4)
Ultra orphan 72/154 (46.8) 86/154 (55.8) +——————@—————— 0.53(0.17-0.9) 76.7% 5.8 (5.8-5.8)
Overall 32530/59877 (54.3) 31731/49593 (64) 0.57 (0.54-0.6) 90.7% 3.3(1.55-5.6)
0.2 0.4 0.6 0.8 1.0 1.2
——— —
Intervention better Control better
C
Subgroup Intervention Control Tumor Response (95% Cl) ? P Value ° Duration Gain P Value ®
no. of patients with event/total no. of patients (%) Relative Risk median (IQR), months
FDA orphan designation <.001 0.278
Non-orphan 10980/30907 (35.5) 5981/26556 (22.5) —- 1.53 (1.44-1.63) 84.0% 5(2.9-10.1)
Orphan 14082/28014 (50.3) 9394/24189 (38.8) = 1.29 (1.24-1.34) 78.4% 4.3(2.1-7.4)
Refined orphan designation <.001 0.439
Non-orphan 10980/30907 (35.5) 5981/26556 (22.5) —— 1.53 (1.44-1.63) 84.0% 5(2.9-10.1)
Common orphan 3143/6933 (45.3) 1643/5642 (29.1) —— 1.41(1.27-1.55) 75.2% 5.8(2.7-7.9)
Rare orphan 10759/20815 (51.7) 7647/18284 (41.8) - 1.27(1.22-1.33) 80.0% 4.3(1.9-7.4)
Ultra orphan 180/266 (67.7) 104/263 (39.5) 1.55 (0.62-2.48) 29.4% 2.1(2.1-2.1)
Overall 25062/58921 (42.5) 15375/50745 (30.3) 1.39(1.34-1.43) 81.3% 4.3(2.35-8.3)
0.5 1.0 15 2.0
Control better Intervention better
D
Subgroup Responders No. of patients Tumor Response (95% Cl) ? P Value ° Duration of Response
Objective Response Rate (%) median (IQR, months)
FDA orphan designation <.001 0.188
Non-orphan 1395 4580 - 32.5(28.2-36.8) 91.2% 8.3(7.2-13.8)
Orphan 6149 12396 - 50.7 (46.4-55) 96.7% 10.96 (8.2-13.6)
Refined orphan designation H <.001 0.268
Non-orphan 1395 4580 - 32.5(28.2-36.8) 91.2% 8.3(7.2-13.8)
Common orphan 1221 2326 P—m— 54.6 (48.7-60.5) 88.4% 11.11 (10-17.5)
Rare orphan 3976 8353 + 48 (42.3-53.7) 97.3% 10.95 (7.85-13.05)
Ultra orphan 952 1717 —.— 56.9 (47.4-66.4) 94.8% 9.8(7.7-18.5)
Overall 7544 16976 46.5 (42.8-50.3) 96.8% 10.42 (7.75-13.7)
0% 20% 40% 60% 80% 100%

Figure 37: Meta-analyses of overall survival, progression-free survival, and tumor response
for ultra-rare, rare, common, and non-orphan cancer drug indications approved by the FDA
from 2000 to 2022

Notes: In graphs A, B, and C, treatment outcomes were meta-analyzed for RCTs. Graph D shows average tumor
response rates measured in single-arm trials. Orphan indications were stratified according to the number of affected
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US inhabitants into common (>200,000), rare (200,000-6,600), or ultra-rare (<6,600). For tumor responses, a con-
tinuity adjustment of 0.5 for control arms with O responders was applied.

Abbreviations: FDA, US Food and Drug Administration; IQR, interquartile range; OS, overall survival; PFS, pro-
gression-free survival.

5.5.8 Drug prices

Of 170 drugs approved by the FDA, 22 lost their exclusivity by the first quarter of 2023 and
price data were not available for one drug. For the resulting sample of 147 on-patent drugs with
available data, we compared prices across original indication approvals. Mean monthly prices
were 128% higher for drugs with orphan indications ($33,070 (£26 438; €29 935); 95%CI:
$24,048-42,091) relative to those for non-orphan indications ($14 508; 95%CI: $11,494-
17,522; p=.02) (Figure 38). Mean monthly prices were $70,128 for ultra-rare, $33,313 for rare,

$16,484 for common orphan indications, and $14,508 for non-orphan indications (p<.001).

Quarterly drug price data were available for 48 drugs covered under Medicare Part B. From
2005 to 2023, drug prices increased by an average of 94% for orphans and 50% for non-orphans.
Prices for rare orphans rose by 102% relative to 49% for common orphans. Whilst inflation
amounted to 2.2% per quarter, drug prices increased by a CAGR of 3.5% for orphan (rare or-

phans: 3.7%, common orphans: 2.1%) and 2.2% for non-orphan drugs.
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Figure 38: Prices for ultra-rare, rare, common, and non-orphan cancer drugs from 2005 to
2023

Notes: In graph a monthly prices of drugs with and without an orphan designation for the original FDA indication
are compared in the year 2023. Graph ¢ compares monthly prices for ultra-rare, rare, common, and non-orphan
cancer in 2023. Bars represent means with 95% confidence intervals. In graph b the mean price change of orphan
and non-orphan drugs is compared from 2005 until 2023. Graph d compares mean price changes for ultra-rare,
common, rare, and non-orphan drugs from 2005 until 2023. Lines illustrate price indices with the baseline set in
the year 2005. Inflation was measured by the consumer price index. Orphan indications were stratified according
to the number of affected US inhabitants into common (>200,000), rare (200,000-6,600), or ultra-rare (<6,600).

Abbreviations: CPI, consumer price index; FDA, US Food and Drug Administration.
5.5.9 Temporal differences in the development of orphan indications

Table 27 shows that from 2000 to 2022, the orphan designation was increasingly granted to

immune-regulators targeting hematologic cancers as combination therapies.
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No (%)

Time Period [ P value 2
2000-2012 | 2013-2017 [ 2017-2022 |

Orphan subgroup 0.415
Common orphan 10 (16.4) 24 (25.5) 30 (21.6)

Rare orphan 48 (78.7) 63 (67.0) 94 (67.6)
Ultra-rare orphan 3(4.9) 7(7.5) 15 (10.8)

Drug characteristics

Number of indications 0.085
Single-indication 10 (16.4) 13 (13.8) 35 (25.2)
Multi-indication 51 (83.6) 81 (86.2) 104 (74.8)

Innovativeness 0.330
Me-too 28 (45.9) 46 (48.9) 78 (56.1)
First-in-class 33 (54.1) 48 (51.1) 61 (43.9)

Mechanism of action <.001
Cytotoxic chemotherapy 12 (19.7) 2(21) 7 (5.0)

Targeted agents 42 (68.9) 58 (61.7) 82 (59.0)
Immune-regulators 7 (11.5) 34 (36.2) 50 (36.0)

Product type 0.098
Small-molecule 48 (78.7) 55 (58.5) 86 (61.9)

Antibody 9(14.8) 31(33.0) 36 (25.9)
Antibody-drug conjugate 3(4.9) 5(5.3) 7(5.0)
Other ® 1(1.6) 3(3.2) 10 (7.2)

Indication characteristics

FDA approval type 0.132
Original indication 33 (54.1) 43 (45.7) 54 (38.8)
Supplemental indication 28 (45.9) 51 (54.3) 85 (61.2)

Treatment type <.001
Combination 5(8.2) 30 (31.9) 49 (35.3)
Monotherapy 56 (91.8) 64 (68.1) 90 (64.7)

Cancer type 0.040
Hematological 40 (65.6) 50 (53.2) 64 (46.0)

Solid 21 (34.49) 44 (46.8) 75 (54.0)

Biomarker 0.840
No 40 (65.6) 64 (68.1) 89 (64.0)

Yes 21 (34.49) 30 (31.9) 50 (36.0)

Line of therapy 0.519
First-line 28 (45.9) 36 (38.3) 69 (49.6)
Second-line 24 (39.3) 42 (44.7) 48 (34.5)
>Third-line 9(14.8) 16 (17.0) 22 (15.8)

Clinical trial characteristics
Enrolled patients, median (IQR) ~ 170 (100-456) 215 (11-417) 162 (80-403)  0.276

Clinical trial phase 0.388
Phase 1 1(1.6) 4(4.3) 10 (7.2)

Phase 2 32 (52.5) 39 (41.5) 59 (42.4)
Phase 3 28 (45.9) 51 (54.3) 70 (50.4)

Trial design 0.245
Single-arm 32 (52.5) 35(37.2) 62 (44.6)
Non-randomized 0(0.0) 3.2 4(2.9)

Concurrent RCT 27 (44.3) 53 (56.4) 72 (51.8)
Dose-comparison RCT 2(3.3) 3.2 1(0.7)

Type of blinding 0.624
Open-label 47 (77) 73 (77.7) 109 (78.4)
Single-blind 1(1.6) 0(0.0) 0(0.0)
Double-blind 13 (21.3) 21 (22.3) 30 (21.6)

Clinical trial arms 0.244
larm 32 (52.5) 35(37.2) 62 (44.6)

2 arms 26 (42.6) 56 (59.6) 74 (53.2)
>3 arms 3(4.9 3.2 3(22)
Total concurrent RCTS, no. 27 53 72
Comparator 0.502
Active agent 7 (25.9) 18 (34) 28 (38.9)
Placebo/No treatment 20 (74.1) 35 (66) 44 (61.1)
Endpoint for concurrent RCTs
Overall survival 20 (74.1) 39 (73.6) 41 (56.9) 0.093
Progression-free survival 20 (74.1) 45 (84.9) 55 (76.4) 0.406
Tumor response 22 (81.5) 45 (84.9) 56 (77.8) 0.603
Other 3(11.1) 4 (7.5) 10 (13.9) 0.539
Total no. of indications 61 (20.7) 94 (32) 139 (47.3)

Table 27: Temporal differences in the FDA approval of orphan cancer drugs from 2000 to 2022

Notes: In this table orphan cancer drug indications are compared across their FDA approval year to identify tem-
poral differences in drug development over the past two decades. Non-orphan cancer drugs are excluded.

2 P Values calculated based on Fisher’s-exact tests or Kruskal-Wallis tests.
b Other includes gene therapies, cell therapies, enzymes, and radionuclides.

Abbreviations: FDA, US Food and Drug Administration; IQR, interquartile range; RCTs, randomized controlled
trials.
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5.6 Discussion

This review of 170 anticancer drugs approved across 455 indications from 2000 to 2022 iden-
tified significant differences in the FDA approval, treatment characteristics, efficacy, clinical
trial design, and pricing of drugs for orphan and non-orphan cancer indications. We shine light
on three distinct groups of orphan drug indications: common, rare, and ultra-rare orphan indi-

cations.

5.6.1 Orphan vs. non-orphan cancer drugs and indications

US Congress introduced the ODA to incentivize drug development for rare diseases with lim-
ited sales potential. Unsurprisingly, we found that the orphan designation was granted to rare
diseases with substantial unmet needs. However, the ODA enabled the FDA to approve drugs
for orphan indications on the basis of small, non-randomized, open-label trials. This flexibility
in clinical trial design accommodates the complexity of conducting trials for rare diseases. Yet,
small non-randomized trials are likely a cause for unobserved side effects among drugs for
orphan indications.”® Moreover, meta-epidemiologic studies found that non-robust and small
trial designs could overestimate and, thereby, bias efficacy outcomes.’"1"® The higher propor-
tion of open-label RCTs comparing the new drug with an inactive comparator could, hence-
forth, partially explain the greater PFS outcomes of drugs for orphan than for non-orphan indi-
cations. Testing orphan drugs on a large population is difficult, but the FDA, drug manufactur-
ers, and investigators should strive to adhere to the hallmarks of high-quality trials: randomiza-

tion, active comparators, and blinding.*"*

5.6.2 Common orphan indications

In this study, we defined common orphan drug indications as those that treat diseases or sub-
groups of diseases with more than 200,000 affected US inhabitants. Similar to previous studies,

we found that these subgroups were often defined by biomarker-directed targeted therapies for
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solid cancers.*"1"1 We showed that conducting clinical trials is less complex for common than
rare orphan indications. With the widespread adoption of biomarker screening programs for
highly prevalent cancers, such as lung or skin cancer, manufacturers have less difficulty recruit-
ing a sufficient number of patients to conduct large randomized double-blinded trials for com-
mon orphan indications, which may ultimately lead to the observed shortened development
timelines. However, drugs for common orphan indications secure all of the ODA’s advantages,
including the FDA’s $3.1m user fee waiver. Critiques argue that “salami slicing” common dis-
eases into orphan indications with faster clinical development times and rapid expansion to non-

orphan use makes them “ill suited” for the ODA.*#7125170

This study highlights that the clinical, epidemiologic, and economic characteristics of bi-
omarker-defined subgroups of common diseases are distinctly different from truly rare cancers
or metabolic disorders. Therefore, the ODA’s current definition and implementation of rare
diseases should be re-evaluated. Instead of defining orphan indications based on the number of
patients who are biomarker-positive for a single cancer type, the entire number of biomarker-
positive patients across all cancers represents a drug’s true potential market.*’ For instance,
drugs treating the BRAF mutation would be considered orphan only if fewer than 200,000 can-
cer patients harboured the BRAF mutation across all tumor entities, not just skin cancer.
Thereby, fewer resources would be wasted on drugs not intended for the orphan designation —
for example, those that effortlessly recover their R&D cost with multi-million dollar revenues

through commercialization across multiple indications.

5.6.3 Ultra-rare orphan indications

In England and Scotland, ultra-rare indications are defined as diseases affecting a population of
1 in 50,000 (approximately 6,600 inhabitants in the US).8218 |n this study only 25 (6%) drugs
for cancer indications were approved to treat ultra-rare diseases. Although the ODA was im-

pressively effective at incentivizing drug development for rare diseases, conducting clinical
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trials and commercializing drugs for ultra-rare diseases remain challenging.’¥* A median of
merely 85 patients were enrolled in trials for ultra-rare diseases, with most of these being single-
arm, open-label phase 2 trials. Conducting randomized, blinded trials is not feasible for most
ultra-rare diseases owing to the hurdles in recruiting the right and adequate numbers of inves-
tigators and patients. These challenges in patient accrual result in delayed development time-
lines for ultra-rare compared with rare diseases (median 8.9 v 7.1 years). As a result, thousands

of patients continue to suffer from ultra-rare diseases without adequate treatment options.1%

Policymakers in the US and EU could overcome these unmet medical needs with policies that
encourage drug development for ultra-rare diseases. Firstly, a definition of ultra-rare diseases
is essential. The US could adopt the UK’s current prevalence threshold of 1 in 50,000 inhabit-
ants'® or set an arbitrary threshold of 10,000 affected US inhabitants.®® Secondly, on the basis
of this coherent definition, US Congress could create a distinct ultra-orphan designation entail-
ing greater direct and indirect financial incentives for eligible drugs. For example, the ODA’s
R&D tax credit of 25% could be increased to 50% (or even 75%) and the market exclusivity
period from seven to 10 years to boost the economic viability and account for longer trial ac-
crual rates of ultra-rare orphan indications, respectively. This will likely encourage manufac-
turers to sponsor more and riskier clinical trials, but direct federal funding of pre-clinical drug
development is also needed to incentivize early-stage research projects for ultra-rare diseases.
Over the past years, public-private partnerships were particularly successful in guiding pre-
clinical development efforts. For instance, the Bespoke Gene Therapy Consortium, a partner-
ship between the National Institutes of Health, FDA, academia, and manufacturers, was initi-
ated in 2021 to tackle challenges in developing gene therapies for ultra-rare diseases.'®’ Finally,
the use of every available tool — for example, synthetic control arms or natural history studies
—should be encouraged when trials for ultra-rare diseases with few alternative treatment options

are designed, particularly when accrual is challenging and endpoints may be difficult to meet.
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5.6.4 Pricing, coverage, and reimbursement policies

This study highlights the significant financial burden of orphan anticancer drugs for payers and
patients. Although pharmaceutical companies argue that high prices are necessary to incentivize
drug development for rare diseases, monthly prices of $33,070 with 20-30% paid out of pocket
are not affordable for the average US patient with a median household income of $5,899.16
Patients must wonder why orphan drug prices increased by 3.5% per quarter, far exceeding
inflation and prices of non-orphan drugs. The following paragraphs, therefore, explore innova-
tive pricing, coverage, and reimbursement policies to ensure that orphan drugs remain accessi-

ble and affordable to US patients.

Recently, US Congress granted the CMS the power to directly negotiate prescription drug prices
with pharmaceutical companies by passing the IRA.1% The CMS could thereby not only man-
date drug prices to be aligned to their clinical benefit and unmet needs (value-based pricing)
but also limit price increases exceeding inflation. Independent non-governmental health tech-
nology assessment agencies, such as the Institute for Clinical and Economic Review, could
conduct cost-effectiveness analyses to inform price negotiations. Although proponents would
welcome pricing to be informed by cost-effectiveness analyses, similar to the UK, recent guid-
ance by the CMS states that QALYs and ICERs will not inform price negoatiations.®® The
CMS will not use QALYSs as this approach assigns a lower value to the lives of the elderly,
disabled, and terminally ill patients. Although this study highlights particularly high prices for
orphan drugs, the IRA is limited to drugs for non-orphan indications.?*%* The next pharmaceu-
tical policy reform should, therefore, extend the CMS’ power to negotiate value-based prices

for top-selling orphan drugs.

Guided by examples from Europe, this value-based pricing could entail a special assessment
pathway for ultra-rare diseases. Similarly to the UK’s NICE, the CMS could set a higher cost-

effectiveness or clinical benefit threshold, and thereby price premium, for ultra-rare diseases to
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account for the smaller eligible patient population or exclude ultra-rare diseases from price ne-
gotiations until a pre-defined annual revenue threshold is surpassed.'?® Both options would
likely increase access to and stimulate the development of drugs treating ultra-rare diseases.
Most importantly, the CMS should always mandate manufacturers to engage in their existing
CED program,*#¢ such that outcome data are collected to reassess each ultra-rare orphan indi-

cation’s benefit after a pre-defined period (for example, three years).

The ODA was intended to incentivize drug development for rare diseases, but drugs for com-
mon orphan indications in particular often turn into top-selling blockbusters.*® Moreover, the
usage and economic spending patterns of drugs for common orphan indications are more similar
to those of drugs for non-orphan indications than those that are for truly rare diseases.'8 After
an orphan drug has reached a maximum revenue threshold (for example, $750m) or surpassed
the orphan prevalence threshold of 200,000 affected inhabitants, the FDA could revoke or re-
duce the ODA’s benefits received by the pharmaceutical company, such as tax credits, R&D
grants, and exclusivity period.1”®!8 Finally, payers could tackle the swift extension of bi-
omarker-defined orphan indications to biomarker-negative non-orphan indications based on
pooled efficacy data’ by using indication-specific pricing.*! By setting a distinct price for each
indication, rather than each drug, payers would be able to pay a higher price for and thus incen-
tivize the development of highly effective biomarker-positive orphan indications.** Although
indication-specific pricing is challenging to implement,*4° it could help to realign the value

and price for (non)-orphan indications.

5.6.5 Weaknesses of this study

This study has certain limitations. We analyzed only clinical trial evidence supporting the FDA
approval of cancer drug indications. Consequently, the sample includes only successful trials,
which may bias (overstate) efficacy outcomes. Secondly, our analyses are limited to trial data

available at the time of FDA approval. Thirdly, we calculated prices for the average patient
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insured by Medicare. With more than 60 million enrollees, Medicare is the largest US insurer,
but the affordability and pricing for privately insured patients may vary. Fourthly, we meta-
analyzed efficacy outcomes across a variety of tumor entities with low to high heterogeneity
between effect sizes, in line with previous studies.®*®' Fifthly, epidemiologic data underlying
to our analyses were collected for broad cancer entities. Calculating epidemiologic data that
considers each indication’s line of therapy, biomarker status, cancer subgroup as well as tumor
histology and stadium may provide more precise insights. Sixtly, this study is limited to cancer

indications. Results and policy implications must be confirmed for other therapeutic areas.

5.7 Conclusion

The ODA incentivized the development of more than 6,000 drug indications. Among anti-can-
cer drugs, these orphan indications fill significant unmet needs; however, their approval is based
on small, non-robust trials, which could overestimate efficacy outcomes. We identified three
groups of orphan drug indications with distinct clinical, epidemiologic, and economic charac-
teristics: common, rare, and ultra-rare orphan indications. Policy reforms could help to differ-
entially incentivize and rigorously evaluate the development of these orphan drug groups. For
common orphan indications, the genomic drug target across all, rather than a single, cancer type
should build the prevalence basis of the orphan designation. By contrast, a distinct ultra-orphan
designation with greater financial incentives could encourage drug development for ultra-rare
diseases. The recent IRA, which empowers the CMS to directly negotiate drug prices and price
increases with manufacturers, should be extended to all drugs with orphan indications to ensure

that US patients can access and afford the treatment they need.
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6 Partial orphan cancer drugs

Summary: This cross-sectional study compares the FDA approval, clinical benefit, trials, epi-

demiology, price, beneficiaries, and spending of full, partial, and non-orphan cancer drugs.

6.1 Abstract

Background: The ODA incentivizes drug development for rare diseases with limited sales po-
tential. However, orphan drugs frequently turn into multi-billion dollar blockbusters, particu-

larly those used to treat rare and common diseases: “partial orphans”.

Objective: To analyze the development, FDA approval, epidemiology, and economics of full,

partial, and non-orphan cancer drugs.

Patients and Methods: 170 drugs with FDA approval for 455 cancer indications were identi-
fied between 2000-2022. Full, partial, and non-orphan drugs were compared regarding their
regulatory approval, clinical benefit, trials, epidemiology, price, beneficiaries, and spending
with data extracted from FDA documents, Global Burden of Disease study, and Medicare and

Medicaid.

Results: We identified 110 full, 22 partial, and 38 non-orphan cancer drugs. The time from first
to second FDA approval was shorter for partial than non- and full orphans (median: 1.3 vs. 1.6
vs. 2.3 years). Full orphans, relative to partial and non-orphans, were more frequently third-line
(17% vs. 8% vs. 7%, p=.025) monotherapies (74% vs. 58% vs. 58%, p=.002) for hematologic
cancers (66% vs. 4% vs. 0%, p<.001) supported by smaller (median: 154 patients vs. 416 vs.
536, p<.001) open-label (87%vs. 64% vs. 56%, p<.001) single-arm trials (50% vs. 23% vs.
19%, p<.001). Disease incidence was lower and disease burden/severity higher for full than
partial and non-orphans. Full orphans offered a significantly greater OS (median: 4.0 vs. 2.8 vs.

2.8, p<.001) and PFS benefit (median: 5.1 vs. 2.5 vs. 3.6, p<.001). Monthly prices were higher
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for full and partial than non-orphan drugs (median: $17,177 vs. $13,284 vs. $12,457, p<.001).
Medicare and Medicaid beneficiaries (8,790 vs. 4,390 vs. 1,730) and spending ($570 vs. $305

vs. $156 million) per drug were greater for partial than non-and full orphans.

Conclusions: The clinical benefit, trials, and epidemiology of partial orphan cancer drugs are
more similar to non-orphans than full orphans. However, partial orphans receive all of the
ODA’s incentives and are swiftly extended to new indications; resulting in greater prices, ben-
eficiaries, and spending. Establishing a maximum revenue threshold for the ODA’s benefits

alongside indication-specific pricing could reduce expenditure on partial orphan drugs.
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6.2 Key points

Question: What are the benefits, clinical trial evidence, epidemiology, price, beneficiaries, and
spending of cancer drugs with FDA approval to treat orphan and non-orphan diseases — “partial

orphans™?

Findings: The clinical benefit, trial characteristics, and epidemiology of partial orphan cancer
drugs are more similar to non-orphan than full orphan drugs. However, partial orphans receive
all of the ODA’s incentives and are swiftly extended to new indications; resulting in greater

prices for patients, more beneficiaries, and higher spending for Medicare and Medicaid.

Meaning: Establishing a maximum revenue and/or patient threshold for the ODA’s benefits
alongside indication-specific pricing could help to reduce expenditure on top-selling partial or-

phan drugs.
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6.3 Introduction

The ODA incentivizes drug development for rare diseases with limited sales potential.*®® How-
ever, orphan drugs frequently turn into multi-billion dollar blockbusters, particularly those ap-
proved for rare and common diseases — “partial orphan drugs”.”? In 2019, seven of the top-ten
selling drugs were partial orphans, generating revenues of $67 billion.'? Yet, partial orphan
drugs are more frequently used in and sold for their non-orphan (71%) than orphan (21%) in-
dications.*® For many top-selling partial orphan drugs, only a small fraction is spent on the
orphan indications: pegfilgrastim (1%), etanercept (1%), trastuzumab (2%), denosumab (6%),
and adalimumab (8%). Nonetheless, the ODA currently provides the same incentives to spon-
sors of full and partial orphans, including “research grants for conducting clinical trials, tax
credits of 25%, exemption from FDA user fees, and an enhanced marketing exclusivity of up
to 7 years after regulatory approval” (Michaeli et al., 2023, p. 1-2).751%¢ Patients and policy-
makers are therefore debating whether partial orphan drugs fit the ODA’s intention and should

receive all of the ODA’s benefits,*6:173:181.190

This debate is especially prominent for partial orphan drugs that are first approved for rare and
then used for common diseases. Critiques argue that this “orphan-first” strategy permits spon-
sors to establish high launch prices for patient populations suffering from rare diseases with
few treatment alternatives based on non-robust evidence.*® Thereafter, sponsors swiftly transfer
these high prices to patients suffering from common diseases.®®*° Concerns were particularly
raised that sponsors “game” the ODA by slicing common diseases into biomarker-defined sub-
sets to receive the orphan designation and then extend these “common orphans ™ approvals to
non-orphan diseases.*”"®1® Whilst European countries, Canada, and Australia encounter this
sequencing of indication launches with indication-specific pricing policies, 3 the US has not

yet introduced any new differential pricing policy.*
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The debate surrounding partial orphan drugs that are first approved for common and then rare
diseases is more complex. Albeit patients benefit from the indication extension of these “non-
orphan-first” drugs to rare diseases, policymakers question whether all the ODA’s benefits are
needed to incentivize sponsors to conduct this repurposing.*® Moreover, this non-orphan-first
strategy could unreasonably increase spending on non-orphan indications because orphan drugs
do not have to provide the 340B Price Program’s discounts!®* and are more frequently covered

by health insurers.1%

Although previous analyses investigated the spending on and use of partial orphan
drugs,*61%01% Jittle is known about the FDA approval, epidemiology, and economics of partial
orphan drugs. This is the first study to analyze the regulatory approval, clinical benefit, trials,
epidemiology, price, beneficiaries, and spending of partial orphan drugs. We used a sample of
170 drugs with FDA approval in 455 anti-cancer indications between 2000-2022 to compare
full, partial, and non-orphan drugs. We focused on cancer drugs because they represent the

largest therapeutic area of drug development and spending.

6.4 Data and methods

6.4.1 Sample identification

We identified all new medicines with FDA approval between 1% January 2000 and 1% January
2022 (Figure 39). The sample was then restricted to anti-cancer drugs, excluding non-oncology,
supportive care, and diagnostic agents, including gene and cell therapies. For these medicines,
we then identified all original and supplemental anti-cancer indications in the Drugs@FDA

database until 1% January 2022.
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720 Drugs identified with FDA approval

g between 15t Jan, 2000 and 15t Jan, 2022
= 577 New Drug Applications
g 143 Biologics License Applications
E
c
@
T
556 Drugs excluded
532 Non-oncology drugs
24 Oncology drugs
11 Diagnostic agents
6 Anti-cancer cell and gene therapies 5 Antiemetic drqgs

o with FDA approval included 8 Other supportive care drugs
=
c
[
o
“b’ 170 Anti-cancer drugs screened for FDA

indication approvals until 1t Jan, 2022

38 non-orphan drugs
22 partial orphan drugs
110 full orphan drugs

z
S
2
w

464 Indications identified and assessed

for eligible therapeutic area

9 Non-oncology indications excluded

o
@
T
= 455 Anti-cancer indications included in
2 the analysis

73 indications for non-orphans
159 indications for partial orphans
223 indications for full orphans

Figure 39: Flow diagram of full, partial, and non-orphan cancer drug indications included in
the analysis, 2000-2022

Notes: All drugs that received FDA approval between 1st January 2000 and 1st January 2022 were identified in
the Drugs@FDA database. We then limited the sample to anti-cancer drugs by excluding non-oncology drugs and
oncology drugs indicated for diagnostic, supportive care, or antiemetic treatments. For each drug, we identified all
original and supplementary indications with FDA approval until 1st January 2022, excluding approvals for non-
oncology indications. Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-
orphan indications), and non-orphan (only non-orphan indications).

Abbreviations: FDA, US Food and Drug Administration.

The FDA’s orphan drug database was accessed to link the orphan designation status to each
indication (Table 3). Orphan drugs were then classified as full orphans (only orphan indica-
tions), partial orphans (orphan and non-orphan indications), and non-orphans (only non-orphan

indications).
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6.4.2 Data collection

Two independent reviewers (D.T.M. and T.M.) retrieved and cross-checked data characterizing
each indication from public sources including FDA labels, clinicaltrials.gov, associated publi-
cations, the Global Burden of Disease study, and Medicare and Medicaid websites (Table 3).

Details of the data collection and synthesis methodology are described elsewhere.”

FDA approval

For each drug, we collected the number of indications, innovativeness, mechanism of action,
and product type. For each indication, we retrieved data describing its treatment regimen, can-
cer type, companion biomarkers, and line of therapy. Clinical trials supporting each approval
were described by their phase, enrolled patients, blinding, design, arms, comparator, and end-
point. For RCTs, HRs were noted for OS and PFS and RR rates were calculated for tumor
response. The ORR was retrieved for single-arm trials. Improvements in OS, PFS, and duration

of response were characterized by medians with IQR.

Epidemiology

Data describing each indication’s cancer incidence, prevalence, and DALYS, calculated as the
sum of YLD and YLL, were obtained from the Global Burden of Disease study for the US

population in 2019.1%

Prices

Medicare and Medicaid websites were accessed in 2023 to collect drug price data for the aver-
age US patient covered by Medicare Part B and D. The average monthly cost of treating an
adult patient (weight: 70 kg, surface area:1.7 m?) living in New York (ZIP:10065) covered by
the “Humana Basic Rx Plan” was then estimated based on each indication’s dosing regimen.

Full details of this methodology are described elsewhere.”
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Beneficiaries and spending

Medicare and Medicaid drug beneficiaries and gross spending were obtained from CMS web-
sites with separate reports for Medicare Part D and B and Medicaid (Table 3). Beneficiary and
spending data were retrieved for all on-patent drugs in our sample. We then calculated the total
and average spending on new anti-cancer drugs with FDA approval for full, partial, and non-

orphans.

6.4.3 Statistical analysis

We compared the development times, indication characteristics, pivotal trials, epidemiology,
benefit, price, beneficiaries, and spending of full, partial, and non-orphan cancer drugs.
Fisher’s-exact-tests and Kruskal-Wallis-tests were used to compare the distribution of categor-
ical variables and medians of interval-scaled variables, respectively. Similar to prior studies,**®
the time to approval, calculated as the difference between investigational new drug (IND) ap-
plication to NDA/BLA approval, and the time to second approval, calculated as the difference
between first and second NDA/BLA approval, were compared in Cox regression models. For
RCTs, we conducted random-effects meta-analyses of HRs for OS and PFS and of RRs for
tumor response. For single-arm trials, we meta-analyzed ORRs for tumor response. Cochran’s
Q-tests were used to compare differences in patient outcomes. Beneficiaries of and spending
on full, partial, and non-orphan drugs were compared using three-way ANOVA, adjusting for

the FDA approval year.

Data were stored in Microsoft EXCEL and analyzed with STATA 14.2 (StataCorp LLC, Col-
lege Station, TX). Two-tailed p-values below 0.05 were considered significant. This study fol-
lowed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)

reporting guideline when applicable.'®
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6.5 Results

170 drugs with FDA approval in 455 indications were identified between 2000-2022 (Figure
39). Of these, 110 were full (65%), 22 partial (13%), and 38 non-orphan (22%) drugs. An equal
share of partial orphans pursued an orphan-first (50%) and a non-orphan-first (50%) strategy

(Table 28).

Generic name Firstorphan ap-  First non-orphan Orphanindi- Non-orphanindi- Orphan-

proval approval cations cations First?

Olaparib 19.12.2014 12.01.2018 5 2 Yes
Lenvatinib 13.02.2015 13.05.2016 2 3 Yes
Rucaparib 19.12.2016 15.05.2020 2 1 Yes
Cabozantinib 29.11.2012 25.04.2016 3 3 Yes
Trifluridine; Tipiracil 22.02.2019 22.09.2015 1 1 No
Regorafenib 25.02.2013 27.09.2012 2 1 No
Eribulin 28.01.2016 15.11.2010 1 1 No
Ipilimumab 25.03.2011 16.04.2018 4 4 Yes
Ramucirumab 21.04.2014 12.12.2014 3 3 Yes
Atezolizumab 18.03.2019 18.05.2016 3 8 No
Pembrolizumab 04.09.2014 02.10.2015 14 24 Yes
Avelumab 23.03.2017 09.05.2017 1 3 Yes
Durvalumab 27.03.2020 01.05.2017 1 2 No
Encorafenib 27.06.2018 08.04.2020 1 1 Yes
Everolimus 29.10.2010 30.03.2009 5 2 No
Pazopanib 26.04.2012 19.10.2009 1 1 No
Nivolumab 22.12.2014 04.03.2015 12 12 Yes
Erlotinib 11.02.2005 18.11.2004 1 3 No
Cetuximab 01.03.2006 12.02.2004 1 4 No
Pemetrexed 04.02.2004 19.08.2004 1 4 Yes
Bevacizumab 05.05.2009 26.02.2004 6 4 No
Fam-trastuzumab - derux- 15 5 5059 20.12.2019 1 1 No
tecan-nxki

Total 71 88 11

Table 28: Partial orphan cancer drugs approved by the FDA from 2000 to 2022

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (only non-orphan indications).

2 Orphan-first refers to drugs with FDA approval in an orphan before a non-orphan indication.

Abbreviations: FDA, US Food and Drug Administration; NA, not applicable.

6.5.1 Clinical development time

The time from IND to first FDA approval was similar for full, partial, and non-orphans (Figure
40). The time from first to second FDA approval was shorter for partial than non- and full

orphans (median: 1.3 vs. 1.6 vs. 2.3 years).
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Median (95%Cl)  HR (95% CI) P Median (95%Cl)  HR (95% Cl) P
Non-Orphan 7.05(6.19-7.82)  1.06 (0.75-1.50) 0.735 Non-Orphan 162 (1.04-2.88) 1.15(0.68-1.96)  0.604

a 7.26 (6.12-9.24)  1.04 (0.69-158) 0.840 b 1.25(0.54-2.52)  1.99(1.23-3.21)  0.005
Full Orphan 6.70 (5.52-8.30) Full Orphan 2.34 (1.61-3.05)

100 = 100 =

801 80 =
Non-Orphan Non-Orphan

Full Orphan

60 =1 60 =4

20 40 Full Orphan

20= 20=

Cumulative incidence rate of first FDA approval (%)

Cumulative incidence rate of second FDA approval (%)

0 2 4 6 8 10 12 0 1 2 3 4 5 6
Time since IND (years) Time since first FDA approval (years)
No. at Risk No. at Risk
Non-Orphan 35 35 33 24 12 8 3 Non-Orphan 19 15 9 6 5 5 4
22 22 20 17 9 4 2 22 14 1 0
Full Orphan 104 103 90 58 43 26 10 Full Orphan 45 53 26 17 12 9 8

Figure 40: Time from IND to first and second FDA approval for full, partial, and non-orphan
cancer drugs

Notes: Graph a illustrates the cumulative incidence of first FDA approval since IND for full (blue curve), partial
(orange curve), and non-orphan (red curve) cancer drugs. Graph b portrays the cumulative incidence of second
FDA approval since the first FDA indication approval for full (blue curve), partial (orange curve), and non-orphan
(red curve) cancer drugs. Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-
orphan indications), and non-orphan (only non-orphan indications). P values calculated based on Cox-proportional
hazard models.

Abbreviations: FDA, US Food and Drug Administration; IND, investigational new drug application.

6.5.2 FDA approval

Partial orphans were approved for more indications than full and non-orphan drugs (median: 5
vs. 1vs. 2, p<.001; Table 29; Table 30). Indications of partial orphans more closely resembled
non-orphans than full orphans regarding the share of monotherapies (58% vs. 58% vs. 74%,
p=.002), hematologic cancers (4% vs. 0% vs. 66%, p<.001), and third-line therapies (8% vs.
7% vs. 17%, p=.025). Full orphans more frequently received the breakthrough therapy (46%
VS. 32% vs. 32%, p=.031) and fast track (31% vs. 13% vs. 22%, p<.001) designations compared
to partial and non-orphans (Table 31). Partial orphan drugs were predominantly approved for

the treatment of lung, renal, skin, colorectal, and gastric cancers (Table 32).
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No. (%)

Orphan Designation P Value @
Non-Orphan [ Partial Orphan [ Full Orphan

Indication characteristics

Number of indications, median (IQR) 2 (1-3) 5(3-7) 1(1-2) <.001

FDA approval type <.001
Original indication 39 (53.4) 22 (13.8) 119 (53.4)
Supplemental indication 34 (46.6) 137 (86.2) 104 (46.6)

Treatment type 0.002
Combination 31 (42.5) 67 (42.1) 59 (26.5)
Monotherapy 42 (57.5) 92 (57.9) 164 (73.5)

Cancer type <.001
Hematological 0 (0.0) 7(4.4) 147 (65.9)

Solid 73 (100.0) 152 (95.6) 76 (34.1)

Biomarker 0.008
No 39 (53.4) 115 (72.3) 134 (60.1)

Yes 34 (46.6) 44 (27.7) 89 (39.9)

Line of therapy 0.025
First-line 40 (54.8) 75 (47.2) 102 (45.7)
Second-line 28(38.4) 72 (45.3) 83(37.2)
>Third-line 5(6.8) 12 (7.5) 38 (17)

Clinical trial characteristics

Enrolled patients, median (IQR) 536 (230-886) 416 (173-709) 154 (83-365) <.001

Clinical trial phase <.001
Phase 1 4 (5.5) 4(2.5) 13 (5.8)

Phase 2 14 (19.2) 43 (27.0) 111 (49.8)
Phase 3 55 (75.3) 112 (70.4) 99 (44.4)

Trial design <.001
Single-arm 14 (19.2) 37 (23.3) 112 (50.2)
Non-randomized 0 (0.0) 1(0.6) 7(3.1)

Concurrent RCT 57 (78.1) 118 (74.2) 99 (44.4)
Dose-comparison RCT 2(2.7) 3(1.9) 5(2.2)

Type of blinding <.001
Open-label 41 (56.2) 102 (64.2) 195 (87.4)
Single-blind 0(0.0) 1 (0.6) 0(0.0)

Double-blind 32 (43.8) 56 (35.2) 28 (12.6)
Clinical trial arms <.001
1arm 14 (19.2) 37(23.3) 112 (50.2)
2 arms 55 (75.3) 116 (73.0) 106 (47.5)
>3 arms 4 (5.5) 6(3.8) 5(2.2)
Total concurrent RCTs, no. 57 118 99
Comparator 0.375
Active agent 17 (29.8) 47 (39.8) 40 (40.4)
Placebo/No treatment 40 (70.2) 71 (60.2) 59 (59.6)

Endpoint for concurrent RCTs
Overall survival 45 (78.9) 98 (83.1) 61 (61.6) 0.001
Progression-free survival 41 (71.9) 105 (89.0) 76 (76.8) 0.011
Tumor response 38 (66.7) 100 (84.7) 81 (81.8) 0.017
Other 12 (21.1) 10 (8.5) 12 (12.1) 0.061

Cancer epidemiology

Disease incidence, median (IQR) ° 77.6 (69.3-94.1) 18.8 (8.5-67.6) 5.2 (1.5-8.2) <.001

Disease prevalence, median (IQR) ®  832.8 (117.8-859.2) 111.2 (25.9-117.8) 19.9 (6.5-35.4)  <.001

DALYs per person, median (IQR) 5.5 (3-7.1) 7.7 (6.4-16.4) 10 (6.7-16.4) <.001
YLL per person, median (IQR) 4.8 (2.3-6.6) 7.2 (5.9-16.2) 9.3 (6.2-16.2) <.001
YLD per person, median (IQR) 0.7 (0.5-0.8) 0.4 (0.2-0.5) 0.5 (0.4-0.7) <.001

Total no. of indications 73 (16.0) 159 (34.9) 223 (49.0)

Table 29: Characteristics of full, partial, and non-orphan cancer indications approved by the
FDA from 2000 to 2022

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (no orphan indications).

2 P Values calculated based on Fisher’s-exact-tests or Kruskal-Wallis-tests.
b Disease incidence and prevalence rates per 100,000 US inhabitants.

Abbreviations: DALY, disability-adjusted life years; FDA, US Food and Drug Administration; IQR, interquartile
range; RCTs, randomized controlled trials; YLD, years lived with disability; YLL, years of life lost due to prem-
ature death.
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No. (%)

Orphan Designation P Value @
Non-Orphan | Partial Orphan | Full Orphan

Drug characteristics

Innovativeness 0.730
Not-first-in-class 25 (65.8) 15 (68.2) 66 (60.0)
First-in-class 13 (34.2) 7 (31.8) 44 (40.0)

Mechanism of action 0.021
Cytotoxic chemotherapy 3(7.9) 3(13.6) 15 (13.6)

Targeted agents 33 (86.8) 13 (59.1) 66 (60.0)
Immune-regulators 2 (5.3) 6 (27.3) 29 (26.4)

Product type 0.084

Small-molecule 26 (68.4) 12 (54.5) 76 (69.1)
Antibody 7 (18.4) 9 (40.9) 16 (14.5)
Antibody-drug conjugate 4 (10.5) 1(4.5) 7 (6.4)
Other ° 1 (2.6) 0 (0.0) 11 (10.0)

Total number of drugs 38 (22.4) 22 (12.9) 110 (64.7)

Table 30: Characteristics of full, partial, and non-orphan cancer drugs approved by the FDA
from 2000 to 2022

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (only non-orphan indications).

& P Values calculated based on Fisher’s-exact-tests.
b Other includes gene therapies, cell therapies, enzymes, and radionuclides.

Abbreviations: FDA, US Food and Drug Administration

No. (%)
Orphan Designation P Value @
Non-Orphan| Partial | Full
Fast Track 16/73 (21.9) 21/159 (13.2) 68/223 (30.5) <.001
Priority Review 53/73 (72.6) 127/159 (79.9) 178/223 (79.8)  0.400

Accelerated Approval 17/73 (23.3) 49/159 (30.8) 81/223 (36.3)  0.103
Breakthrough Therapy ® 16/50 (32.0) 42/132 (31.8) 79/173 (45.7)  0.031
Table 31: Special review pathways used for the FDA approval of full, partial, and non-orphan
cancer drugs: fast track, priority review, accelerated approval, and breakthrough therapy

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (only non-orphan indications).

2 P Values calculated based on Fisher’s-exact-test.
® Includes only indications approved in 2013 and thereafter.

Abbreviations: FDA, US Food and Drug Administration.
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No.
Orphan Designation Total
Non-orphan |  Partial | Full

Bladder 4 10 0 14
Brain 0 1 2 3
Breast 27 8 1 36
Cervical 1 3 0 4
Colorectal 7 12 0 19
Endometrial 1 2 0 3
Gastric 1 12 4 17
Head and Neck 0 6 0 6
Hepatic 0 10 1 11
Leukemia 0 0 62 62
Lung 3 34 28 65
Lymphoma 0 5 71 76
Other 2 9 29 40
Ovarian 0 9 3 12
Pancreatic 0 2 0 2
Prostate 16 2 0 18
Renal 6 16 2 24
Skin 5 15 12 32
Thyroid 0 3 8 11
Total 73 159 223 455

Table 32: Tumor entities treated by full, partial, and non-orphan cancer drugs

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (only non-orphan indications).

6.5.3 Clinical trials

Clinical trials supporting full orphan indications enrolled fewer patients than those for partial
and non-orphans (median: 154 vs. 416 vs. 536, p<.001). Full orphan indications were less fre-
quently supported by double-blind (13% vs. 35% vs. 44%, p<.001) concurrent RCTs (44% vs.
74% vs. 78%, p<.001) assessing OS (62% vs. 83% vs. 79%, p<.001) than partial and non-

orphan indications.

6.5.4 Epidemiology

Full orphan indications exhibited a lower disease incidence (median: 5.2 vs. 18.8 vs. 77.6,
p<.001) and higher DALY's (median: 10.0 vs. 7.7 vs. 5.5, p<.001) than indications of partial

and non-orphan drugs.
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6.5.5 Clinical benefit

Indications of full orphan drugs did not prevent significantly more deaths (HR: 0.69 vs. 0.74
vs. 0.75, p=.064), yet provided a greater OS benefit (median: 4.0 vs. 2.8 vs. 2.8, p<.001) than
those of partial and non-orphan drugs (Figure 41). Full orphans prevented more tumor progres-
sions (HR: 0.48 vs. 0.61 vs. 0.62, p<.001) with a greater PFS benefit (median: 5.1 vs. 2.5 vs.
3.6, p<.001) than partial and non-orphans. However, tumor response in RCTs was lower for
full than partial and non-orphan drugs (RR: 1.28 vs. 1.50 vs. 1.52, p<.001). Nevertheless, more
tumor responses were observed for full than partial and non-orphans in single-arm trials (ORR:

54% vs. 33% vs. 34%, p<.001).
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A
Subgroup Intervention Control 0OS Hazard Ratio (95% Cl) ? P Value ° Survival Gain P value b
no. of patients with event/total no. of patients (%) median (IQR), months
Indication-level : 0.178 0.382
Non-orphan 14605/38606 (37.8) 14455/32455 (44.5) - 0.74(0.72-0.76) 29.7% 2.8(1.8-4.6)
Orphan 10156/22790 (44.6) 9784/19182 (51) - 0.72 (0.69-0.75) 33.5% 3.3(2-4.7)
Drug-level 0.064 <.001
Non-orphan 6017/20433 (29.4) 5711/16785 (34) -I— 0.75 (0.72-0.79) 33.1% 2.8(1.8-4.8)
Partial orphan 14234/28024 (50.8) 14056/23782 (59.1) -l- 0.74(0.72-0.76) 24.0% 2.8(2-4)
Full orphan 4510/12939 (34.9) 4472/11070 (40.4) —-— 0.69 (0.65-0.73) 36.9% 4(1.5-7.7)
Overall 24761/61396 (40.3) 24239/51637 (46.9) ’ 0.73 (0.72-0.75) 31.7% 2.9 (1.99-4.65)
04 05 06 07 08 09 10 11
« —
Intervention better Control better
B
Subgroup Intervention Control PFS Hazard Ratio (95% Cl) ? P Value ° Survival Gain P Value *
no. of patients with event/total no. of patients (%) median (IQR), months
Indication-level : <.001 0.011
Non-orphan 19142/33004 (58) 17996/27040 (66.6) 0.64 (0.6-0.67) 86.2% 2.7(1.4-5.2)
Orphan 13388/26873 (49.8) 13735/22553 (60.9) H 0.51 (0.47-0.54) 90.6% 4.2(2.1-7.1)
Drug-level <.001 <.001
Non-orphan 6983/14405 (48.5) 6731/11310 (59.5) - 0.62 (0.57-0.67) 83.7% 3.6 (1.8-7.1)
Partial orphan 19305/29081 (66.4) 17565/23818 (73.7) [ 0.61 (0.57-0.64) 90.3% 2.5(0.7-4.55)
Full orphan 6242/16391 (38.1) 7435/14465 (51.4) - 0.48 (0.43-0.53) 89.8% 5.06 (2.83-9)
Overall 32530/59877 (54.3) 31731/49593 (64) ’ 0.57 (0.54-0.6) 90.7% 3.3(1.55-5.6)
0.2 0.4 0.6 0.8 liO 12
—
Intervention better Control better
C
Subgroup Intervention Control Tumor Response (95% Cl) ? P Value ° Duration Gain P Value ®
no. of patients with event/total no. of patients (%) Relative Risk median (IQR), months
Indication-level <.001 0.278
Non-orphan 10980/30907 (35.5) 5981/26556 (22.5) | ——— 1.53 (1.44-1.63) 84.0% 5(2.9-10.1)
Orphan 14082/28014 (50.3) 9394/24189 (38.8) i 1.29 (1.24-1.34) 78.4% 4.3(2.1-7.4)
Drug-level <.001 0.543
Non-orphan 4697/11864 (39.6) 2376/10101 (23.5) —'— 1.52(1.38-1.65) 83.3% 2.9(0.1-6.8)
Partial orphan 9818/29310 (33.5) 5681/24688 (23) —— 1.5(1.4-1.59) 78.7% 4.3(2.4-8.7)
Full orphan 10547/17747 (59.4) 7318/15956 (45.9) - 1.28(1.23-1.34) 81.4% 5.8(2.2-7.4)
Overall 25062/58921 (42.5) 15375/50745 (30.3) 0 1.39 (1.34-1.43) 81.3% 4.3(2.35-8.3)
05 . 1t0 15 ‘2.0
Control better Intervention better
D
Subgroup Responders No. of patients Tumor Response (95% Cl) ? P Value ° Duration of Response
Objective Response Rate (%) median (IQR, months)
Indication-level - <.001 0.188
Non-orphan 1395 4580 - 32.5(28.2-36.8) 91.2% 8.3(7.2-13.8)
Orphan 6597 13106 50.7 (46.4-55) 96.7% 10.96 (8.2-13.6)
Drug-level — <.001 0.098
Non-orphan 553 1649 . 33.5(27.8-39.2) 85.0% 7.65 (6.73-9.85)
Partial orphan 1596 4873 33.4(27.6-39.2) 95.8% 10.3(7.9-14.8)
Full orphan 5843 11164 - 53.5 (49.1-57.9) 96.5% 11.1(8.2-14.3)
Overall 7992 17686 L 2 46.5 (42.8-50.3) 96.8% 10.42 (7.75-13.7)
0% 20% 40% 60% 80% 100%

Figure 41: Meta-analyses of overall survival, progression-free survival, and tumor response
for full, partial, and non-orphan cancer drugs approved by the FDA from 2000 to 2022

Notes: In graphs A, B, and C, treatment outcomes were meta-analyzed for RCTs. Graph D shows average tumor
response rates measured in single-arm trials. For tumor responses, a continuity adjustment of 0.5 for control arms
with 0 responders was applied. Cancer indications were stratified by their orphan designation status into orphan
and non-orphan. Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan
indications), and non-orphan (only non-orphan indications).

Abbreviations: FDA, US Food and Drug Administration; IQR, interquartile range; OS, overall survival; PFS, pro-
gression-free survival.
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6.5.6 Prices

Monthly prices were higher for full than partial and non-orphan drugs (median: $17,177 vs.
$13,284 vs. $12,457, p<.001; Figure 42). Particularly partial orphans pursuing an orphan-first
strategy were priced at a premium compared to those pursuing a non-orphan-first strategy (me-

dian: $14,734 vs. $12,624).
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Figure 42: Prices for full, partial, and non-orphan cancer drugs in 2023

Notes: Monthly prices are compared for full, partial, and non-orphan cancer drugs. Bars represent means with 95%
confidence intervals. Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-
orphan indications), and non-orphan (only non-orphan indications).

6.5.7 Beneficiaries and spending

In 2020, Medicare and Medicaid gross spending on our sample of FDA-approved cancer drugs
amounted to $30 billion (Figure 43). Of this, 44% ($13.2 billion) was spent on full, 30% ($9.1
billion) on partial, and 25% ($7.6 billion) on non-orphan drugs. Average gross spending per

drug was higher for partial than non- and full orphan drugs ($570 vs. $305 vs. $156 million).
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Spending per indication was higher for non-orphans than full and partial orphans ($162 vs. $83

vs. $72 million).
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Figure 43: Medicare and Medicaid spending on and beneficiaries of full, partial, and non-
orphan cancer drugs from 2016 to 2020

Notes: Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications),
and non-orphan (only non-orphan indications).

In 2020, a total of 387,700 beneficiaries received new FDA-approved anti-cancer drugs covered
under Medicare and Medicaid. Of these, 37% (141,600) received full, 36% (140,600) partial,
and 27% (105,500) non-orphan drugs. Consequently, the mean number of beneficiaries was

substantially higher for partial than non- and full orphan drugs (8,790 vs. 4,390 vs. 1,730). On
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an indication level, the average number of beneficiaries was higher for non- and partial orphans

than full orphans (2,244 vs. 1,107 vs. 885).

6.6 Discussion

In this study of 170 drugs with 455 anti-cancer indications, we compared the characteristics of
full, partial, and non-orphan drugs. Albeit there were only 22 (13%) partial orphan drugs ap-
proved between 2000-2022, they were a major driver of pharmaceutical innovation, accounting
for 35% of indication approvals; yet, also a major source of Medicare and Medicaid expendi-

ture, accounting for 30% of spending.

6.6.1 Partial orphans and the Orphan Drug Act

The ODA was introduced to encourage the R&D of drugs treating rare diseases for which clin-
ical trials are difficult to conduct and sales are unlikely to recoup development costs. In this
study, we showed that partial orphans were distinctly different from drugs that only treat rare
diseases and on average do not fulfill the ODA’s underlying intention. Relative to full orphans,
partial orphans were more likely to be combination treatments for solid cancers supported by
larger, randomized, double-blind phase 3 trials assessing OS rather than surrogate endpoints.
Although partial orphans were swiftly approved for follow-on indications, on average, they did
not treat rare diseases as exhibited by higher disease incidence rates and lower disease severity.
The average OS, PFS, and tumor response benefit was lower for partial than full orphan drugs.
However, the average partial orphan drug was more frequently prescribed and exhibited greater
Medicare and Medicaid gross spending than full or non-orphan drugs. Policy reforms are nec-

essary to reflect partial orphans’ distinct characteristics in the ODA.

Policymakers could amend the ODA benefits for partial orphan drugs. The ODA benefits could
be lowered or even revoked for partial orphans that surpass a pre-defined revenue (e.g. $200

million) and/or total patient threshold (e.g. 200,000 affected US inhabitants).*®!8! For example,
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partial orphans exceeding these thresholds need to repay half of the ODA’s tax credits and user
fees and only benefit from a market exclusivity period of 5 instead of 7 years. Similar provisions
are observed in European and Japanese orphan drug policies.'®*1% The EU’s orphan drug policy
entails a “clawback” clause that allows the EMA to reduce the period of market exclusivity
from 10 to 6 years for drugs that were shown to generate sufficient revenues; yet, this clause
has never been enacted.®® While these thresholds ensure that the ODA benefits are only granted
to drugs with limited sales potential for rare diseases, it would also discourage sponsors to pur-

sue the development of orphan follow-on indications.

6.6.2 Pricing, usage, and spending of partial orphans

In 2020, average Medicare and Medicaid spending was 3.6x and 1.8x greater for partial than
full and non-orphan cancer drugs, respectively. Coherent with theory, our results confirm that
partial orphans are priced slightly higher than non-orphans. Yet, spending on partial orphans is
mainly driven by drug usage, particularly for common disease indications.*¢1%1% As a result,
we observed 5.1x and 2.0x more beneficiaries for partial than full and non-orphan drugs, re-
spectively. The greater number of beneficiaries for partial orphan drugs is mainly driven by the
expansion of partial orphan drugs to new indications and uses. At an indication level, there were
only 1.3x more beneficiaries per indication for partial than full orphan drugs, whilst there were
more beneficiaries for non-orphan than partial orphan drugs. There are several policy options

to control the expenditure on and usage of partial orphans for non-orphan indications.

In this study, prices were especially high for drugs that were first-approved for orphan and then
extended to non-orphan indications. Indication-specific pricing — aligning a distinct price to
each indication rather than a drug — could help to decrease incentives for this orphan-first strat-
egy.*! Thereby sponsors could charge a lower price for common and a higher price for rare
diseases treated by the same drug. Essential to this policy is the monitoring of drugs for their

intended indication. Physicians and pharmacists would have to note the intended usage of each
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drug that is prescribed and dispensed. Albeit patients, physicians, and pharmacists welcome
indication-specific prescriptions, monetary investments for a clinically well-integrated IT sys-
tem and political resistance of key stakeholders must be overcome for its widespread adoption
in clinical practice.>® % Besides rationalizing drug prices, this novel system permits the collec-
tion and analysis of real-world outcomes data, especially for orphan indications with an uncer-
tain safety and efficacy profile at the time of FDA approval.** Furthermore, indication-specific
tracking of drug usage is fundamental to encourage generic competition for partial orphans.
Generic “skinny labels” of partial orphans could lower prices for off-patent non-orphan indica-
tions, whilst protecting on-patent orphan indications with a prolonged period of market exclu-

Sivity.196—198

Given that a pure ISP system will likely not be implemented in the short-term,>® US policy-
makers can explore indirect ISP policies currently used in other countries.!*4049 For instance,
Germany and France calculate a weighted-average drug price based on each indication’s benefit
and patient population. This policy was shown to effectively reduce drugs’ list prices as new
non-orphan indications entered the market.*® England, Scotland, and Canada demand indica-
tion-specific discounts for drug indications that are deemed not cost-effective based on the orig-
inal indication’s list price. Insurance systems in Australia, England, and Scotland were also
shown to restrict the coverage and reimbursement of low-value indications; e.g. non-orphan
indications were more frequently restricted to subpopulations with a greater observed benefit.®

The CMS’ existing CED policy could be amended to a similar extent.14

This study showed that half of the partial orphan drugs pursued a non-orphan-first strategy.
Among these drugs, more than 80% of spending is attributable to non-orphan indications.*
There are three options to control the usage of and expenditure on partial orphans’ indications
for common diseases. First, partial orphans should not be exempted from the 340B Price Pro-

gram as proposed by the recently introduced “Closing Loopholes for Orphan Drugs Act”.1%
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The 340B Price Program mandates sponsors to sell outpatient drugs at a 23% discount to
healthcare providers serving uninsured and low-income patients.'®! Second, insurers should
create indication-specific formulary lists rather than drug-specific formularies.*® Thereby insur-
ers could exclude partial orphans’ indications for common diseases with a low benefit from
formularies, whilst granting patients access to indications for rare diseases with a high benefit.
Finally, top-selling partial orphans are eligible to be included in the new IRA’s price negotia-
tions.1®* Thereby, the CMS could demand price discounts for top-selling partial orphan drugs

that are predominantly used for common diseases.

6.6.3 Balancing the benefits and affordability of partial orphan drugs

All the proposed policies could reduce the cost of and expenditure on non-orphan indications;
yet, these changes could also deter sponsors from investing in and developing orphan indica-
tions. Whilst pharmaceutical companies pursue indications for economic profits, there is a ben-
efit to testing a drug in a defined rare disease population. For example, pembrolizumab was not
only approved for common cancer entities but was also successfully tested in and approved for
rare cancers, including Merkel cell carcinoma, Hodgkin lymphoma, primary mediastinal large
B-cell lymphoma, and cervical cancer. Imatinib was first approved for chronic myeloid leuke-
mia and later received regulatory approval for rare and ultra-rare tumors such as gastrointestinal
struma tumor, chronic eosinophilic leukemia, and aggressive systemic mastocytosis. Therefore,
the pursuit of orphan indications for blockbuster drugs that have proven their efficacy in non-
orphan diseases can have substantial benefits for patients suffering from rare diseases. Moreo-
ver, the extension of non-orphan drugs to orphan indications is associated with lower R&D
spending for pharmaceutical companies as pre-clinical development and phase 1 and 2 trials
may only be necessary once in each therapeutic area.*® Whilst this analysis suggests that partial

orphan drug prices could be slightly higher than those for non-orphan drugs, they are not close
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to the highly-priced full orphan drugs. Therefore, partial orphan drugs also offer important ther-
apeutic gains to patients suffering from rare diseases without available treatment options.

As a consequence, any changes to the ODA in its current form and to the pricing, coverage, and
reimbursement of orphan drugs must be thoroughly evaluated. For example, scholars are con-
cerned that the IRA will deter pharmaceutical sponsors from testing full orphan drugs in com-
mon diseases, yet not partial orphans, since full orphan drugs are excluded from the IRA’s price
negotiations.?’® Any novel policy must balance the risk of undermining investments in orphan
drug development, particularly the pursuit of novel indications, with the benefit of increasing

the affordability of drugs that are not (or only partially) deserving of the ODA.

6.6.4 Partial orphan drugs beyond oncology

In this study only anti-cancer drugs were analyzed. Two prior studies assessed the spending on
partial orphan drugs across all therapeutic areas in the US. Using a sample of 315 drugs, Tu et
al. showed that sales of drugs with an orphan designation in the first indication was just as high
as sales for those without the designation in the first indication.?* Chua et al. showed among
the top fifteen selling partial orphan drugs in the US, 21% was spent on orphan and 71% on
non-orphan indications.*® However, pharmaceutical companies’ commercialization strategies
may differ across therapeutic areas.?’? In oncology, an orphan-first strategy generates high
prices that are transferred across indications. In contrast, in rheumatology, the non-orphan-first
strategy permits pharmaceutical companies to quickly gain market share for high-prevalence
diseases to then roll out their medicine to rare diseases. This strategy maximizes early revenue
potential for pharmaceutical companies but requires robust, certain outcomes data. Future re-

search should confirm our results and policy implications for non-cancer medicines.
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6.6.5 Limitations

This study has certain limitations. First, we only examined drugs and indications with FDA
approval. Therefore, the efficacy analysis is upward-biased to only successful trials, whilst the
spending analysis does not distinguish between approved and off-label indication uses. Second,
drugs’ list prices and gross spending were calculated for the average patient covered under
Medicare & Medicaid — net prices, co-payments, deductibles, rebates, and net spending may
vary for patients covered with private health insurers. Third, in the absence of nationwide claims
data, we were not able to calculate the number of beneficiaries of and spending on orphan and

non-orphan indications for the same drug.*®

6.7 Conclusion

This study showed that partial orphan cancer drugs are more similar to non-orphan than fully
orphan drugs regarding their clinical benefit, trial evidence, and epidemiology. However, partial
orphans receive all of the ODA’s incentives and are swiftly extended to new indications; result-
ing in greater prices, more beneficiaries, and higher gross spending on partial than non-orphan
drugs. We, therefore, propose to reduce the ODA benefits for top-selling partial orphans that
exceed pre-defined revenue and/or patient thresholds. Policymakers should explore indication-
specific prescription, pricing, coverage, and reimbursement systems as well as deleting partial
orphans’ exemptions from the 340B Pricing Program to ensure that US patients can access and

afford their required medicines.
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7 Cost savings of indication-specific and weighted-average pricing

Summary: This study estimates that Medicare and Medicaid could reduce spending on cancer

drugs by 15.5% with the adoption of indication-specific pricing or weighted-average pricing.
7.1 Abstract

Background: In the US single drug prices do not reflect the value of supplemental indications
approvals. Therefore, indication-specific and weighted-average pricing were suggested for
drugs with multiple indications. Under indication-specific pricing, a distinct price is assigned
to the differential value a drug offers in each indication. Under weighted-average pricing, a

single drug price is calculated reflecting the value and/or volume of each indication.

Objective: To estimate potential price reductions and resulting cost savings for cancer drugs

under indication-specific pricing or weighted-average pricing.

Data and methods: All anti-cancer drugs and their original and supplemental indications with
FDA approval between 2003 and 2022 were identified in the Drugs@FDA database. Data on
each indication’s innovativeness, disease, trial, price, and spending were collected from FDA
labels, the Global Burden of Disease study, clinicaltrials.gov, and the CMS. A multivariate
regression analysis, informed by original indications’ innovativeness, disease, and trial charac-
teristics, was used to predict indication-specific prices for supplemental indications. These in-
dication-specific prices were combined with each indication’s prevalence data to estimate

weighted-average prices and potential cost savings for both policies.

Results: The FDA approved 162 anti-cancer drugs with 373 indications between 2003-2022.
Of these, price data were available for 149 on-patent drugs. On these drugs, Medicare and Med-

icaid spent a total of $28.3 billion in 2020. Adopting indication-specific pricing reduced drug
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prices by an average of -2.9% with cost savings of -$4.4 billion (-15.5%). Spending was partic-
ularly reduced on orphan drugs treating rare and common diseases, e.g. partial orphans (-
10.0%). However, higher prices for ultra-rare diseases increased spending by 16.8% (+$44 mil-
lion). Adopting weighted-average pricing also reduced spending by -$4.4 billion (-15.5%).

Weighted-average pricing reduced prices for and spending on ultra-rare diseases by -21.3%.

Conclusion: Indication-specific and weighted-average pricing could help to align new indica-
tions’ value and price; thereby reducing Medicare and Medicaid’s expenditure on cancer drugs

with multiple indications.
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7.2 Introduction

Cancer drugs are increasingly approved and used for multiple indications. Between 2000 and
2022, 55% of cancer drugs received FDA approval for more than one indication; with an aver-
age of four indications per drug.” However, in the US, a single (uniform) drug price is set based
on the original indication’s unmet needs and innovativeness.’* These uniform drug prices ne-
glect the value of supplemental indications. This is particularly concerning for partial orphan
drugs pursuing an “orphan-first” strategy — drugs that are initially approved for rare and then
extended for use in common diseases.*¢76.77189201 ynder uniform prices, this strategy was
shown to unfairly boost revenues for drug sponsors by transferring high orphan prices to non-
orphan indications.”” Indication-specific pricing or weighted-average pricing could help to bet-
ter align prices with each indication’s value and, thereby, resolve the current loopholes created

under uniform drug prices.”®’’

Systematic reviews have theoretically evaluated the merits of these differential pricing meth-
ods.11**4 However, besides several theoretical articles®>3"4%-°¢ and four case studies,**** our
knowledge of the potential impacts of adopting these pricing systems in the US remains deci-
mal. Therefore, we estimated prices and Medicare and Medicaid spending if indication-specific

or weighted-average pricing was adopted in the US for a sample of anti-cancer drugs.

7.2.1 Indication-specific pricing

Indication-specific pricing, also referred to as indication-based pricing or multi-indication pric-
ing, is the most rational option to price drugs with multiple indications.** Under indication-
specific pricing, a distinct price is assigned to the differential value a drug offers in each indi-
cation (“one drug, multiple prices”).** Thereby, higher prices are assigned to indications that
offer substantial benefits (high QALY gains) to patients with significant unmet needs, while a

lower price is aligned to indications that only offer an incremental benefit (low QALY gains).
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However, the implications of ISP on healthcare budgets, pharmaceutical competition, and pa-

tient access remain debated.

Bach noted that indication-specific pricing could rationalize drug pricing and thereby reduce
healthcare expenditure.*! In contrast, Chandra & Garthwaite (2017, p.103-104) noted that indi-
cation-specific pricing “will result in higher prices for patients who benefit the most from a
given drug, higher utilization by patients who benefit least, higher overall spending, and higher
manufacturer profits.”3” Although spending might be increased under indication-specific pric-
ing, the increased healthcare budget would be allocated to high-value indications that provide
substantial benefit to patients rather than money being wasted on indications offering marginal
benefit.® Indication-specific pricing encourages pharmaceutical companies to engage in phar-
maceutical R&D for both high-value low-prevalence and low-value high-prevalence indica-
tions if indication-specific pricing is implemented alongside a value-based pricing mechanism.
Thereby indication-specific pricing could not only increase the number of therapeutic options
available to patients but also reduce incentives to delay or withhold indications (e.g. the se-
quencing of indication launches), resulting in quicker access to these novel indications.>>>® Cole
et al. argue that this greater number of available therapeutic alternatives will result in more
competition that will dynamically reduce prices.® Hitherto, evidence from a systematic review
suggests that greater brand-brand competition does not lead to reduced prescription drug
prices.>” Ultimately, indication-specific pricing could benefit all stakeholders: expediting pa-
tient access to more therapeutic options, increasing revenues and profits for pharmaceutical

companies, and reducing health insurers’ spending on prescription drugs.
7.2.2 Weighted-average pricing

Weighted-average pricing is an indirect differential pricing policy. Under this policy, a single

drug price is calculated reflecting the value and/or volume of each indication. This system re-
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quires the ex-ante estimation or ex-post monitoring of patients receiving the drug for each in-
dication.®® As for all drug pricing considerations, the operationalization of “value” remains sub-
ject to the national HTA process. Therefore, this calculation or monitoring imposes an addi-
tional administrative burden on manufacturers and payers. Moreover, given that drug prices are
still anchored to the initial indication, there remains an incentive for drug sponsors to sequence
the development and launch of new indications. Particularly, low-value high-prevalence indi-
cations, which may substantially reduce the weighted-average price for the entire drug, may not
be launched (Figure 6).3° Weighted-average pricing is currently applied in Germany, France,
Spain, Australia, Austria, and Belgium,'44° and was shown to be associated with declining

list prices as new low-value high-prevalence indications enter the pharmaceutical market.>®

7.3 Data and methods

First, we collected data on all cancer drugs with FDA approval from 2000 to 2022. Then, we
used these data to calculate indication-specific and weighted-average prices. First, we con-
ducted a regression analysis of prices for original approvals informed by each indication’s in-
novativeness, R&D costs, disease incidence, disease severity, and the number of available treat-
ment options. This model was then used to predict indication-specific prices for all supple-
mental indications. Based on these indication-specific prices, we calculated value- and popula-
tion-weighted-average prices for each drug as new indications enter the market. Medicare and
Medicaid drug spending was proportionally assigned to each indication based on disease prev-
alence rates published by the Global Burden of Disease study. The current uniform pricing
policy was compared to indication-specific and weighted-average pricing regarding monthly

treatment costs and total Medicare and Medicaid spending.
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7.3.1 Data collection

We identified all cancer drugs receiving FDA approval between 2000-2022 in the Drugs@FDA
database.” Then, we collected data from marketing authorization labels and clinicaltrials.gov
on all anti-cancer drugs, including their original and supplemental indications, with FDA ap-
proval between 2000 and 2022. Epidemiologic data, including estimates for disease incidence,
DALYs, and number of available treatment options, were retrieved for all indications from the
Global Burden of Disease study and the National Institute of Health.12812° Monthly drug prices
were then calculated based on data retrieved from the CMS for an average adult US patient
(weight: 70 kg, surface area: 1.7 m?) living in New York (ZIP: 10065) covered under Medicare
Part B and D. Drug prices were obtained from the CMS and the Medicare’s plan finder tool.
For each cancer drug, Medicare Part B and D as well as Medicaid spending was downloaded
from the CMS website. We have previously described details for the data collection methodol-

ogy elsewhere.”

7.3.2 Estimating indication-specific prices

US drug prices are set based on the original indication’s characteristics and then transferred to
following supplemental indication approvals, regardless of their unmet needs, innovativeness,
and R&D costs.” We sought to estimate indication-specific prices for these supplemental indi-
cations, based on the original indication’s characteristics. First, we conducted a multivariable
regression analysis of original indication prices informed by variables relevant to the pricing of

new cancer drugs/indications (selection of these variables was informed by previous stud-

iES)74’110’203:

e Disease burden: Disease burden was measured by each disease’s incidence rate per

100,000 US inhabitants in 2019 as published by the Global Burden of Disease study.*?
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Disease severity: Disease severity was estimated based on DALY's per patient as pub-
lished by the Global Burden of Disease study.'?® DALYs are a composite measure of
YLL and YLD.

Number of treatment alternatives: Besides disease rarity and burden, the number of
treatment alternatives represents the last domain of unmet medical needs.**® The number
of available treatment options was obtained from the National Cancer Institute for each
cancer entity.'%°

R&D costs: The number of patients enrolled in the pivotal trial supporting the new in-
dication’s FDA approval was used as a proxy for pharmaceutical companies’ R&D
costs. Although this proxy may be imperfect, R&D costs were shown to be positively
correlated to clinical trial size.?*

Innovation/Novelty: A drug’s innovativeness/novelty may be judged from different as-
pects. The industry perspective has long focused on new drugs’ biotechnological as-
pects: mechanism of action, target, and/or delivery method.'%2%%2% However, these bi-
otechnological aspects may not be meaningful to patients and physicians. From a clini-
cal perspective, innovativeness is better determined by combining the novelty of a
drug’s target as well as the medical novelty of the treated disease. Patients benefit from
next-in-class drugs if they treat a novel disease. For instance, avelumab was not the first
PD-L1 inhibitor to receive FDA approval; yet, it is the first (and only) PD-L1 inhibitor
to treat Merkel Cell Carcinoma. We consequently adopted Lanthier et al.’s methodology
of determining new drugs’ innovativeness?®® and modified it for the classification of
new indications’ innovativeness. We differentiated drugs for new indications (first-in-
indication), drugs for known indications with a major benefit as exhibited by FDA pri-

ority review (advance-in-indication), and drugs for known indications without FDA pri-
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ority review (addition-to-indication). Furthermore, this novel methodology of determin-
ing innovativeness fits the purpose of calculating indication-specific prices as it allows

for varying levels of innovation across a drug’s indications.

The results of the log-linear regression analysis with robust standard errors are presented in
Table 33. This model was then used to predict prices for all supplemental indications adjusting
for smearing. These indication-specific prices were then used to calculate weighted-average
prices. Following the French and German examples, we estimated a single drug price weighted
by each indication’s value and prevalence.'*° This single drug price was then re-calculated as
new indications were approved for the same drug.®® We present prices as a percentage of the
original indication’s price, given that under the current uniform pricing policy, the prices of

drugs with two, three, or four indications vary.

Log(drug price for first indication)

3 [95% CI] P value

Clinical innovativeness

First-in-indication 0.000 [Reference]

Advance-in-indication -0.035 [-0.572,0.502] 0.899

Addition-to-indication 0.108  [-0.443,0.658] 0.699
Log(patients enrolled in pivotal trial) -0.222  [-0.337,-0.106] <.001
Log(disease incidence) -0.125 [-0.207,-0.044] 0.003
DALYs per person 0.002 [0.001,0.003] 0.002
No. of treatment options 0.003 [-0.006,0.013] 0.484
Constant 11.103 [10.194,12.012] <.001
N 149
F value 8.99
R2 32.47%
Prob > F <.001

Table 33: Multivariate regression analysis of selected variables on monthly prices for original
cancer indications

Abbreviations: DALYS, disability-adjusted life-years.

7.3.3 Estimating Medicare and Medicaid spending

Finally, we combined CMS’ drug spending data and our estimated prices to calculate the spend-

ing on and cost savings of adopting indication-specific and weighted-average pricing policies
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in the US. For this purpose, we proportionally assigned drug usage to each indication based on
the treated disease’s prevalence rate in the US. Ideally, indication-specific usage would be
tracked based on indication-specific monitoring of drug use, yet IT systems with this capability
have not yet been adopted across the entire nation.** Under the assumption that demand for
anti-cancer drugs is inelastic to marginal changes in prices, we estimated spending under an
indication-specific and weighted-average pricing policy by combining the previously calculated

drug prices and drug usage.

7.3.4 Comparison across indications and orphan drugs

We examined where savings were realized under the aforementioned novel pharmaceutical pol-
icies by comparing subgroups of indications and drugs. First, spending was compared across
original and supplemental indication approvals (first vs. second vs. third vs. fourth vs. fifth
approved indications). Second, drugs were compared across their orphan designation status.
Drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indi-
cations), and non-orphan (only non-orphan indications).”” Third, indications were compared
across their orphan designation status. Orphan indications were stratified according to the num-
ber of affected US inhabitants into ultra-rare (<6,600), rare (6,600-200,000), and common

(>200,000).76

Data were stored in Microsoft EXCEL and analyzed with STATA 14.2 (StataCorp LLC, Col-
lege Station, TX). Two-tailed p-values below 0.05 were considered significant. This study fol-
lowed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)

reporting guideline when applicable.'®

7.3.5 Sensitivity analysis

We conducted various sensitivity analyses to check the robustness of our model and its input

parameters. First, we re-calculated cost savings under different price elasticity of demand inputs
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given that the published estimates range from 0.10 to 0.74.2°2% Second, we re-calculated
prices and associated cost savings using different input parameters for the multivariable regres-
sion model. For instance, we used the established definition of drug novelty rather than our
novel definition of indication novelty and exchanged the number of available treatment options

for the 5-year survival rates for each cancer as one of the pillars for unmet needs.4

7.4 Results

The FDA approved 162 anti-cancer drugs with 373 indications between 2003-2022. Of these,
price data were available for 149 on-patent drugs. Across all indications, monthly drug prices
amounted to a median of $12,140 (IQR: 14,648-16,885) and a mean of $17,331 (95%CI: 9,493-
25,169) under the current uniform pricing policy. On these drugs, Medicare and Medicaid spent

a total of $28.3 billion in 2020.

7.4.1 Indication-specific pricing

Adopting an indication-specific pricing policy would result in an increase of drug prices by
+5.8% across all indications (Figure 44 and Table 34). However, Medicare and Medicaid spend-

ing would be reduced by a total of -$4.4 billion or -15.5%.

Prices for original indications would increase by +1.6%, prices for the second (+2.0%), third
(+4.7%), fourth (-7.5%), and >fifth approvals (+16.6%) would mostly increase. Spending on
original indications remained unchanged (-0.2%), whilst spending on second (-23.5%), third (-

18.4%), fourth (-10.5%), and >fifth (-20.1%) indications was reduced.

Spending was particularly reduced on full orphan drugs (-24.6%), partial orphan drugs (-
10.0%), and non-orphan drugs (-7.6%). On an indication level, savings were particularly high

for common diseases (-26.1%), whilst lower savings were realized for rare diseases (-8.6%) and
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non-orphan diseases (-9.8%). In contrast, high prices for ultra-rare diseases increased spending

by 16.8% ($44 million).
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Figure 44: Estimated cancer drug prices (a) and spending (b) under uniform, indication-spe-
cific, and weighted-average pricing

Notes: Uniform pricing represents the current policy under which a single price is assigned to drugs in the US. We
estimated prices and Medicare and Medicaid spending for our sample of anti-cancer drugs if an indication-specific
or weighted-average pricing policy were to be adopted in the US. Drug prices are presented as a percentage of the
original indication’s cost.
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in $ million
Uniform pricing Indication-specific pricing Weighted-average pricing
: : Cost savings  Cost savings : Cost savings  Cost savings
Total spending Total spending (absolute? %) 9 Total spending (absoluteg); %) 9
Indication launch sequence
1st indication 6,528 6,511 -16 -0.2% 5,815 -712 -10.9%
2nd indication 7,130 5,453 -1,678 -23.5% 5,858 -1,272 -17.8%
3rd indication 4,101 3,345 -756 -18.4% 3,429 -672 -16.4%
4th indication 2,000 1,790 -210 -10.5% 1,829 -171 -8.6%
>5th indication 8,469 6,764 -1,705 -20.1% 6,934 -1,535 -18.1%
Orphan drug type 2
Non-orphan drug 6,970 6,442 -527 -7.6% 6,442 -527 -7.6%
Partial orphan drug 9,525 8,577 -948 -10.0% 8,579 -946 -9.9%
Full orphan drug 11,733 8,843 -2,890 -24.6% 8,844 -2,889 -24.6%
Orphan disease type °
Non-orphan disease 14,867 13,405 -1,462 -9.8% 13,473 -1,393 -9.4%
Common orphan disease 10,427 7,709 -2,718 -26.1% 7,644 -2,783 -26.7%
Rare orphan disease 2,674 2,445 -230 -8.6% 2,543 -131 -4.9%
Ultra-rare orphan di 259 303 44 16.8% 204 -55 -21.3%
Total 28,227 23,862 -4,365 -15.5% 23,865 -4,363 -15.5%

Table 34: Estimated Medicare and Medicaid spending and cost savings on cancer drugs under
uniform, indication-specific, and weighted-average pricing in 2020

Notes: Uniform pricing represents the current base case scenario under which a single price is assigned to each
drug in the US. We estimated Medicare and Medicaid spending on and cost savings for anti-cancer drugs if an
indication-specific or weighted-average pricing policy was adopted in the US.

@ Cancer drugs were stratified into full (only orphan indications), partial (orphan and non-orphan indications), and
non-orphan (only non-orphan indications).

® Orphan indications were stratified according to the number of affected US inhabitants into common (>200,000),
rare (200,000-6,600), or ultra-rare (<6,600).

7.4.2 Weighted-average pricing

Implementing a weighted-average pricing policy would lower drug prices by -4.1% across all
indications. These price discounts would reduce Medicare and Medicaid spending by a total of
-$4.4 billion or -15.5%. Although the reduction in spending is similar between weighted-aver-

age and indication-specific pricing, savings arose for different indications.

With the introduction of new indications, prices declined by -3.7%, -6.1%, -10.4%, and 5.3%
for second, third, fourth, and >fifth approvals, respectively. These price reductions resulted in
lower spendings of -10.9%, -17.8%, -16.4%, -8.6%, and -18.1% for first, second, third, fourth,

and >fifth approvals, respectively.

Spending on partial orphan drugs declined by -9.9%, non-orphan drugs by -7.4%, and full or-
phan drugs by -24.6%. Savings were realized for non-orphan diseases (-9.4%), rare orphan dis-
eases (-4.9%), and common orphan diseases (-26.7%). In contrast to indication-specific pricing,

adopting weighted-average pricing would reduce spending on ultra-rare diseases by -21.3%.
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7.4.3 Sensitivity analysis

Results remained robust under sensitivity analyses with different input variables for the regres-
sion analysis and different price elasticities of demand (Table 35). Using drug instead of indi-
cation novelty resulted in savings of -12.0% for indication-specific and weighted-average pric-
ing. Using the trial phase instead of the number of enrolled patients resulted in savings of -
17.3% for both policies. Results were marginally impacted by using prevalence instead of inci-
dence rates, 5-year survival instead of number of available treatment options, or YLL instead

of DALYs for the multivariate regression analysis.

In our base case scenario, we assumed a PED of 0, indicating that drug usage is inelastic to
price changes. However, the sensitivity analysis highlights that elasticity inputs above 0 dimin-
ish expected cost savings as drug usage increases with lower prices. At a PED of 1, indication-
specific pricing would result in cost savings of -10.0% and weighted-average pricing in cost

savings of -6.2%.

in $ millions
Uniform pricing Indication-specific pricing Weighted-average pricing
. . Cost savings (ab- Cost savings . Cost savings (ab- Cost savings
Total spending Total spending solute?) ( %) 9 Total spending solutg) ( (%) Y
Regression input variables
Base case 28,227 23,862 -4,365 -15.5% 23,865 -4,363 -15.5%
Drug instead of indication novelty 28,227 24,846 -3,382 -12.0% 24,843 -3,385 -12.0%
ti Oi;yr survival instead of treatment op- 28,227 23,575 -4,652 -16.5% 23,579 -4,649 -16.5%
YLL instead of DALYs 28,227 23,865 -4,363 -15.5% 23,868 -4,360 -15.4%
Trial phase instead of size 28,227 23,352 -4,876 -17.3% 23,354 -4,873 -17.3%
Prevalence instead of incidence 28,227 24,367 -3,860 -13.7% 24,369 -3,858 -13.7%
Price elasticity of demand (PED)
Base case (PED=0) 28,227 23,862 -4,365 -15.5% 23,865 -4,363 -15.5%
PED=0.1 28,227 24,016 -4,212 -14.9% 24,126 -4,102 -14.5%
PED=0.2 28,227 24,170 -4,058 -14.4% 24,386 3,841 -13.6%
PED=0.3 28,227 24,324 -3,904 -13.8% 24,647 -3,580 -12.7%
PED=0.4 28,227 24,477 -3,750 -13.3% 24,908 -3,320 -11.8%
PED=0.5 28,227 24,631 -3,596 -12.7% 25,168 -3,059 -10.8%
PED=0.6 28,227 24,785 -3,442 -12.2% 25,429 -2,798 -9.9%
PED=0.7 28,227 24,939 -3,288 -11.6% 25,690 -2,538 -9.0%
PED=0.8 28,227 25,093 -3,135 -11.1% 25,950 -2,277 -8.1%
PED=0.9 28,227 25,247 -2,981 -10.6% 26,211 -2,016 -7.1%
PED=1.0 28,227 25,401 -2,827 -10.0% 26,472 -1,756 -6.2%

Table 35: Sensitivity analysis

Notes: Cost savings were re-calculated for scenarios with different input variables for the regression analysis and
different PED values.

Abbreviations: DALYs, disability-adjusted life years; PED, price elasticity of demand; YLL, years of life lost.
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7.5 Discussion

We estimate that Medicare and Medicaid could have realized cost savings of -$4.4 billion (-
15.5%) with both indication-specific or weighted-average pricing in 2020. These savings were
especially realized by reducing prices for partial orphan drugs’ low-value non-orphan follow-

on indications.

7.5.1 Indication-specific pricing

We estimated that indication-specific pricing reduces Medicare and Medicaid spending on sup-
plemental indication approvals, particularly for non-orphan indications of partial orphan drugs.
This is especially desirable given that supplemental indications were shown to be of lower value
to patients and insurers.®3°73 Furthermore, partial orphan drugs were criticized for benefiting
from high orphan drug prices for their non-orphan indications, resulting in substantial revenues
and profit streams for manufacturers.*®""2%! Indication-specific pricing could resolve these dis-
putes. However, confirming Chandra & Garthwaite’s theoretical expectations,®’ indication-spe-
cific pricing would also result in higher prices for patients that benefit most from new drugs,
e.g. patients with ultra-rare diseases. On the upside, pharmaceutical companies are thereby en-
couraged to especially develop high-value treatments for ultra-rare diseases. On the downside,
this could adversely lead to increased pharmaceutical expenditure in the long-term.”® Moreover,
the implementation of indication-specific pricing remains challenging. It requires the tracking
of drug usage across indications, which is currently not available across the entire US. Due to
its technical challenges alongside opposition from key stakeholders, authors previously con-

cluded that indication-specific pricing is not feasible to implement (at least in the short-term).
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7.5.2 Weighted-average pricing

Similar to indication-specific pricing, the adoption of weighted-average pricing would reduce
Medicare and Medicaid’s expenditure on cancer drugs by -15.5%. These cost savings are real-
ized by sequentially lowering the drug’s initial list price as new supplemental indications re-
ceive FDA approval. These results are consistent with a prior study that showed cancer drug
prices declined with the introduction of each new indication in Germany and France (countries
that employ weighted-average pricing). In contrast to indication-specific pricing, the adoption
of weighted-average pricing does not increase but reduces prices for drugs treating patients with
ultra-rare diseases. Thereby weighted-average pricing could help to improve the financial sus-

tainability of costly ultra-orphan drugs.

The CMS should, therefore, carefully examine the mechanisms of a weighted-average pricing
system for its price negotiations as part of the IRA.%241%4 Given that the CMS will be allowed
to directly negotiate prices of the top-grossing drugs with manufacturers, weighted average-
pricing considerations could support the CMS to justify its price proposition for top-selling

drugs with multiple indications, especially partial orphans.

Nonetheless, there are several barriers to implementing weighted-average pricing across the
entire US.114955% First it requires an understanding that drug prices can be negotiated between
insurers and manufacturers based on their value proposition for patients (value-based pricing).
Second, value or benefit assessments must be conducted for each additional indication that re-
ceives FDA approval. Thereafter, payers and insurers must set or negotiate a price for each
indication. These indication prices are then combined with the anticipated or monitored indica-
tion usage to calculate a single drug price. Given that drugs are still sold for a single price under
weighted-average pricing, it is more feasible than indication-specific pricing to implement in

the current US healthcare system. However, similar to indication-specific pricing, politicians
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must propose changes to the current US drug price system and overcome opposition from phar-
maceutical benefit managers, pharmaceutical companies, and other stakeholders that stand to

lose with a new pricing policy.

7.5.3 Short- and long-term effects of indication-specific pricing

In this study, we estimated static short-term price and cost savings for weighted-average and
indication-specific pricing. However, economists previously debated that the dynamic long-
term economic effects of indication-specific pricing on social welfare, consumer surplus, and
producer surplus may differ (Figure 45).3"41:211 Bach, who considered that US prices are set
based on the first high-value indication (single-highest price), argued that indication-specific
pricing increases patient access to new treatments, reduces prices for low-value indications,
and, thereby, increases social welfare, payers’ spending, and producer surplus (Figure 45a).%!
In contrast, Chandra & Garthwaite, who considered US prices are set based on the lowest value
indication (single-lowest price), argued that (overall) indication-specific pricing increases drug
prices for high-value indications, increases payers’ spending, and transfers consumer surplus to

producers whilst social welfare remains constant (Figure 45b).%’

We previously showed that US drug prices are set based on the first, high-value indication
(single-highest price).”* This supports Bach’s single-highest price scenario (Figure 45a). Under
a single-highest drug price system, the adoption of indication-specific pricing encourages phar-
maceutical companies to launch new low-value indications (Figure 45c). Without indication-
specific pricing companies would be incentivized to withhold these indications as they would
deteriorate the single-highest list price.®4° These additional new indication launches increase
patient access to new therapeutic options. This expanded access will, of course, increase con-
sumer surplus, increase producer surplus, and thereby maximize social welfare. In the short-

term, the additional approval of new indications will also increase payers’ spending. Nonethe-
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less, this additional spending will increase enrollees’ health benefits, if indication-specific pric-
ing is adopted as part of a formal HTA process that uses value-based pricing. In a system with
a formal HTA process, payers only reimburse new cost-effective indications, e.g. indications
with an ICER below the nation’s WTP threshold. A formal HTA process essentially ensures
that pharmaceutical companies are only incentivized to develop new indications that are worth-

while for patients and the health system.
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Notes: Under a single highest list price scenario, producers only sell their drug at price Pyn for the HV indication
to Ny patients. Patients in the MV and LV indication do not have access to the drug. In the short term, adopting
ISP would reduce prices, increase spending, increase patient access, increase producer surplus, and thereby in-
crease welfare. Under a single lowest list price scenario, producers sell their drug at price Py to Ny patients with
indications HV, MV, and LV. Adopting ISP would increase prices, increase spending, increase producer surplus,
and increase welfare while patient access remains unchanged. In the long term, ISP encourages the development
of new MV and LV indications. The dynamic market entry of new indications under this scenario with fierce
competition between these new indications would lower prices for the MV and LV indications to Pmvg and Ppva.
Graphs adapted from Towse (2018).2!!

Abbreviations: HV, high value; ISP, indication-specific pricing; LV, low value; MV, medium value.

The long-term effects of indication-specific pricing are more complex (Figure 45d). As previ-
ously explained, pharmaceutical companies are incentivized to research, develop, and launch
more indications under indication-specific pricing. The increased number of new indications
will likely intensify competition at the indication level. Economic theory suggests that the mar-
ket entry of new competitors will drive down prices, even below the national WTP threshold.?!
These dynamic competitive effects of indication-specific pricing could, thereby, increase con-
sumer surplus, whilst reducing producer surplus and payers’ spending. However, previous stud-
ies analyzing brand-brand competition in the pharmaceutical market could not confirm that the
entry of new competitors resulted in a reduction in drug prices.>”">15:153 Fyrthermore, our sen-
sitivity analysis highlighted that the estimated cost savings are subject to consumers’ underlying
PED. As a consequence, price reductions for low-value indications could increase consumer
demand and thereby increase payers’ overall spending in the long-term. On the other hand, a
positive PED also implies that higher prices for high-value indications could pose a barrier for
consumers to purchase drugs that deliver substantial value to them and, therefore, reduce spend-
ing (especially in the US). Our analysis suggests that because low-value indications are typi-
cally for diseases with a higher prevalence and high-value indications are typically for diseases
with a lower prevalence, the effects of a positive PED will likely diminish the estimated cost-

saving potential.
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Given that weighted-average pricing is an indirect form of differential pricing, the considera-
tions of this subchapter also apply to weighted-average pricing, yet are likely of smaller mag-

nitude.

7.5.4 Limitations

There are several limitations inherent to our analysis. First, our model did not capture the up-
front investments and ongoing administrative costs of introducing indication-specific or
weighted-average pricing. Presumably, the cost of introducing weighted-average pricing is
lower than indication specific-pricing, given that the latter requires the introduction of new IT
and prescription systems across healthcare providers in the US, whilst the former only entails a
novel way to calculate, negotiate, and assign single drug prices. Furthermore, we only calcu-
lated cost savings for anti-cancer drugs. Adopting a new pricing policy would, of course, also
reduce costs for drugs of other therapeutic areas. This would also mean that upfront investments
in introducing these novel pricing systems could be shared (and are likely easily covered by the
savings realized) across all therapeutic areas. Second, we conducted a retrospective analysis.
Cost savings that Medicare and Medicaid may realize in the future may differ. Nonetheless, our
model highlights the mechanism of indication-specific and weighted-average pricing policies,
particularly underlining their effects on partial orphan drugs and indications for ultra-rare dis-
eases. Third, there are other differential pricing mechanisms, such as indication-specific dis-
counts on drug prices or indication-specific MEAS, that are currently employed in countries but
not included in our analysis.**° Although these policies impact drug spending and usage, they

do not affect list prices — the underlying main variable of our model.

7.6 Conclusion

In this study, we estimated that Medicare and Medicaid could have reduced expenditure on new

FDA-approved cancer drugs by -15.5% with the adoption of indication-specific pricing or
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weighted-average pricing. However, prices for ultra-rare orphan drugs increased under indica-
tion-specific pricing. Furthermore, there are several barriers to adopting indication-specific
pricing in the US. In contrast, weighted-average pricing also reduces prices for ultra-rare orphan
drugs and is more compatible with the current US pricing system. In conclusion, indication-
specific and weighted-average pricing could help to limit the growing burden of rising cancer

drug prices on the US healthcare system.

231



Economics of cancer drugs

7.7 Author contributions

Daniel Tobias Michaeli and Thomas Michaeli had full access to all the data in the study and
take responsibility for the integrity of the data and the accuracy of the data analyses. Concept
and design: All authors. Acquisition, analysis, or interpretation of data: All authors. Drafting of
the manuscript: All authors. Critical revision of the manuscript for important intellectual con-
tent: All authors. Statistical analysis: All authors. Administrative, technical, or material support:

All authors. Study supervision: All authors.

232



Breakthrough therapy cancer drugs and indications

8 Breakthrough therapy cancer drugs and indications

Summary: This cross-sectional study compares the FDA approval, innovativeness, efficacy,
clinical trial evidence, epidemiology, and price of breakthrough and non-breakthrough cancer

drugs and indications.

8.1 Abstract

Background: The breakthrough therapy designation facilitates the development of drugs with

a large preliminary benefit in treating serious or life-threatening diseases.

Objective: To analyze the FDA approval, trials, benefits, unmet needs, and pricing of break-

through and non-breakthrough therapy cancer drugs and indications.

Patients and Methods: We analyzed 355 cancer indications with FDA approval (2012-2022).
Breakthrough and non-breakthrough indications were compared regarding their FDA approval,
innovativeness, trials, epidemiology, and price with data extracted from FDA labels, Global
Burden of Disease study, and Medicare and Medicaid. HRs for OS and PFS and RR for tumor

response were meta-analyzed across RCTs. ORRs were meta-analyzed for single-arm trials.

Results: We identified 137 breakthrough and 218 non-breakthrough cancer indications. The
median clinical development time was 3.2 years shorter for breakthrough drugs (5.6 vs. 8.8
years, p=.002). The breakthrough designation was more frequently granted to biomarker-di-
rected indications (46% vs. 34%, p=.025) supported by smaller trials (median: 149 vs. 326 pa-
tients, p<.001) of single-arm (53% vs. 27%, p<.001) phase 1/2 design (61% vs. 31%, p<.001).
Breakthrough indications offered a greater OS (HR: 0.69 vs. 0.74, p=.031) and tumor response
(RR: 1.48 vs. 1.32, p=.006; ORR: 52% vs. 40%, p=.004), yet not PFS benefit (HR: 0.53 vs.
0.58, p=.212). Median improvements in OS (4.8 vs. 3.2 months, p=.004) and PFS (5.4 vs. 3.3

months, p=.005), yet not duration of response (8.7 vs. 4.7 months, p=.245) were higher for
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breakthrough than non-breakthrough indications. The breakthrough designation was more fre-
quently granted to first-in-class drugs (42% vs. 28%, p=.001) and first-in-indication treatments
(43% vs. 29%, p<.001). There was no difference in the treatment and epidemiologic character-
istics between breakthrough and non-breakthrough drugs. Breakthrough drugs were more ex-

pensive than non-breakthrough drugs (mean monthly price: $38,971 vs. $22,591, p=.0592).

Conclusion: The breakthrough therapy designation expedites patient access to effective and

innovative, yet also expensive, new cancer drugs and indications.
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8.2 Key points

Question: What is the efficacy, clinical trial evidence, epidemiology, and price of breakthrough

and non-breakthrough cancer drugs and indications approved by the FDA?

Findings: In this study of 355 FDA-approved cancer indications over 10 years, breakthrough
indications were associated with a lower likelihood of death than non-breakthrough indications
(hazard ratio: 0.69 vs. 0.74, p=.031) and offered significantly greater improvements in median
overall survival (4.8 vs. 3.2 months, p=.004). Breakthrough drugs and indications were more
innovative, more frequently supported by smaller, open-label single-arm trials, approved 3.2
years faster, and priced at a premium of 73% (mean: $38,971 vs. $22,591, p=.0592) compared

to non-breakthrough drugs and indications.

Meaning: The breakthrough therapy designation expedites patient access to innovative and

effective, yet also expensive, new cancer drugs and indications.
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8.3 Introduction

In 2012, US Congress introduced the BTD under section 902 of the FDA Safety and Innovation
Act. To keep pace with the biotechnological advances of the 21 century, US Congress aimed
to facilitate the development of and expedite patient access to highly innovative drugs.?!? Par-
ticularly patients with serious or life-threatening diseases should be granted access to therapies
whose preliminary large benefit can already be observed in phase 1 or 2 trials.?'22!3 Therefore,
the BTD permits the FDA to allocate resources to these promising breakthrough drugs by
providing pharmaceutical companies with “intensive guidance on efficient drug development”
(US Department of Health and Human Services, 2014, p. 8); entailing shorter response time-
lines, close collaboration with senior FDA officials, and a rolling review of clinical evi-
dence.?421> Moreover, the BDT justifies the use of historical controls as control groups and

smaller less time-intense trials. 2>

Ten years after its inception, the BTD has been vividly lauded by patients, the pharmaceutical
industry, and the FDA itself.?!22% From 2012 until 2022, the FDA received 1,289 BTD re-
quests; of which 506 (39%) were granted (Figure 46). This led to the approval of 157 break-
through drugs. The BTD has become an integral part of the FDA’s expedited review process,
including priority review and fast track.?!” However, the new BTD program has been heavily
criticized by physicians and academics to nurture the development of potentially unsafe drugs

that are approved based on small, non-randomized, unblinded trials,?!216:218
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Figure 46: Breakthrough therapy designation requests and new FDA drug approvals

Notes: In graph a, the yearly development of the number of BTD requests with subsequent approval, denial, or
withdrawal for new drug indications is displayed from 2012 to 2022. Pending BTD requests are excluded. Graph
b compares yearly FDA new drug approvals for BTD vs non-BTD drugs from 2013 until 2022.

Abbreviations: BTD, breakthrough therapy designation; FDA, US Food and Drug Administration.

Moreover, the efficacy of breakthrough drugs remains disputed. Patients and physicians asso-
ciate the term breakthrough with a major scientific disruption. Consequently, three surveys
demonstrated that physicians are more inclined to prescribe a breakthrough-designated drug
rather than a similarly effective alternative.?!%2?! Yet, previous studies analyzing the first five
years of the BTD could not confirm a consistent superior clinical benefit of breakthrough com-

pared to non-breakthrough drugs.®>*%222 Nonetheless, pharmaceutical companies demand 25%
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higher list prices for breakthrough drugs.??? Although these studies are limited in sample size
and analyzed time horizon, some authors criticize the “laudatory [breakthrough] labels that pro-
mote the use of new drugs that frequently offer limited additional benefits” (Darrow et al., 2018,

p. 1451).218

This study clarifies the role of the BTD in drug development and clinical practice by analyzing
a uniquely large sample of 114 cancer drugs and 355 indications with FDA approval over 10
years. Breakthrough and non-breakthrough cancer drugs and indications are compared regard-
ing their clinical development time, clinical trial evidence, efficacy, innovativeness, epidemi-

ology, and pricing.

8.4 Data and methods

8.4.1 Sample identification

We accessed the Drugs@FDA database to identify all new drugs, including NDAs and BLAS,
with FDA approval between 1 January 2000 and 1% January 2022 (Figure 47). The sample was
then restricted to include only anti-cancer drugs, excluding non-oncology, supportive care, and
diagnostic agents, whilst including gene and cell therapies. For each drug, we identified all anti-
cancer indications, including original and supplemental indications, approved until 1% January
2022. The sample was then restricted to include only drugs and indications approved after 1%
January 2013. The breakthrough therapy designation status was linked to each indication using

the FDA’s breakthrough drug database (Table 3).
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Figure 47: Flow diagram of breakthrough and non-breakthrough therapy cancer drug indica-

720 Drugs identified with FDA approval
between 2000 and 2022

577 New Drug Applications

143 Biologics License Applications

556 Drugs excluded
532 Non-oncology drugs
24 Oncology drugs
11 Diagnostic agents
5 Antiemetic drugs
8 Other supportive care drugs

170 Anti-cancer drugs screened for
original and supplementary indications
with FDA approval until 1st Jan, 2022

455 Indications identified and assessed
for approval date after 15t Jan, 2013

100 Indications approved before 2013
excluded

355 Anti-cancer indications with FDA

approval from 2013 to 2022 included
218 non-breakthrough indications
137 Breakthrough indications

tions included in the analysis, 2013-2022

Notes: All drugs that received FDA approval between 1% January 2000 and 1% January 2022 were identified in the
Drugs@FDA database. We then limited the sample to anti-cancer drugs by excluding non-oncology drugs and
oncology drugs indicated for diagnostic, supportive care, or anti-emetic treatments. For each drug, we identified
all original and supplementary indications with FDA approval until 1% January 2022, excluding approvals for non-
oncology indications. For this analysis, we then restricted the dataset to include only indications that were approved

after 1%t January 2013.

Abbreviations: FDA, US Food and Drug Administration.

8.4.2 Data collection

We collected data on the FDA approval, clinical trial evidence, cancer epidemiology, and price

for each cancer drug and indication from publically available sources (Table 3).
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FDA approval

For each anti-cancer indication, FDA labels were accessed to gather data on drug, indication,
and clinical trial characteristics. The first reviewer (D.T.M.) independently retrieved data from
FDA labels, which was then cross-checked by the second reviewer (T.M.) with data found on
clinicaltrials.gov and associated peer-reviewed publications. Disagreements were resolved in
consensus or by consulting an experienced oncologist. Full details of the data extraction method

have been described elsewhere.”®

Drugs were categorized by their number of indications, innovativeness, mechanism of action,
and product type. Biotechnological innovation was determined on a drug level based on each
compound’s target according to the definition provided by Lanthier et al. (first-in-class vs. ad-
vance-in-class vs. addition-to-class).?®® For multi-indication drugs, FDA approvals were clas-
sified as original and supplemental indications. For all original indications, we collected data
on the date the IND became effective and the FDA approval date from FDA documents or the

USPTO.

Indications were then categorized by clinical novelty, approval type, treatment regimen, cancer
type, biomarker status, and line of therapy. Clinical novelty was determined on an indication
level based on each indication’s target and treated disease (first-in-indication vs. advance-in-

indication vs. addition-to-indication).

Each indication’s pivotal trial was characterized by the number of enrolled patients, phase, de-
sign, blinding, number of arms, comparator, and primary endpoint. For RCTs, we extracted
HRs for OS and/or PFS and/or the RR of tumor response with 95% CI. The number of subjects
and events was noted for the control and intervention arms. For single-arm trials, we obtained
the ORR. Furthermore, we extracted median improvements in OS, PFS, and duration of tumor

response with IQR for each indication.
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Cancer epidemiology

For each indication, we retrieved data on the treated cancer’s incidence, prevalence, and
DALYs, composed of YLD and YLL from the Global Burden of Disease study.'?® Five-year
survival rates and the number of available treatment options per cancer entity were extracted

from the National Cancer Institute.'?°

Drug prices

Drug prices were retrieved in January 2023 from the CMS and Medicare’s plan finder tool for
patients covered under Medicare Part B and D, respectively. Coherent with previous studies, !>
17119131 monthly treatment costs were estimated for an average adult with a body surface area
of 1.7 m?2 weighing 70 kg based on the dosing regimen in the FDA label. Full details of the drug

price calculation have been described elsewhere.”

8.4.3 Statistical analysis

Breakthrough and non-breakthrough therapy cancer drugs and indications were compared re-
garding their clinical development time, drug, indication, clinical trial, epidemiologic charac-

teristics, efficacy, and price.

First, clinical development times, calculated as the difference between IND to NDA/BLA ap-
proval for original indications, were compared using Kaplan-Meier survival curves, log-rank
tests, and a Cox proportional hazard model, coherent with prior analyses.'® Second, the distri-
bution of categorical variables describing breakthrough and non-breakthrough designations’
drug, indication, clinical trial, and epidemiology characteristics were compared with Fisher’s-
exact-tests. Medians were compared with Kruskal-Wallis-tests. Third, a series of random-ef-
fects meta-analyses was conducted for clinical trials with available outcome data. HRs for OS

and PFS were meta-analyzed in all RCTs. RRs for tumor response were meta-analyzed in all
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RCTs. ORRs were meta-analyzed in all single-arm trials. Differences between breakthrough
and non-breakthrough therapy indications’ HRs, RRs, and ORRs were compared with
Cochran’s Q-test. Fourth, mean monthly drug prices were compared in January 2023. Mean
monthly prices were further calculated for all drugs covered under Medicare Part B from 2015
to 2023. The CAGR of drug prices was calculated from 2015 to 2023. Then, we reevaluated the
comparison of breakthrough and non-breakthrough drugs by stratification between full and ac-
celerated approvals. Finally, we conducted a logistic regression analysis of drug, indication,
and epidemiology characteristics on the BTD to comprehend which variables the FDA consid-
ers when granting the BTD. In this analysis, we did not include clinical trial characteristics
given that the clinical trial design is influenced by the BTD itself, e.g. after receiving the BTD,

the indication may receive approval based on less robust trial designs.

Data were stored in Microsoft Excel (Microsoft Corp) and analyzed with Stata software, version
14.2 (StataCorp LLC). Two-tailed p-values below 0.05 were considered significant. This study
followed the Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) reporting guidelines where applicable.!3

8.5 Results

The FDA approved 720 new drugs from 2000 until 2022, with 170 anti-cancer drugs with FDA
approval in 455 indications. After 2012, a total of 114 drugs and 355 indications received ap-
proval and were include in the final sample for analysis. Of these 355 indications, the FDA

granted the breakthrough therapy designation to 137 (39%) indications (Figure 47).

8.5.1 Clincal development time

For all original drug approvals, we measured clinical development times as the difference be-
tween the IND date and the first FDA indication approval. The IND date was available for 106

out of 114 (93%) drugs in our sample. The clinical development time was significantly shorter
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for breakthrough vs. non-breakthrough drugs (median: 5.6 vs. 8.8 years, p=.002; HR: 1.82,

p=.003) (Figure 48).

Median (95%Cl)  HR (95% Cl) P
Breakthrough 5.62 (5.10-6.89)  1.82(1.23-2.69)  0.003
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Figure 48: Time from IND to first FDA approval for breakthrough and non-breakthrough ther-
apy cancer drugs

Notes: The graph illustrates the cumulative incidence of the first FDA approval for cancer drugs with a break-
through (red curve) and non-breakthrough therapy designation (blue curve) for the first indication. P values were
calculated based on Cox-proportional hazard models.

Abbreviations: FDA, US Food and Drug Administration; IND, investigational new drug application.

8.5.2 Drug characteristics

There were 60 (17%) and 54 (15%) drugs with and without the breakthrough designation for
the original FDA indication approval (Table 36). Breakthrough drugs were more innovative
than non-breakthrough drugs. On a biotechnological level, more breakthrough than non-break-
through drugs were first-in-class (42% vs. 28%, p<.001). Accordingly, breakthrough drugs

more frequently acted via a novel mechanism of action: immune-regulatory (37% vs. 19%),
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targeted (63% vs. 70%), cytotoxic (0% vs. 11%, p=.004). There was a tendency for break-
through drugs to more frequently be antibodies (27% vs. 13%) or antibody-drug conjugates

(12% vs. 6%, p=.147).

No. (%)
Breakthrough Therapy
Variables No Yes P Value @
Drug characteristics
Number of indications 0.001
Single-indication 37 (68.5) 22(36.7)
Multi-indication 17 (31.5) 38(63.3)
Biotechnological Innovativeness 0.001
Addition-to-class 12 (22.2) 1(1.7)
Advance-in-class 27 (50.0) 34 (56.7)
First-in-class 15(27.8) 25 (41.7)
Mechanism of action 0.004
Cytotoxic chemotherapy 6 (11.1) 0 (0.0)
Targeted agents 38(70.4)  38(63.3)
Immune-regulators 10 (18.5) 22 (36.7)
Product type 0.147
Small-molecule 38(70.4)  32(53.3)
Antibody 7 (13.0) 16 (26.7)
Antibody-drug conjugate 3 (5.6) 7(11.7)
Other ® 6 (11.1) 5 (8.3)
Total no. of drugs 54 (47.4) 60 (52.6)

Table 36: Characteristics of breakthrough and non-breakthrough therapy cancer drugs ap-
proved by the FDA from 2012 to 2022

8 P Values calculated based on Fisher’s-exact-tests.
b Other includes biologics, gene therapies, cell therapies, enzymes, and radionuclides.

Abbreviations: FDA, US Food and Drug Administration; RCTs, randomized controlled trials.

8.5.3 Indication characteristics

On an indication level, the BTD was more often granted to first-in-indication treatments (43%
vs. 29%, p<.001) (Table 37). Breakthrough indications were more likely to be original than
supplemental FDA approvals (47% vs. 26%, p<.001). Breakthrough and non-breakthrough in-
dications did not significantly differ in treatment type, cancer type, or line of therapy. The FDA
more frequently granted the breakthrough designation to biomarker-based indications (46% vs.

34%, p=.025). The breakthrough designation was particularly often granted to treatments for
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lung (18% vs. 15%), breast (10% vs. 6%), thyroid (5% vs. 1%), and endometrial cancer (2%

vs. 0%) (Table 38).

No. (%)

Breakthrough Therapy

Variables No Yes P Value ?

Indication characteristics

Clinical novelty <.001
Addition-to-indication 43 (19.7) 5(3.6)
Advance-in-indication 112 (51.4) 73(53.3)
First-in-indication 63 (28.9) 59 (43.1)

Indication approval sequence <.001
Original indication approval 161 (73.9) 72 (52.6)
Supplemental indication approval 57 (26.1) 65 (47.4)

Treatment type 0.178
Combination 90 (41.3) 46 (33.6)
Monotherapy 128 (58.7) 91 (66.4)

Cancer type 0.486
Hematological 67 (30.7) 47 (34.3)

Solid 151 (69.3) 90 (65.7)

Biomarker 0.025
No 144 (66.1) 74 (54.0)

Yes 74 (33.9) 63 (46.0)

Line of therapy 0.135
First-line 112 (51.4) 60 (43.8)

Second-line 77 (35.3) 63 (46.0)
>Third-line 29 (13.3) 14 (10.2)

Special FDA designations

Orphan designation 138 (63.3) 95 (69.3) 0.253

Fast Track 44.(20.2) 25 (18.2) 0.682

Accelerated Approval 52 (23.9) 60 (43.8) <.001
Converted 16 27
Pending 26 27
Withdrawn / not converted 10 6

Clinical trial characteristics

Enrolled patients, median (IQR) 326 (137-616) 149 (84-521) <.001

Clinical trial phase <.001
Phase 1 9(4.1) 11 (8.0)

Phase 2 59 (27.1) 73 (53.3)
Phase 3 150 (68.8) 53 (38.7)

Trial design <.001
Single-arm trial 61 (28) 68 (49.6)
Non-randomized controlled trial 2(0.9) 6 (4.4)

Randomized controlled trial 152 (69.7) 60 (43.8)
Dose-comparison randomized trial 3(1.9) 3(2.2)

Type of blinding 0.022
Open-label 156 (71.6) 113 (82.5)
Double-blind 62 (28.4) 24 (17.5)

Clinical trial arms <.001
larm 61 (28) 68 (49.6)

2 arms 152 (69.7) 65 (47.4)
>3 arms 5(2.3) 4(2.9)

Primary Endpoint
Overall survival 43(19.7) 12 (8.8) 0.006
Progression-free survival 83(38.1) 40 (29.2) 0.109
Tumor response 67 (30.7) 78 (56.9) <.001

Cancer epidemiology

Disease incidence, median (IQR) ¢ 8.5 (5.2-67.6) 15.2 (3.9-67.6) 0.559
Disease prevalence, median (IQR) °° 33.7 (17.6-117.8) 74 (13.2-117.8) 0.710
DALYs per person, median (IQR) ° 10 (5.5-16.4) 8.9 (5.5-16.4) 0.111

YLL per person, median (IQR) ° 9.3 (4.8-16.2) 8.3 (4.8-16.2) 0.127

YLD per person, median (IQR) ® 0.5 (0.3-0.6) 0.5 (0.3-0.7) 0.514
5-year survival rate in %, median (IQR) ° 66.2 (30.5-90.7) 75.2(32.7-90.7)  0.207
No. of available treatments, median (IQR) ° 16 (11-38) 16 (11-38) 0.484
Total no. of indications 218 (61.4) 137 (38.6)

Table 37: Characteristics of breakthrough and non-breakthrough therapy cancer indications
approved by the FDA from 2012 to 2022

Notes: In this table, the breakthrough designation was analyzed on an indication level. All cancer indications with
FDA approval between 2012 and 2022 were included in the analysis. We compared the characteristics of break-
through relative to non-breakthrough indications.
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2P Values calculated based on Fisher’s-exact-tests. ® P Values calculated based on Kruskal-Wallis-tests. ¢ Disease
incidence and prevalence rates (per 100,000) for the US population in 2019.

Abbreviations: DALYS, disability-adjusted life years; FDA, US Food and Drug Administration; IQR, interquartile
range; RCTs, randomized controlled trials; YLD, years lived with disability; YLL, years of life lost.

No. (%)

Breakthrough Therapy
Cancer Type No Yes Total
Bladder 8(3.7) 6 (4.4) 14 (3.9)
Brain 1(0.5) 1(0.7) 2 (0.6)
Breast 14 (6.4) 14 (10.2) 28 (7.9)
Cervical 4 (1.9) 0 (0.0 1(1.2)
Colorectal 8 (3.7) 2 (1.5) 10 (2.8)
Endometrial 0 (0.0) 3(2.2) 3(0.8)
Gastric 11 (5.0) 3(2.2) 14 (3.9)
Head and Neck 3 (1.4) 1(0.7) 4(1.1)
Hepatic 6 (2.8) 4(2.9) 10 (2.8)
Leukemia 25(115) 15(10.9 40(11.3)
Lung 32(14.7) 24 (17.5) 56 (15.8)
Lymphoma 37 (17) 26 (19) 63 (17.7)
Other 18 (8.3) 10 (7.3) 28 (7.9)
Ovarian 10 (4.6) 2 (1.5) 12 (3.4)
Pancreatic 1(0.5) 0(0.0) 1(0.3)
Prostate 10 (4.6) 1(0.7) 11 (3.1)
Renal 9(4.1) 8 (5.8) 17 (4.8)
Skin 19 (8.7) 10 (7.3) 29 (8.2)
Thyroid 2 (0.9) 7 (5.1) 9 (2.5)
Total 218 (100.0) 137 (100.0) 355 (100.0)

Table 38: Tumor entities treated by breakthrough therapy cancer drug indications

A total of 69 (19%), 112 (32%), and 233 (66%) indications received fast track review, acceler-
ated approval, and the orphan designation, respectively. Breakthrough indications were signif-
icantly more likely than non-breakthroughs to receive accelerated approval (44% vs. 24%,
p<.001). Among these accelerated approvals, there was no difference in the rate of withdrawals
between breakthrough and non-breakthrough indications until 31st March 2023 (10% vs. 19%,

p=.199).

8.5.4 Pivotal clinical trial characteristics

A median of 149 patients (IQR: 84-521) were enrolled in the pivotal clinical trials for break-

through compared to 326 patients (IQR: 137-616, p<.001) for non-breakthrough indications.
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Breakthrough indications were less frequently supported by double-blind (18% vs. 28%,
p=.022) concurrent RCTs (44% vs. 70%, p<.001) of phase 3 design (39% vs. 69%, p<.001).
Instead, clinical evidence for breakthrough indications was commonly gathered in phase 2 (53%
vs. 27%, p<.001) single-arm trials (50% vs. 28%, p<.001). The primary endpoint for pivotal
clinical trials supporting breakthrough relative to non-breakthrough indications less frequently
involved an assessment of OS (9% vs. 20%, p=.006), whilst more frequently assessing tumor

response (57% vs. 31%, p<.001).

8.5.5 Cancer epidemiology

Breakthrough and non-breakthrough indications did not significantly differ in disease incidence
or prevalence. Disease severity as measured by DALYS, five-year survival, and the number of

available treatments were the same for non-breakthrough and breakthrough indications.

8.5.6 Clinical benefit

Breakthrough indications were associated with a lower likelihood of death than non-break-
through indications (HR: 0.69, [95%CI:0.66-0.73] vs. 0.74 [95%CI:0.71-0.76], p=.031) and
offered significantly greater improvements in OS (median: 4.8 [IQR:3.5-9.5] vs 3.2 [IQR:2.2-
4.4] months, p=.002) (Figure 49). Breakthrough indications were not associated with a lower
likelihood of tumor progression (HR: 0.53 [95%CI:0.47-0.60] vs. 0.58 [95%CI:0.54-0.62],
p=.212), but provided significantly greater improvements in PFS (median: 5.4 [IQR:2.5-9.7]
vs. 3.30 [IQR:1.3-5.4] months, p=.005). Tumor response rates were higher for breakthrough
compared to non-breakthrough indications (RR: 1.48 [95%CI:1.38-1.58] vs. 1.32 [95%CI:1.27-
1.37], p=.006). The median duration of response was not significantly longer for breakthrough
indications (median: 8.70 [IQR:2.7-10.1] vs. 4.65 [IQR:2.5-7.6] months, p=.245). Consistently,
more patients responded to treatment with breakthrough than non-breakthrough indications in

single-arm trials (ORR: 52% [95%Cl:47-57] vs. 40% [95%CI:33-46], p=.004). Figure 50 shows
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single-arm trials with higher tumor response rates, expressed as ORR, were at a significantly
higher likelihood of receiving the BTD (OR: 4.29, 95%CI:1.85-6.74, p=.001). The direction

and significance of results were confirmed in a series of meta-regression analyses of the BTD

on OS, PFS, and tumor response outcomes (Table 39).

A
Subgroup Intervention Control OS Hazard Ratio (95% Cl) ? P Value ° OS improvement b pvalue
no. of patients with event/total no. of patients (%) median (IQR), months
Breakthrough Therapy 0.031 0.002
No 14126/34038 (41.5) 14056/29108 (48.3) 'l' 0.74 (0.71-0.76) 24.1% 3.2(2.2-4.4)
Yes 3832/12012 (31.9) 3881/10136 (38.3) - 0.69 (0.66-0.73) 9.4% 4.8(3.5-9.4)
Overall 17958/46050 (39) 17937/39244 (45.7) 0.72 (0.71-0.74) 22.4% 3.4(2.2-5.4)
0.4 0.6 0.8 ltD 12
- ——
Intervention better Control better
B
Subgroup Intervention Control PFS Hazard Ratio (95% Cl) ? P Value ° PFS improvement b pvalue
no. of patients with event/total no. of patients (%) median (IQR), months
Breakthrough Therapy 0.212 0.005
No 17150/30908 (55.5) 16933/26219 (64.6) * 0.58 (0.54-0.62) 89.4% 3.3(1.3-5.4)
Yes 6723/13671 (49.2) 6730/10961 (61.4) —. 0.53 (0.47-0.60) 92.6% 5.4(2.5-9.7)
Overall 23873/44579 (53.6) 23663/37180 (63.6) 0.57 (0.53-0.60) 90.8% 3.9(1.6-7.1)
0.2 0.4 0.6 0.8 1’,0 1.2
—
Intervention better Control better
C
Subgroup Intervention Control Tumor Response (95% Cl) ? P Value ° DoR improvement ° P Value ©
no. of patients with event/total no. of patients (%) Relative Risk median (IQR), months
Breakthrough Therapy 0.006 0.245
No 14292/30765 (46.5) 9315/27058 (34.4) 'l' 1.32(1.27-1.37) 79.9% 4.7 (2.5-7.6)
Yes 6361/13071 (48.7) 3722/10856 (34.3) + 1.48 (1.38-1.58) 83.0% 8.7(2.7-10.1)
Overall 20653/43836 (47.1) 13037/37914 (34.4) 1.36 (1.31-1.40) 81.0% 5.8(2.7-8.7)
0.5 1t0 15 2.0
Control better Intervention better
D
Subgroup Responders No. of patients Tumor Response (95% Cl) ”? P value ° DoR improvement P Value ©
Objective Response Rate (%) median (IQR), months
Breakthrough Therapy 0.004 0.347
No 2202 5921 + 39.8(33.1-46.4) 97.4% 11.0 (8.2-13.6)
Yes 3411 6963 + 52.2 (47.0-57.4) 95.7% 11.1(8.9-17.5)
Overall 5613 12884 46.7 (42.5-50.9) 96.8% 11.1(8.2-14.8)

0%

20% 40% 60% 80%  100%

Figure 49: Meta-analyses of overall survival, progression-free survival, and tumor response
for breakthrough and non-breakthrough therapy cancer drug indications approved by the FDA
from 2012 to 2022

Notes: For randomized controlled trials with available outcome data, hazard ratios for OS (A) and PFS (B) and
RR for tumor response (C) were meta-analyzed. For single-arm trials with available outcome data, ORR (D) were
meta-analyzed. For tumor responses, a continuity adjustment of 0.5 for control arms with O responders was applied.

2 P values calculated based on Cochran's-Q-tests.

® Improvements in OS, PFS, and DoR were calculated as the difference in median OS/PFS/DoR between the
treatment and control arm.

¢ P values calculated based on Kruskal-Wallis-tests.

Abbreviations: DoR, duration of response; FDA, US Food and Drug Administration; IQR, interquartile range; OS,
overall survival; ORR, objective response rate; PFS, progression-free survival; RR, relative risk.
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Figure 50: Association of Breakthrough Therapy Designation with tumor response in single-
arm trials

Notes: A logistic regression quantifies the association between the probability of indications receiving the BTD
and tumor response in single-arm trials for monotherapies. The odds ratio of the logistic regression was 4.29
(95%Cl: 1.85-6.74, p=.001).

Abbreviations: BTD, Breakthrough Therapy Designation; FDA, US Food and Drug Administration; ORR, objec-
tive response rate.

Dependent variable: BTD

Independent variable Coef. 95%CI P Value
Overall survival
Hazard Ratio -0.06 -0.12 -0.01 0.033

Improvement in median OS  0.61 0.17 1.06 0.007
Progression-free survival
Hazard Ratio -0.11 -0.24 0.02 0.110
Improvement in median PFS  0.72 0.24 121 0.004
Tumor response
Relative Risk -0.57 -0.64 -0.50 <.001
Improvement in median DoR 0.46 -0.07 0.99 0.090
Table 39: Series of meta-regression analyses of breakthrough therapy designation on overall
survival, progression-free survival, and tumor response outcomes

Notes: This table presents the results of a series of meta-regression analyses. Across all conducted regression
models the breakthrough therapy designation was defined as the independent variable. Each row presents results
for a distinct meta-regression of the breakthrough therapy designation on each outcome presented in the first col-
umn. OS, PFS, and tumor response outcomes were log-transformed given their skewed distribution. Only random-
ized controlled trials were included in the analyses.

Abbreviations: BTD, breakthrough therapy designation; DoR; duration of response, OS, overall survival; PFS,
progression-free survival.
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8.5.7 Drug prices

Mean monthly prices were 73% higher for breakthrough ($38,971 [95%CI: 25,547-52,394])
relative to non-breakthrough drugs ($22,591 [95%CI:12,387-32,795], p=.0592) (Figure 51).
Quarterly drug price data was available for 48 drugs covered under Medicare Part B. From 2015
to 2023, drug prices increased by an average of 125% for breakthrough and 138% for non-
breakthrough drugs. Whilst inflation amounted to 2.77% per quarter, drug prices increased by

a quarterly CAGR of 2.67% for breakthrough and 4.08% for non-breakthrough drugs.
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Figure 51: Prices for breakthrough and non-breakthrough cancer drugs from 2015 to 2023

Notes: In graph a, monthly prices of drugs with and without a breakthrough therapy designation for the original
FDA indication are compared in the year 2023. In graph a, bars represent means with 95% confidence intervals.
Graph b compares monthly prices for breakthrough vs non-breakthrough therapy cancer drugs from 2015 until
2023. In graph c, the mean price change of breakthrough vs. non-breakthrough therapy drugs is compared from
2015 until 2023. Lines illustrate price indices with the baseline set in the year 2015. Inflation was measured by the
consumer price index.

Abbreviations: CPI, consumer price index; FDA, US Food and Drug Administration.

8.5.8 Predictors of the breakthrough therapy designation

Table 40 presents the results of the conducted logistic regression analyses. Among trials with
available tumor response data (n=121), the tumor response rate was the greatest predictor of the
breakthrough therapy designation (OR: 1.03, 95%CI: 1.01-1.06, p=0.018). Across all trials, a
companion biomarker was associated with a 2.39-times (95%CI: 1.39-4.13, p=0.002) and sec-
ond-line therapy with a 1.92-times (95%CI: 1.11-3.32, p=0.020) higher likelihood for the BTD.

There was a tendency for novel product classes to be associated with the BTD; yet, this was not
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significant at the 5% level. Coherent with previous results, epidemiologic characteristics were

not meaningfully associated with the BTD.

Logit(Breakthrough Therapy Designation)

Single-arm trials All trials

Odds Ratio  [95% CI] P-Value  Odds Ratio  [95% CI] P-Value
Tumor response (ORR)? 1.03 [1.01-1.06] 0.018
Mechanism of action
Cytotoxic chemotherapy 1.00 [Reference] 1.00 [Reference]
Targeted agents 6.64 [0.84-52.68] 0.073 0.56 [0.24-1.30] 0.178
Immune regulatory 1.00 [Omitted] 1.00 [Omitted]
Product class
Small molecule 1.00 [Reference]
Antibody 10.77 [1.31-88.72] 0.027 0.64 [0.27-1.52] 0.316
Antibody-drug conjugate 2.05 [0.42-10.06] 0.376 1.79 [0.59-5.41] 0.305
Other 35.86 [1.56-825.04] 0.025 2.64 [0.59-11.78] 0.205
First-in-indication
No 1.00 [Reference] 1.00 [Reference]
Yes 1.00 [0.41-2.48]  0.993 1.27 [0.75-2.16] 0.375
Treatment type
Combination 1.00 [Reference] 1.00 [Reference]
Monotherapy 0.34 [0.06-1.8] 0.203 0.96 [0.57-1.61] 0.871
Disease
Hematologic 1.00 [Reference] 1.00 [Reference]
Solid 1.44 [0.32-6.49] 0.638 0.91 [0.42-1.97] 0.818
Biomarker
No 1.00 [Reference] 1.00 [Reference]
Yes 4.08 [1.46-11.41] 0.007 2.39 [1.39-4.13] 0.002
Line of therapy
First-line 1.00 [Reference] 1.00 [Reference]
Second-line 0.74 [0.23-2.38] 0.619 1.92 [1.11-3.32] 0.020
>Third-line 0.29 [0.06-1.43] 0.129 0.73 [0.33-1.65] 0.453
Log(disease incidence) 0.89 [0.64-1.24] 0.496 0.92 [0.75-1.14] 0.443
DALYs per person 0.96 [0.89-1.03] 0.222 0.96 [0.92-1.00] 0.045
Constant 0.12 [0.01-2.80] 0.188 1.05 [0.35-3.14] 0.930
Observations 121 332
Pseudo-R? 19.15% 1.44%

Table 40: Logistic regression analyses of breakthrough therapy designation on collected vari-
ables

Notes: This table presents the results the logistic regression models. Across all conducted regression models the
breakthrough therapy designation was defined as the independent variable. The regression on the left side only
includes single-arm trials with available tumor response outcome data. The regression on the right side includes
all indications.

@ Tumor response measured per 1% ORR.

Abbreviations: OR, odds ratio; ORR, objective response rate.

8.5.9 Full approval vs. accelerated approval

The previous analyses were re-evaluated in the subgroups of drugs and indications receiving

full and accelerated approval. Figure 52b shows that in the subgroup of drugs with accelerated
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approval, breakthrough drugs had shorter clinical development times (median: 5.4 vs. 8.3 years,
p=.009). Figure 52a shows that this association was not significant in the sample of drugs with
full approval due to a limited sample size (median: 6.6 vs. 8.9 years, p=.362). Across both
subgroups, most drug characteristics did not significantly differ due to the small sample sizes
(Table 41). In the full approval subgroup, there was a trend for breakthrough drugs to more
frequently be first-in-class (50% vs. 24%, p=.053) and breakthrough indications to be first-in-
indication (34% vs. 24%, p=.001). These associations were not significant for the accelerated
approval subgroup. In the accelerated approval group, a higher rate of biomarker-directed ther-
apies was observed for breakthrough than non-breakthrough indications (53% vs. 29%,
p=.012). In the accelerated approval subgroup, pivotal trial characteristics did not differ be-
tween the breakthrough and non-breakthrough indications (Table 42). However, for the full
approval subgroup, breakthrough indications were more often supported by single-arm (26%
vs. 13%, p=.012) phase 1 or 2 trials (34% vs. 14%, p=.002) evaluating tumor response (88%

vs. 82%, p=.008) instead of OS (13% vs. 25%, p=.042) as the primary endpoint.
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Figure 52: Time from IND to first FDA approval for breakthrough and non-breakthrough ther-
apy cancer drugs stratified by accelerated approval

Notes: The graphs illustrate the cumulative incidence of the first FDA approval. In graph a, breakthrough (purple)
and non-breakthrough (yellow) drugs were compared in the sample of drugs receiving standard/full FDA approval.
In graph b, breakthrough (red) and non-breakthrough (blue) drugs were compared in the sample of drugs receiving
accelerated approval. P values are calculated based on Cox-proportional hazard models.

Abbreviations: AA, accelerated approval; BTD, breakthrough therapy designation; FDA, US Food and Drug Ad-
ministration; IND, investigational new drug application; SA, standard approval.
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No. (%)
Accelerated Approval
No Yes
Breakthrough Therapy Breakthrough Therapy
Variables No Yes P Value @ No Yes P Value @
Drug characteristics
Number of indications 0.099 0.026
Single-indication 28 (68.3) 9 (45.0) 9 (69.2) 13 (32.5)
Multi-indication 13(31.7) 11 (55.0) 4 (30.8) 27 (67.5)
Biotechnological Innovativeness 0.053 0.319
Addition-to-class 11 (26.8) 1(5.0) 1(7.7) 0(0.0)
Advance-in-class 20 (48.8) 9 (45.0) 7 (53.8) 25 (62.5)
First-in-class 10 (24.4) 10 (50.0) 5(38.5) 15 (37.5)
Mechanism of action 0.008 0.305
Cytotoxic chemotherapy 5(12.2) 0 (0.0 1(7.7) 0 (0.0)
Targeted agents 30(73.2) 10 (50.0) 8 (61.5) 28 (70.0)
Immune-regulators 6 (14.6) 10 (50.0) 4 (30.8) 12 (30.0)
Product type 0.459 0.065
Small-molecule 27 (65.9) 10 (50.0) 11 (84.6) 22 (55.0)
Antibody 7(17.1) 4 (20.0) 0 (0.0 12 (30.0)
Antibody-drug conjugate 1(2.4) 2 (10.0) 2 (15.4) 5(12.5)
Other ° 6 (14.6) 4 (20.0) 0 (0.0) 1(2.5)
Total no. of drugs 41 (67.2) 20(32.8) 13(24.5) 40 (75.5)

Table 41: Characteristics of breakthrough and non-breakthrough therapy cancer drugs ap-
proved by the FDA from 2012 to 2022 stratified by accelerated approval

Notes: In this table, the breakthrough designation was analyzed on a drug level stratified by accelerated approval.
All cancer drugs with FDA approval between 2012 and 2022 were included in the analysis. We compared the
characteristics of breakthrough relative to non-breakthrough drugs in the subgroups of drugs receiving full ap-
proval and drugs receiving accelerated approval.

2P Values were calculated based on Fisher’s-exact tests.
b Other includes biologics, gene therapies, cell therapies, enzymes, and radionuclides.

Abbreviations: FDA, US Food and Drug Administration.
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No. (%)
Accelerated Approval
No Yes
Breakthrough Therapy Breakthrough Therapy

Variables No Yes P Value @ No Yes P Value @

Indication characteristics

Clinical Novelty 0.001 0.165
Addition-to-indication 38 (22.9) 4(5.2) 5(9.6) 1(1.7)
Advance-in-indication 89 (53.6) 47 (61.0) 23 (44.2) 26 (43.3)
First-in-indication 39 (23.5) 26 (33.8) 24 (46.2) 33 (55.0)

Indication approval sequence 0.532 <.001
Original indication approval 125 (75.3) 55 (71.4) 36 (69.2) 17 (28.3)

Supplemental indication approval 41 (24.7) 22 (28.6) 16 (30.8) 43 (71.7)

Treatment type 1.000 0.490
Combination 77 (46.4) 35 (45.5) 13 (25.0) 11 (18.3)

Monotherapy 89 (53.6) 42 (54.5) 39 (75.0) 49 (81.7)

Cancer type 0.376 1.000
Hematological 50 (30.1) 28 (36.4) 17 (32.7) 19 (31.7)

Solid 116 (69.9) 49 (63.6) 35(67.3) 41 (68.3)

Biomarker 0.480 0.012
No 107 (64.5) 46 (59.7) 37(71.2) 28 (46.7)

Yes 59 (35.5) 31(40.3) 15 (28.8) 32(53.3)

Line of therapy 0.808 0.240
First-line 99 (59.3) 46 (59.7) 13 (25.0) 14 (23.3)

Second-line 53 (31.7) 26 (33.8) 25 (48.1) 37 (61.7)
>Third-line 15 (9.0) 5(6.5) 14 (26.9) 9 (15.0)

Special FDA designations

Orphan designation 104 (62.7) 52 (67.5) 0.476 34 (65.4) 43 (71.7) 0.542

Fast Track 29 (17.5) 13 (16.9) 1.000 15 (28.8) 12 (20.0) 0.376

Pivotal clinical trial characteristics

Enrolled patients, median (IQR) 439 (251-719) 447 (120-669) 0.154 109 (83-168) 107 (78-146) 0.327

Clinical trial phase 0.002 0.240
Phase 1 4(2.4) 5(6.5) 13 (25.0) 14 (23.3)

Phase 2 20 (12.0) 21(27.3) 25 (48.1) 37 (61.7)
Phase 3 142 (85.5) 51 (66.2) 14 (26.9) 9 (15.0)

Trial design 0.012 0.406
Single-arm trial 21 (12.7) 20 (26.0) 40 (76.9) 48 (80.0)
Non-randomized controlled trial 0(0.0) 1(1.3) 2(3.8) 5(8.3)

Randomized controlled trial 144 (86.7) 56 (72.7) 8 (15.4) 4 (6.7)
Dose-comparison randomized trial 1(0.6) 0(0.0) 2(3.8) 3(5.0)

Type of blinding 0.663 0.019
Open-label 109 (65.7) 53 (68.8) 47 (90.4) 60 (100.0)
Double-blind 57 (34.3) 24 (31.2) 5(9.6) 0(0.0)

Clinical trial arms 0.011 0.808
larm 21 (12.7) 20 (26) 40 (76.9) 48 (80.0)

2 arms 141 (84.9) 53 (68.8) 11 (21.2) 12 (20.0)
>3 arms 4(2.4) 4(5.2) 1(1.9) 0(0.0)

Primary Endpoint
Overall survival 41 (24.7) 10 (13.0) 0.042 2(3.8) 2(3.3) 1.000
Progression-free survival 120 (83.3) 51 (91.1) 0.783 9 (17.3) 4 (6.7) 0.137
Tumor response 118 (81.9) 49 (87.5) 0.008 39 (75.0) 53 (88.3) 0.085

Cancer epidemiology

Disease incidence, median (IQR) ¢ 9.8 (5.6-67.6) 9.8 (5.2-67.6) 0.510 8.4 (3.2-25) 15.2 (3-67.6) 0.725

Disease prevalence, median (IQR) ¢ 35.4 (17.6-117.8) 67.3 (18.4-117.8) 0.914 27.3(13.2-83.7) 80.8 (13.2-117.8) 0.384

DALYs per person, median (IQR) ° 10.8 (5.5-16.4) 7.4 (5.5-14.4) 0.157 10 (6.7-12.9) 10 (5-16.4) 0.689
YLL per person, median (IQR) ° 10.5 (4.8-16.2) 6.9 (4.8-13.9) 0.169 9.3 (6.2-12.3) 9.3 (4.4-16.2) 0.678
YLD per person, median (IQR) ® 0.5 (0.3-0.6) 0.5 (0.4-0.7) 0.107 0.5 (0.3-0.7) 0.5 (0.2-0.6) 0.503

5-year survival in %, median (IQR) ®  65.5 (30.5-90.4)  76.4 (56.5-91.4) 0.045 71.9 (56.5-91.4) 71.9 (25-85) 0.719

No. of treatments, median (IQR) ° 16 (12-22) 18 (13.5-38) 0.055 14 (10-38) 14 (9-38) 0.482

Total no. of indications 167 (68.4) 77 (31.6) 52 (46.4) 60 (53.6)

Table 42: Characteristics of breakthrough and non-breakthrough therapy cancer indications
approved by the FDA from 2012 to 2022 stratified by accelerated approval

Notes: In this table, the breakthrough designation was analyzed on an indication-level stratified by accelerated
approval. All cancer indications with FDA approval between 2012 and 2022 were included in the analysis. We
compared the characteristics of breakthrough relative to non-breakthrough indications in the subgroups of indica-
tions receiving full approval and indications receiving accelerated approval.

2 P Values were calculated based on Fisher’s-exact tests.
b P Values were calculated based on Kruskal-Wallis tests.
¢ Disease incidence and prevalence rates (per 100,000) for the US population in 2019.

Abbreviations: DALYS, disability-adjusted life years; FDA, US Food and Drug Administration; RCTs, random-
ized controlled trials; YLD, Years of healthy life lost due to disability.
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8.6 Discussion

In this study of 355 FDA-approved cancer indications (2012-2022), we identified significant
differences in the FDA approval, efficacy, clinical trial design, and pricing of breakthrough and
non-breakthrough cancer indications. However, the treatment characteristics and epidemiology

of diseases treated by breakthrough and non-breakthrough drugs did not significantly differ.

8.6.1 Clinical benefit

In contrast to previous studies,**>?22 our analyses revealed a substantially greater clinical benefit
for breakthrough than non-breakthrough cancer indications in 5 out of 8 evaluated benefit
measures. Most importantly breakthrough indications were associated with a greater efficacy
in OS in terms of HRs (0.69 vs. 0.74, p=.031) and median improvement in OS (4.8 vs. 3.2
months, p=.002). The studies from Hwang et al. and Molto et al. are limited in their sample
size, employed methodology, and analyzed time horizons. Precisely, these studies were not able
to evaluate the full breadth of the BTD, given their focus on the first five years after the program
was signed into law — many of the analyzed therapeutics receiving the BTD in late clinical
development could not benefit from all of the program’s advantages. Further, Hwang et al. only
focused on original drug approvals as supplemental approvals were neglected. Therefore,
Hwang et al., who examined 58 original FDA drug approvals from 2012 to 2017, found no
significant difference between breakthrough and non-breakthrough cancer drugs’ PFS and tu-
mor response benefit.1*> Molto et al., who evaluated the same timeframe, only found significant
differences between breakthrough and non-breakthrough drugs’ benefit in two out of four eval-
uated value scores.??? Our study, which comprises data from 355 original and supplemental
FDA indication approvals, offers the largest assessment of breakthrough cancer drugs’ clinical
benefits. These results could be explained by the observation that supplemental approvals are
less frequently breakthrough indications and are more often supported by larger and more ro-

bust clinical trials for first-line treatments,”® which results in lower efficacy estimates for non-
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breakthrough indications. In conclusion, breakthrough indications offered a greater clinical ef-
ficacy in 5 out of 8 evaluated measures than non-breakthrough indications. However, this
greater clinical benefit could be partially caused by differences in the design characteristics of

the underlying clinical trials (see below).

With our new comprehensive findings on breakthrough cancer drugs’ clinical benefit, patients
and physicians can adequately manage their optimistic expectations for drugs marketed as in-
novative promising “breakthroughs”.?1%-?21 Nonetheless, US Congress could rename the desig-
nation from “breakthrough” to “high potential” to avoid invoking misleading hopes among pa-
tients.?!® The EU and Japan have arguably found more neutral wordings of their analogous
approval pathways, naming them Priority Medicines (PRIME) and Sakigake (Japanese for “pi-

oneer” or “pathfinder”), respectively.?23%%4

8.6.2 Expedited clinical development timelines

US Congress introduced the BTD to facilitate and accelerate the FDA's pre-marketing approval
process for promising drugs treating serious diseases. Coherent with previous studies,**>?% we
find the BTD expedites drug development. These faster clinical development timelines were
also observed for drugs receiving accelerated approval. This observation suggests that the BTD
is non-redundant to the existing FDA’s accelerated approval program. However, we also find
that the BTD facilitated FDA approval via smaller single-arm trials. For patients, this flexibility
in clinical trial design may represent a trade-off between earlier access to innovative medicines
vs. robust safety and efficacy evidence. Smaller and shorter trials were not only shown to be
more frequently associated with unobserved side effects but are also a source of bias for efficacy
outcomes measured in randomized controlled and single-arm trials.**®17"17® As a result, our
study identified a tendency that breakthrough indications with accelerated approval are more
frequently withdrawn than non-BTD with accelerated approval (19% vs. 10%, p=.199), alt-

hough this result was not a significant at a 5% level. Balancing these competing goals, the FDA
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should encourage sponsors and investigators of breakthrough drugs to conduct high-quality tri-
als with sufficient enrollment and randomization whenever possible. For indications with an
uncertain safety and efficacy profile, post-marketing requirements and commitments encourag-
ing additional data collection should be mandated as time-dependent conditions to keep the

breakthrough designation.

8.6.3 Innovation

Over the past two decades, biotechnological advances resulted in the discovery and develop-
ment of new classes of medicinal products. Particularly the rise of personalized therapies, im-
mune-therapies, and gene and cell therapeutics opened new therapeutic options for otherwise
fatal conditions. These targeted therapies are often developed for biomarker-defined patient
subgroups of the larger disease population, whose benefit is frequently already apparent in early
phase 1 or 2 trials. The BTD was intended to expedite patient access and encourage the devel-
opment of these promising and innovative new treatments. This study confirms that the BTD
was especially granted to innovative cancer drugs and indications. Breakthrough drugs more
frequently affected a novel target (first-in-class) using a novel mechanism of action to treat a
novel disease (first-in-indication) and also displayed a tendency to be of a novel product class
(antibody-drug conjugates, gene and cell therapies, or radionuclides). In contrast to prior stud-
ies,13 we, therefore, conclude that the BTD did fulfill its intention and probably enabled US
drug development to keep pace with and facilitate the biopharmaceutical innovation of the 21

century.

The BTD introduced more flexibility in the conduct of clinical trials for these novel therapeu-
tics. To account for genomically homogenous patient populations across diseases, the BTD
specifically accommodates novel trial designs, such as master protocols, umbrella trials, or bas-
ket trials. For instance, vemurafenib, a targeted agent that received the BTD, was approved for

BRAF V600+ Erdheim-Chester disease, an ultra-rare blood disorder, based on a basket study
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enrolling 24 patients with different forms of glioma.??® The BTD likely also paved the way for
the approval of tumor-agnostic treatments. For instance, pembrolizumab was the first treatment
approved for metastatic solid tumors with mismatch-repair deficiency based on a basket study
enrolling 41 patients with colorectal and non-colorectal cancer.??” However, companion diag-
nostics for these biomarker-directed therapies currently need to be approved by the FDA
through a separate review process.??® Legislative action is necessary to combine and harmonize
the expedited approval of biomarker therapies and their companion diagnostics to ensure early

access for patients.

8.6.4 Treatment and epidemiologic characteristics

Over the past four decades, US Congress provided the FDA with a vast set of special designa-
tions and approval pathways to expedite the development and approval of new medicines.?!’
For instance, the orphan designation financially incentivizes drug development for rare dis-
eases.’® The accelerated approval program permits early marketing authorization based on sur-
rogate endpoints for medicines treating serious conditions and filling unmet medical needs.
Similarly, the BTD is supposed to expedite the development of serious conditions with a pre-
liminary large clinical benefit. Yet, in our study, we could not confirm that the BTD is more
frequently granted to serious diseases given that there was no significant difference in DALY
and 5-year survival rates for BTD and non-BTD indications. Furthermore, there was no evi-
dence that the BTD is more often granted to advanced-line patients, e.g. patients with serious
diseases that have progressed or are ineligible for standard first-line therapy regimens. Com-
bined with the aforementioned results, these findings suggest that the FDA’s decision to grant
the BTD is mainly based on biotechnological innovativeness, clinical novelty, and clinical ef-
ficacy rather than disease epidemiology. In other words, this study shows that the FDA seeks
out the most innovative and promising drugs within each disease for the breakthrough designa-

tion.
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8.6.5 Limitations

There are certain limitations inherent to our analyses. First, we only included successful trials
which led to the FDA approval of new cancer drug indications. Second, drug price data were
assessed for patients covered under Medicare Part B and D. Albeit Medicare and Medicaid is
the leading health insurance scheme in the US, drug prices, rebates, co-payments, and deducti-
bles may vary for patients covered in private insurance schemes. Third, to compare break-
through and non-breakthrough indications, we meta-analyzed the efficacy outcomes of clinical
trials for multiple tumor entities, which may be a source of high heterogeneity in calculated
effect sizes.8487 Fourth, in our meta-analyses Cochran's-Q-tests were used to compare differ-
ences in efficacy outcomes for breakthrough and non-breakthrough indications. Cochran’s-Q-
tests examine sources of heterogeneity across subgroups. Yet, these tests are limited in statisti-
cal power and risk increasing alpha errors.??® Nonetheless, our findings were consistent in mag-
nitude and statistical significance for the comparison of median improvements in OS and PFS.
Sixth, merely 9% breakthrough and 20% of non-breakthrough indications were supported by
trials measuring OS as the primary endpoint. Therefore, the meta-analysis of OS is limited to a
subset of the overall cohort of cancer drugs. Fifth, albeit we observed significantly greater RR
in RCTs and ORR in single-arm trials for breakthrough relative to non-breakthrough indica-
tions, the clinical benefit of these tumor responses must be confirmed in well-designed, robust
post-marketing trials assessing OS. Finally, we only evaluated cancer drug indications in our
analysis. The results and policy implications of this study should be confirmed for other thera-

peutic areas.

8.7 Conclusion

The BTD encouraged the development of more than 1,100 indications. Over the past 10 years,
breakthrough cancer drugs have been associated with faster development and approval time-

lines. Compared to their peers, breakthrough drugs more often affected a novel target using a
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novel mechanism of action to treat a novel disease. Breakthrough indications displayed a sub-
stantially higher clinical benefit in 5 out of 8 evaluated efficacy measures. Most importantly
breakthrough indications were associated with a greater benefit in OS in terms of HRs (0.69 vs.
0.74, p=.031) and median improvement in OS (4.8 vs. 3.2 months, p=.002). However, break-
through indications were more frequently supported by small, non-robust single-arm trials that
could partially explain the observed greater efficacy. No difference in treatment and epidemio-
logic characteristics was observed. In brief, the FDA primarily grants the breakthrough desig-
nation based on biotechnological innovativeness, clinical novelty, and clinical efficacy rather
than disease epidemiology. In contrast to previous criticism, we, therefore, conclude that the

BTD expedites patient access to innovative and effective, yet also expensive, new medicines.
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9 Value drivers of development stage biopharma companies

Summary: This cross-sectional study identifies and quantifies factors associated with the val-

uation of drug development companies in the EU and the US.
9.1 Abstract

Objective: Scholars previously estimated the R&D costs of the internal drug development pro-
cess. However, little is known about the costs and value arising from externally acquired ther-
apeutics. This study identifies and estimates the magnitude of factors associated with Bio-

pharma acquisition value.

Methods: SDC Thomson Reuters and S&P Capital 1Q were screened for majority acquisitions
of US and EU Biopharma companies developing new molecular entities (NME) for prescription
use (Standard Industrial Classification [SIC] code: 2834) from 2005 to 2020. Financial acqui-
sition data were complemented with variables characterizing the target’s product portfolio ex-
tracted from clinicaltrials.gov, Drugs@FDA database, US SEC filings, and transaction an-
nouncements. A multivariate regression assesses the association of firm value with extracted

variables.

Results: 311 acquisitions of companies developing prescription drugs were identified over the
study period. Acquirers paid 40% (p<.05) more for companies with biologics and gene thera-
peutics than small-molecule lead drugs. The total transaction value non-significantly increased
by 8% with the lead product’s number of indications (p=.210). No significant valuation differ-
ence between companies developing orphan and non-orphan designated lead products was ob-
served (19%, p=.244). Acquisition value was positively associated with the total number of
further products, headquarter location in the US, underlying market conditions, and acquirer

market capitalization (p<.05).
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Conclusions: Internal and external drug development consumes many financial and human
resources, yet entrepreneurs, regulators, and payers need to understand their precise magnitude
and value drivers. This information permits the design of targeted pricing and industrial policies

that incentivize the development of novel drugs in areas with high unmet needs.
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9.2 Introduction

Rising drug prices recently sparked controversy about the high profit margins of pharmaceutical
companies.®>#° Crucial to this dispute are the costs associated with developing new drugs.?%
While scholars previously estimated R&D costs of the internal drug development pro-
cess, 1820232 [ittle is known about the value and costs associated with externally developed ther-

apeutics.?®

Estimates show that the share of revenues from novel drugs developed externally surged to 50%
in 2016.2% External innovation sources include partnerships with academic institutions, licens-
ing agreements, and M&As of disruptive start-ups. Acquisitions may be especially advanta-
geous for strategic Biopharma companies when internal R&D pipelines must be replenished
quickly due to patent expiry.2**2% Furthermore, partnerships and acquisitions combine leading
technological advances from risk-tolerant incumbent biotechnology start-ups with established
commercialization capabilities of large pharmaceutical companies.?® These synergies do not
only create direct value for acquired start-ups, venture capital investors, and large pharmaceu-
tical corporations but could ultimately benefit patients by permitting timely access to innovative
medicines. Concisely, acquisitions fuel the development of medicines with financial, human,

and technological capital which eventually advances available therapeutic options.

Innovation combined with a high risk-return profile has long sparked the interest of venture
capitalists in the Biopharma industry. After several funding stages successful start-ups either
debut on a public stock exchange through an initial public offering (IPO) or are sold directly to
strategic or financial investors. Despite available economic valuation methodologies, e.g., net
present value (NPV), risk-adjusted NPV (rNPV), real options, or the venture capital method,
the valuation of Biopharma companies remains challenging due to the absence of solid financial

metrics.?"-2%° Even though there are some attempts to account for the intangible value of phar-
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maceutical companies arising from technological firm capabilities or patents,?*%24 such ap-
proaches are still imperfect. Greater knowledge of external Biopharma innovation sources can
inform the design of pricing and industrial policies that effectively reward the development of

novel drugs in areas with high unmet needs. 4224

Biopharma firm valuation is mainly subject to the lead product’s development stage.512%6:246-

248 However, knowledge of factors that explain the valuation dispersion within development
stages is scarce. Yearly Biopharma deal reviews often focus on multi-billion-dollar acquisi-
tions.2%6:246 Thereby, early-stage pre-clinical and clinical-stage acquisitions, which drive phar-
maceutical innovation, are neglected. A regression analysis of 122 US Biopharma IPOs (1991-
2000) found a significant positive association between firm value and the products’ develop-
ment stage, R&D expenditure, market conditions, ownership retention, as well as a company’s
number of total products, alliances, and patents.?*” A cross-sectional study of 98 M&As (2008
2012) revealed no significant valuation difference between companies with FDA orphan and
non-orphan designated lead products.?*® Valuations were also identified to be higher for US,
large-cap pharma-backed, and oncology companies.?>*?! Surveys with 16 financial and strate-
gic investors in 2002 qualitatively identified market size, development stage, strategic fit to the
acquirer, competition, reputation, patents, and product novelty — in this order — as the most

important value drivers in Biopharma licensing deals.?*3

Previous studies are, therefore, limited in sample size, geographic scope, and breadth of exam-
ined variables. Our study fills this gap by quantitatively assessing Biopharma company valua-
tions based on a sample of 311 M&As across 23 collected variables in the US and EU between
2005 and 2020. We specifically aim to examine the relationship between the company acquisi-
tion value and the lead product’s development stage (Pre-Clinic to FDA Approval), additional

lead products, other products, and transition variables using multivariate regression analyses.
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To the best of our knowledge, this is the first study that identifies and quantifies key financial

and non-financial value drivers of private and public Biopharma corporations.

9.3 Data and methods

9.3.1 Sample selection

SDC Thomson Reuters and S&P Capital 1Q were screened for majority acquisitions of Bio-
pharma companies developing NME for therapeutic use (SIC code: 2834) from 1 January 2005
to 1% January 2020. Corporations developing generics, reformulations, medical devices, diag-
nostic substances, over-the-counter medicines, cannabis products, animal therapeutics as well
as active pharmaceutical ingredients producers and sales of manufacturing sites were excluded.
Only acquisitions with a total transaction value beyond $10 million were considered. To ex-
clude mega-mergers, the sample was limited to targets with a portfolio of less than 10 NME.
The geographic location was restricted to targets headquartered in the US or developed Euro-

pean markets. The sample contains both private and public targets.

9.3.2 Data collection

Variables were collected across four distinct areas: valuation, lead product, further products,
and acquisition characteristics (Table 43). The selection was based on previous quantitative and
qualitative studies that identified variables associated with Biopharma firm value.?4"-?! Finan-
cial variables and acquisition characteristics were extracted from SDC Thomson Reuters and
S&P Capital 1Q. Subsequently, variables characterizing the target’s product portfolio were ob-
tained from US Securities and Exchange Commission (SEC) filings, clinicaltrials.gov, transac-

tion announcements, and company websites at the time of the acquisition announcement.
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Unit N Mean Median SD Min. Max. Skewness Sum
A) Valuation
Up-front Payment (USD) Millions 303 958 257 2,270 0 22,434 5.02 290,417
Milestone Payment (USD) Millions 290 159 0 330 0 2,945 3.89 46,144
Total Transaction Value (USD) Millions 300 1,119 458 2,285 12 22,434 4.86 335,662
B) Lead Drug
Development Stage
Pre-Clinic Binary 311 0.15 0.00 0.36 0 1 46
Phase 1 Binary 311 0.13 0.00 0.34 0 1 40
Phase 2 Binary 311 0.33 0.00 0.47 0 1 103
Phase 3 Binary 311 0.19 0.00 0.39 0 1 59
Approved Binary 311 0.20 0.00 0.40 0 1 63
No. of Indications Number 311 1.83 1.00 1.88 1 16 4.20 569
Biologic / Gene Therapy Binary 311 0.21 0.00 0.41 0 1 66
Disease Area
Oncology Binary 311 0.30 0.00 0.46 0 1 93
CNS Binary 311 0.16 0.00 0.37 0 1 51
Anti-Viral / Anti-Biotic Binary 311 0.11 0.00 0.32 0 1 35
Others Binary 311 0.42 0.00 0.50 0 1 132
FDA Orphan Designation Binary 311 0.16 0.00 0.37 0 1 51
C) Other Products
Total No. of Drugs Number 311 2.96 2.00 2.19 1 10 1.31 921
Average Development Score 2 Number 311 6.38 5.67 3.67 2 14 0.76 1,984
Average No. of Indications ° Number 311 1.46 1.00 1.09 1 12 5.00 455
D) Acquisition Characteristics
Target Headquarter US Binary 311 0.76 1.00 0.43 0 1 235
Target Public Ownership Binary 311 0.37 0.00 0.48 0 1 114
Acquirer Market Cap = $10 Bn Binary 311 0.47 0.00 0.50 0 1 147
Market Conditions Number 311 0.12 0.10 021 -0.24 0.69 0.47 38
Spin-Off / Single Drug Acquisition Binary 311 0.11 0.00 0.31 0 1 34

Table 43: Descriptive statistics for the entire sample
Notes: All valuation metrics are inflation-adjusted.

2 The average development score represents the number of years required to reach each development stage.
® The average number of indications refers to all products excluding the lead product.

Abbreviations: SD, standard deviation; CNS, central nervous system; FDA, US Food and Drug Administration;
HQ, headquarter.

Valuation metrics

Up-front payments, maximum milestone payments (both regulatory and sales), and the total
transaction value were obtained from SDC Thomson Reuters and S&P Capital 1Q in US dollars
at the time of the acquisition. To ensure data validity, all company valuations were cross-
checked with US SEC filings and transaction announcements, if available. Valuation metrics

were adjusted for inflation to 2020 values.

Lead product characteristics

We obtained multiple variables characterizing the target’s lead product. For clinical phase prod-
ucts, the development stage was extracted from clinicaltrials.gov. Therapeutics in parallel Phase

1/2 trials were categorized within the Phase 2 development stage. For approved products, the
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development stage was derived from publically available marketing authorization reports is-
sued by the FDA. For pre-clinical products, the development stage was derived from US SEC
filings or transaction announcements. The same methodology was applied to identify and cate-
gorize the lead product’s number of indications (single indication vs. multi-indication), treat-
ment type (small-molecule vs. biologic/gene and cell therapy), and disease area (oncology, cen-
tral nervous system (CNS), infectious diseases, and others) according to the most advanced

indication.

Further products

The same methodology was employed to obtain the target’s total number of medicines along-
side their development stage, and number of indications. We applied a similar concept proposed
by Guo et al. to calculate the remaining portfolio’s average development stage.?*”22 The stage
score represents the number of years required to reach each development stage. Consistently,

the average number of indications of all further products was assessed.

Acquisition characteristics

Target ownership status (private vs. public) and headquarter location (Europe vs. US) were
extracted. We further identified the asset type (company acquisitions vs. spin-off/single drug
transactions). The market condition variable represents the dividend and stock-split adjusted
return of the NASDAQ Biotech — an index capturing the market capitalization of NASDAQ-
listed Biopharma companies according to the SIC code — 12 months before the transaction an-

nouncement.
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9.3.3 Methods and statistical analysis

Data were stored in Microsoft EXCEL and then analyzed using STATA SE Version 14.2. We
calculated mean acquisition values and payment structures across our sample. Data were ex-
pressed as means with 95% CI. Company valuations were compared across development stages
using ANOVA with Turkey’s multiple comparison test. A two-tailed probability value <0.05

was considered significant.

Thereafter, valuation metrics were examined in a sequence of multivariate regression models.
First, valuation metrics were transformed with the natural logarithm to account for the right-
skewed data distribution. Several regressions are presented in a consistent stepwise structure to
examine the association of collected variables with company valuation. Model 1 only includes
the lead product’s development stage as an explanatory variable. Model 2 further includes all
lead product characteristics. Model 3 considers all lead product and further product variables.
Model 4 entails all lead product, further product, and acquisition variables (Table 44 and Table
45). This sequence of regression models permits to assess the explanatory value, measured by
R?, of the different variable categories. Mathematical equations for all regression models are
attached in Table 46. Post-regression tests were conducted, as shown in Table 47, to evaluate
omitted variable bias (Ramsey’s test), model specification errors (Link test), as well as hetero-

scedasticity, skewness, and kurtosis (Cameron and Trivedi’s test).
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Table 44: Pearson correlation matrix for the sample of collected biopharma acquisitions

Notes: P values: * p<.05; **p<.01; *** p<.001. @ The average development score represents the number of years

required to reach each development stage. ® The average number of indications refers to all products excluding the

lead product. Abbreviations: CNS, central nervous system; FDA, US Food and Drug Administration; HQ, head-

quarter.
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Model 1 Model 2 Model 3 Model 4
Dependent variable: natural logarithm of total transaction value
(A) Lead product

Phase 1 1.61 1.66 1.98 2.05
Phase 2 2.15 2.24 4.07 4.28
Phase 3 1.81 1.92 5.24 5.64
Approved 1.89 2.14 11.35 12.04
No. of indications 1.17 3.79 3.89
Biologic/gene therapy 1.96 1.08 1.10
Oncology 1.35 1.35 1.40
CNS 1.20 1.21 1.22
Anti-viral/anti-biotic 1.17 1.17 1.20
FDA orphan designation 1.13 1.15 1.16
(B) Other products

Total no. of drugs 2.02 2.13
Average development score ? 7.36 7.56
Average no. of indications ® 3.64 3.73
(C) Acquisition characteristics

Target HQ US 1.13
Target public ownership 1.44
Acquirer market cap > $10 Bn 1.17
Market conditions 1.06
Spin-off/single drug acquisition 1.12
Mean VIF 1.87 1.50 3.49 2.96

Table 45: Variance inflation factors for the regression of total transaction value on collected
variables

Notes: The Table presents VIF for each model of the conducted regression. VIF beyond 10 indicated multicollin-
earity between independent variables.

2 The average development score represents the number of years required to reach each development stage.
® The average number of indications refers to all products excluding the lead product.

Abbreviations: CNS, central nervous system; FDA, US Food and Drug Administration; HQ, headquarter; VIF,
variance inflation factors.
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The dependent variable (Y) was defined as company acquisition value (total acquisition value
or up-front payment). The summary characteristics of the independent variables (x;) are pre-
sented in Table 43. The association of independent variables with the dependent variable was
examined in a sequence of regression models:

Model 1
Model 1 includes the lead product’s development stages as the sole explanatory variables. Co-
efficients are presented as ay,.

LOg(Y = Company Valuation | Xi = xi) =Q + X1®phase 1 + X2®phase 2 + X3Qphase 3 + x4aApproved
Equation 4

Model 2
Model 2 includes all lead product characteristics as explanatory variables.

LOg(y = Company Valuation | Xi = xi) =Qp + X1®phase 1 + X2Qphase 2 + X3Qphase 3 + x4aAppraved + X5ANo. of Indications +
XGaBiolugic/Gene Therapy + x7a0ncolagy + Xglcns + x9aAnti—Viral/Anti—Biatic + xloaOrphan Designation

Equation 5

Model 2
Model 3 includes all lead and other product characteristics as explanatory variables.

LOg(Y = Company Valuation | Xi = xi) = + X1@®phase 1 + X2®phase 2 + X3®ppase 3 + x4aApprmied + X5Qpo, of Indications +
xﬁaBiologic/Gene Therapy + x7a0ncology + XgQcns + x9aAnti—Viral/Anti—Biotic + xloaorphan Designation + xllngotal No. of Drugs +

leBAverage Development Score + x13BAverage No. of Indications

Equation 6

Model 4
Model 4 includes all lead product, other product, and acquisition characteristics as explanatory
variables.

LOg(y = Company Valuation | Xi =X;) =&+ X1Qppase1 T X2Aphase 2 T X3Aphases + X4@approved T Xs®No. of mdications T
x6aBiologiE/Gene Therapy + x7a0ncology + Xglcns + x9aAnti—Viral/Anti—Biatic + xlOaOrphan Designation + xllgTotalNo. of Drugs +
xlzﬁAverage Development Score + x13&4verage No. of Indications + x14yTarget HQinUS + xlsyTarget Public Ownership +

xléyAcquirer Market Cap = $10 Bn + X17YMarket Conditions + xlsySpin—Off/Single Drug Deal

Equation 7

Regression coefficients are presented as «a;, for lead product, 3, for other product, and y, for
acquisition characteristics.

Table 46: Mathematical equations for the regression analysis of acquisition value on collected
variables

Abbreviations: CNS, central nervous system; FDA, US Food and Drug Administration; HQ, headquarter.
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Model 1 Model 2 Model 3 Model 4

Ramsey’s-test

p value NA 0.0468 0.3188 0.6531

F value NA 2.69 1.18 0.54
Link-test

hat 0.122 0.003 0.001 0.005

hat? 1.000 0.391 0.405 0.481
Cameron & Trivedi’s-test

Heteroscedasticity 0.8356  0.4851 0.0747  0.3070

Skewness 0.8445  0.1954 0.894 0.7163

Kurtosis 0.9589 0.7828 0.5081 0.1362

Total 0.9699 0.3917 0.0391  0.3640

Table 47: Omitted variable, model specification, heteroscedasticity, skewness, and kurtosis
tests for the total acquisition value analysis

Notes: The Ramsey’s-test was performed to detect omitted variables in the regression model (HO: model has no
omitted variables). The Link-test was conducted to identify model specification errors (HO of hat2: model has no
specification errors). Cameron & Trivedi’s-test was executed to identify heteroscedasticity, skewness, and kurtosis
in our model (HO: model has no heteroscedasticity, skewness, or kurtosis).

9.4 Results

Overall, we identified 2106 unique Biopharma acquisitions in the SDC Thomson Reuters
(n=1427) and S&P Capital IQ (n=679) databases between 1% January 2005 and 1% January
2020 with valuation metrics (Figure 53). Further restricting the search to companies developing

NME for human prescription use led to a final sample of 311 Biopharma M&As.
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Figure 53: Acquisition value of Biopharma companies by lead product development stage

Notes: All values were inflation-adjusted to 2020. For visualization purposes, five observations with an acquistion
value beyond $10,000 million are not shown in this graph. p values calculated based on ANOVA with Turkey’s

Lead product development stage

multiple comparison test: * p<.05; **p<.01; *** p<.001; ns, not significant.

9.4.1 Descriptive statistics

Overall, the entire acquisition volume cumulated to $336 billion over the 15 years period (Fig-
ure 54). On average, firms were acquired for a total transaction value of $1119 million (up-
front payment: $958 million; milestone payment: $159 million). Valuation metrics were not

reported for the entire sample (total transaction value: 300; up-front payment: 303; milestone

payment: 290).
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Figure 54: Number and deal value of development-stage Biopharma acquisitions from 2005 to
2020

Notes: The deal count represents the number of acquisitions by development stage. Mean acquisition values are
inflation-adjusted to 2020.

Most acquired corporations were developing a lead product in Phase 2 (33%) or already com-
mercialized the lead product (20%). Approximately one-third of lead products were developed
across multiple indications (Table 43). 21% were classified as biologics or gene therapy and
16% received an orphan designation from the FDA. Most acquisitions focused on oncology

(30%), CNS (16%), and infectious disease therapies (11%).

On average, acquired companies had a product portfolio of approximately 3 medicines. Yet,
one-third of companies only pursued the development of one product. The average development
score of these further products was 4.18, indicating that the average portfolio of the further
products was between the Pre-Clinical and Phase 1 development stages. Only 18% of further

products under development were tested across several indications.

Target companies were mostly headquartered in the US (76%) and under private ownership
(37%). Furthermore, 47% of corporations were acquired by companies with a total market cap-

italization of more than $10 billion. The sample also includes acquisitions of single drugs or
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spin-offs (11%). Acquisitions were predominantly struck under favorable market conditions,
with the NASDAQ Biotech index posting an average 12-month return of approximately 12%

before the transaction announcement.

Valuation by development stage

On average, companies with lead products in pre-clinical development were acquired for a total
transaction value of $88 million (95% CI $56—-120 million). Mean valuations rose to $354 mil-
lion (95% CI $211-498 million) for Phase 1, $683 million (95% CI $436-930 million) for
Phase 2, $1761 million (95% CI $996-2527 million) for Phase 3, and $2469 million (95% ClI
$1582-3355 million) for Approved lead products. However, the acquisition value displayed a
high dispersion within the development stages. Therefore, only the transitions from Pre-Clinic

to Phase 1 (p<.001) and from Phase 2 to Phase 3 (p<.01) significantly differed.

Payment structure

Acquisitions of companies with lead products under Pre-clinic and Phase 1 development in-
cluded a mean up-front component of 51% (95% CI 49-75%) and 43% (95% CI 51-74%),
respectively. Consequently, approximately half of the early-stage company transaction value
was a deferred component (milestone payment). However, this deferred component decreased
while the up-front component increased throughout clinical development. The mean up-front
payment amounted to 72% (95% CI 56—71%) for Phase 2, 80% (95% CI 69-86%) for Phase 3,

and 95% (95% CI1 85-95%) for approved lead products.

9.4.2 Multivariate regression

The association between total transaction value and collected variables is evaluated in a se-
quence of multivariate regression models. Lead product, further product, and transaction char-

acteristics are separately examined in a sequence of stepwise regressions (Table 48).
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Model 1 Model 2 Model 3 Model 4
Dependent Variable: Natural Logarithm of Total Transaction Value
A) Lead Product
Phase 1 1.338 (0.000)  1.281 (0.000) 1.102 (0.000)  0.861 (0.000)
Phase 2 1.914 (0.000)  1.928 (0.000) 1.652 (0.000)  1.302 (0.000)
Phase 3 2.788 (0.000)  2.776 (0.000)  2.483(0.000)  1.918 (0.000)
Approved 3.302 (0.000)  3.092 (0.000)  2.637 (0.000)  1.987 (0.000)

No. of Indications
Biologic / Gene Therapy
Oncology

CNS

Anti-Viral / Anti-Biotic
FDA Orphan Designation

B) Other Products

Total No. of Drugs

Average Development Score 2
Average No. of Indications ®

C) Acquisition Characteristics
Target Headquarter US

Target Public Ownership

Acquirer Market Cap > $10 Bn
Market Conditions

Spin-Off / Single Drug Acquisition

0.128 (0.000)
0.474 (0.009)
0.110 (0.509)
-0.270 (0.160)
0.092 (0.689)
0.192 (0.306)

0.131 (0.099)
0.452 (0.007)
0.085 (0.601)
-0.284 (0.133)
0.120 (0.575)
0.098 (0.578)

0.184 (0.000)
0.028 (0.490)
-0.016 (0.905)

0.080 (0.210)
0.340 (0.022)
0.058 (0.675)
-0.306 (0.068)
0.058 (0.762)
0.172 (0.244)

0.1740 (0.000)
0.043 (0.234)
0.106 (0.350)

0.593 (0.000)
0.189 (0.182)
0.761 (0.000)
0.780 (0.003)
-0.404 (0.050)

Constant 3.890 (0.000)  3.579 (0.000) 3.153 (0.000) 2.493 (0.000)
No. of Observations 300 300 300 300

R2 44.9% 50.2% 55.5% 66.7%
Adjusted-R2 44.1% 48.5% 53.4% 64.5%
F-Test:

Pre-Clinic to Phase 1 1.338 (0.000)  1.281 (0.000) 1.102 (0.000) 0.861 (0.000)
Phase 1 to 2 0.576 (0.012)  0.647 (0.004) 0.550 (0.013) 0.441 (0.026)
Phase 2 to 3 0.875 (0.000)  0.848 (0.000) 0.831 (0.000) 0.616 (0.002)
Phase 3 to Approved 0.514 (0.201)  0.316 (0.156) 0.154 (0.547) 0.069 (0.767)

Table 48: Multivariate regression of total transaction value on (A) lead product’s, (B) other
products’, and (C) acquisition characteristics

Notes: P-value in brackets.

2 The average development score represents the number of years required to reach each development stage.
® The average number of indications refers to all products excluding the lead product.

Abbreviations: CNS, central nervous system; FDA, US Food and Drug Administration; HQ, headquarter.

Lead product characteristics

The lead product’s development stage is the major highly significant value driver, explaining
approximately 44.9% of firm valuation (Model 1). The total transaction value non-significantly
increased by 8% with the lead product’s number of indications (p=.210). Companies developing

biologics or gene therapeutics were sold for a 40% (p<.05) premium relative to small molecules
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(all coefficients were interpreted from Model 4). While regression suggests that firms develop-
ing CNS lead products were acquired for a -26% discount relative to other disease areas, this
was not significant (p=.153). Similarly, companies with orphan-designated lead medicines were
valued 19% higher, yet not significantly (p=.244). Overall, lead product characteristics explain

50.2% of value variation (Model 2).

Valuing further products

On average, company valuations increased by 19% (p<.001) for each additional product under
development. In contrast, the average development score and the average number of indications
do not seem to impact transaction value. Considering the high association of these insignificant
variables with the lead product’s stage and indications, this result was expected. In conclusion,

the further product characteristics improved R? by 5.3% (Model 3).

Transaction characteristics

Valuations were 81% (p<.001) higher for target companies located in the US relative to Europe,
but not significantly higher for public targets (21%, p=.175). Furthermore, the acquirer’s market
capitalization was identified as a major value driver, given that large-cap corporations pur-
chased Biopharma companies for an 114% (p<.001) premium compared to medium- and small-
cap acquirers. The average market condition for acquisitions was favorable in the sample. Yet,
better market conditions were considerably positively associated with company valuations
(p<.01). Lastly, spin-offs and single drug acquisitions were valued at a -33% (p<.05) discount
relative to acquisitions of entire corporations. In summary, considering acquisition characteris-

tics raised the R? by 11.2% (Model 4).
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Further considerations

We conducted a cross-validation lasso regression analysis to verify that Model 4 presents the
regression model that minimizes the mean squared prediction error. It is furthermore notewor-
thy that several independent variables display low, yet statistically significant, Pearson correla-
tion coefficients (Table 44). Transitions in-between development stages, e.g., Pre-Clinic to
Phase 1 or Phases 2-3, differed significantly — solely the transition between Phase 3 to Ap-

proved was insignificant (p=.175).

A similar multivariate regression model for up-front payments can be found in Table 49. The
overall model fit is similar, yet slightly higher than the total transaction value model (R? of
69.2%). Variable signs, magnitude, and significance levels follow the same concept explained
for the total transaction value regression. Solely, the lead product’s number of indications and
market conditions variables are slightly insignificant, while the spin-off variable turned signif-

icant.
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Model 1

Model 2

Model 3

Model 4

Dependent variable: natural logarithm of up-front payment

(A) Lead product

Phase 1 1.504 (0.000) 1.482(0.000)  1.328 (0.000) 0.871 (0.002)
Phase 2 2.144 (0.000) 2.218 (0.000)  1.976 (0.000)  1.339 (0.000)
Phase 3 3.251 (0.000) 3.324 (0.000)  3.170(0.000)  2.138 (0.000)
Approved 4.108 (0.000) 3.977 (0.000)  3.711(0.000)  2.376 (0.000)
No. of indications 0.0994 (0.023) 0.090 (0.049)  0.047 (0.542)
Biologic/gene therapy 0.687 (0.000)  0.678 (0.000)  0.555 (0.000)
Oncology 0.217 (0.025)  0.140 (0.416)  0.184 (0.236)
CNS -0.277 (0.241) -0.295(0.178) -0.286 (0.155)
Anti-viral/anti-biotic 0.341 (0.207)  0.357 (0.135)  0.363 (0.112)
FDA orphan designation 0.153 (0.497)  0.061 (0.756)  0.143 (0.396)
(B) Other products

Total no. of drugs 0.251 (0.000)  0.236 (0.000)
Average development score @ 0.031(0.512)  0.065 (0.113)
Average no. of indications ° -0.067 (0.607) 0.105 (0.342)
(C) Acquisition characteristics

Target HQ US 0.251 (0.088)
Target public ownership 0.537 (0.001)
Acquirer market cap > $10 Bn 0.901 (0.000)
Market conditions 0.625 (0.066)
Spin-off/single drug acquisition -0.691 (0.007)
Constant 2.938 (0.000) 2.517 (0.000)  2.018 (0.000)  1.500 (0.000)
No. of observations 301 301 301 301

R2 46.7% 51.7% 60.0% 69.2%
Adjusted-R?2 45.9% 50.0% 58.2% 67.2%

F test

Pre-Clinic to Phase 1 1.504 (0.000) 1.482(0.000)  1.263(0.000) 0.871 (0.002)
Phase 1 to 2 0.640 (0.009) 0.736 (0.002)  0.597 (0.010)  0.468 (0.023)
Phase 2t0 3 1.106 (0.000) 1.106 (0.000)  1.116 (0.000)  0.799 (0.000)
Phase 3 to Approved 0.857 (0.000) 0.653 (0.010)  0.429 (0.151) 0.238 (0.367)

Table 49: Multivariate regression of up-front payment on (A) lead product’s, (B) other prod-
ucts’, and (C) acquisition characteristics

Notes: P-values in brackets.

2 The average development score represents the number of years required to reach each development stage.
® The average number of indications refers to all products excluding the lead product.

Abbreviations: CNS, central nervous system; FDA, US Food and Drug Administration; HQ, headquarter.

9.5 Discussion

Based on a sample of 311 Biopharma acquisitions from 2005 to 2020, mean valuations signif-
icantly rose for corporations with lead products in Pre-Clinic ($88 million), Phase 1 ($354 mil-

lion), Phase 2 ($683 million), Phase 3 ($1761 million), and FDA Approved ($2469 million)
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development. Approximately, half of the agreed company valuation was deferred through reg-
ulatory and sales milestone payments for early development stages (Pre-Clinic and Phase 1).
The lead drug’s molecule type and number of indications were positively associated with com-
pany valuations. In addition, the total number of further products, targets headquartered in the
US, underlying market conditions, and acquirer market capitalization were estimated to have a

significant positive impact on valuations.

These figures are in line with mean Biopharma acquisition valuations found in annually pub-
lished M&A reports. 23624 The additional information gained about new drugs by conducting
clinical trials is priced in by investors. In contrast, licensing agreements were more frequent
than acquisitions in the examined period, yet their contract value — ranging from $20 million
(Pre-Clinic) to $140 million (Phase 3) — was lower. Licensing agreements incur reduced valu-
ations because contracts only incorporate distinct drug candidates, are subject to regional re-

strictions, and vary according to milestone thresholds and revenue distributions.?®

Similar to Rooswinkel et al.,?*® we did not find a significant valuation difference between com-
panies developing orphan and non-orphan lead products. Nonetheless, several factors positively
affect the economics of orphan drugs: shorter development and approval timelines, additional
financial R&D incentives, higher clinical trial and FDA success rates, stricter and extended
market exclusivity, lower marketing costs, faster uptake, and high reimbursed prices.143180254
Arguably, these factors could only significantly impact valuation in later development stages.
Additionally, the orphans’ market niche limits the number of strategic acquirers and restricts
the eligible patient population. Combined with increasing pricing pressure,?® these factors

could partially offset the favorable economics of orphan drugs.

In 2019, all top ten grossing drugs were approved across several indications. Especially, treat-
ments targeting molecular pathways that are inherent to multiple diseases, e.g., cancer or auto-

immune diseases, may offer therapeutic benefits across several indications. Consequently,
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multi-indication drugs target an expanded patient group. However, early drug development
timelines and costs of multi-indication drugs can be dynamically reduced as they only occur
once per drug.®®4° Additionally, the sequencing of indication launches permits higher pricing
and revenues under single-price policies.*®44! These financial factors offer explanations as to
why Biopharma acquirers displayed a tendency to pay an 8% (p=.210) premium per additional

indication for firms with multi-indication products.

Oncology, CNS, and anti-infective drugs were previously identified as key focus areas of large
Biopharma companies with higher multiples.?*®%! However, after adjusting for further covari-
ates, the lead product’s disease area did not significantly impact company valuations. An orphan
designation status and the number of indications might already account for the most important
drug characteristics implicitly impacting its economic properties, such as price and target pa-
tient population. Additionally, the strategic fit between the acquirer’s and the target’s product

portfolio could impact acquisition values more than the underlying disease area.

Equivalent to Guo et al.,?*’ the sample demonstrates that valuation is positively associated with
the company’s drug portfolio size. They ran a regression on 114 Biopharma IPOs (1991-2000)
and identified that the number of total products and their patent protection are associated with
company valuations. Consequently, Biopharma valuation can be regarded as the sum of all
products, each with its distinct clinical and economic characteristics, within a company’s R&D

portfolio.?®

Results reveal higher valuations for companies with biologic or gene therapy lead products
relative to small molecules. Biologics and gene therapies often offer enhanced clinical safety
and efficacy, higher clinical and FDA success rates, and target diseases previously considered
untreatable.18%.256-258 However, greater drug prices resulting from increased development and

production costs alongside impractical administration routes and reimbursement barriers hinder
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widespread commercialization.?>°?% Besides the enhanced therapeutic benefits, strategic ac-
quirers are seemingly willing to pay a premium for the scientific technology inherent to biolog-

ics and gene therapeutics.?®

In line with previous research,>%2%! we found more and higher valued acquisitions of US com-
panies relative to their European peers. Arguably, US Biopharma clusters in San Francisco,
Cambridge (US), and San Diego provide start-ups with better access to human, technological,
financial, and social capital to foster scientific innovation than their European counterparts in
Zurich, Cambridge (UK), and Munich.?*® Moreover, stricter legal barriers to conducting labor-
atory research and clinical trials in European countries could ultimately impact Biopharma’s

operating costs, and thereby company valuations.25?

The results of this study permit policymakers to design incentives for corporations to steer drug
development into areas of interest. Neurodegenerative disorders cause a significant burden of
disease in the US and Europe, yet drug development in this area is lagging. In our analysis, we
also observed lower company valuations for CNS drug development companies. This “trouble-
some disconnect” between patients’ needs and lagging drug development may be overcome by
providing higher research grants, regulatory submission support, and patent term expansions
for CNS drugs — similar to regulations incentivizing orphan drug development (The Lancet
Neurology, 2021, p. 81).2%3 Results also demonstrate that anti-biotic and anti-viral drugs are not
valued significantly higher than their peers, even though recent policies aimed to incentivize
drug development in this area.?%* Consequently, novel approaches beyond financial incentives
that de-link drug prices from commercial success such as health impact bonds or pooled funds
could be explored. The dataset also demonstrated that the valuation gap between companies
with Phase 1 and 2 drugs is only marginal. Targeted financial and regulatory support programs
may help to overcome this pharmaceutical “valley of death” (Dorey, 2009, p. 678).2%°> Govern-

ments should also explore anti-cyclical industrial policies as results demonstrate that valuation

284



Value drivers of development stage biopharma companies

and thereby available capital for drug development companies is scarce during economic down-

turns.

9.5.1 Limitations

This study has several limitations. First, undisclosed information may impact results. Undis-
closed acquisition valuations in the examined period may result in an over- or underestimation
of company valuations. Especially, acquisitions of small pre-clinical biotechnology companies
may not be released, which could overestimate valuations at this development stage. Addition-
ally, unnamed pre-clinical drug candidates could overestimate the impact of the total number

of products on firm valuation.

Second, the geographic scope of our analyses is limited to European and US Biopharma com-
panies. Further studies investigating Biopharma company valuations in Asia, Africa, and South
America are of interest. The therapeutic scope of the analyses is limited to companies develop-
ing NME for therapeutic use. Value drivers of medical technology, generic, and over-the-coun-
ter companies are subject to future research. The dataset is limited to a cross-section of Bio-
pharma company valuations. Future panel studies should therefore examine the impact of time-

varying variables on firm value.

Third, further variables are necessary to fully explain the valuation of Biopharma companies.
Even though the regression explains approximately 65% of the variation in company valuation,
35% remains unexplained. Variables distinctly describing each drug’s clinical benefit, antici-
pated competition, and population size are missing. A drug’s peak sales volume is a key, yet

difficult to estimate, variable combining all named elements.

Fourth, company valuation is furthermore subject to negotiations between acquirers and tar-
gets/backers. Therefore, bargaining power, negotiation skills, soft skills, as well as personal and

inter-firm networks may influence company valuations in an up- or downward manner.266-268
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The applied valuation methodology — NPV, rNPV, real options, venture capital methods — could

furthermore influence company valuations.2%7-2%

Fifth, some FDA-approved products have already been marketed for several years and could be
close to patent expiry. Therefore, the observed marginal increase in company valuation might

stem from the difference in the lead product’s remaining exclusivity period.

9.6 Conclusion

Greater transparency throughout the R&D process is necessary to unravel and optimize the
timelines and costs associated with introducing new drugs to the market. Internal and external
drug development consume many financial and human resources, yet entrepreneurs, regulators,
and payers need to understand their exact magnitude and value drivers. This research revealed
that Biopharma company valuation is significantly associated with the lead product’s develop-
ment stage, number of indications, treatment type, product portfolio size, headquarters location,
acquirer market capitalization, and market conditions. Policymakers are encouraged to design
targeted pricing and industrial policies that incentivize the development of novel drugs in areas

with high unmet needs.
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10 Valuation and returns of drug development companies

Summary: This cross-sectional study estimates annual returns that bioentrepreneurs can expect

from founding and investing in drug development companies.

10.1 Abstract

Objectives: This study evaluates the association of Biopharma company valuation with the
lead drug’s development stage, orphan status, number of indications, and disease area. We also
estimated the annual returns Bioentrepreneurs and investors can expect from founding and in-

vesting in drug development ventures.

Methods: SDC Thomson Reuters and S&P Capital 1Q were screened for majority acquisitions
of US and EU Biopharma companies developing NME for prescription use (SIC code: 2834).
Acquisition data were complemented with drug characteristics extracted from clinicaltrials.gov,
the FDA, and deal announcements. Thereafter, company valuations were combined with previ-
ously published clinical development periods alongside orphan-, indication-, and disease-spe-

cific success rates to estimate annual returns for investments in drug-developing companies.

Results: Based on a sample of 311 Biopharma acquisitions from 2005 to 2020, companies de-
veloping orphan, multi-indication, and oncology drugs were valued significantly higher than
their peers during later development stages (p<.05). We also estimated significantly higher re-
turns for shareholders of companies with orphan relative to non-orphan-designated lead drugs
from Phase 1 to FDA approval (46% vs. 12%, p<.001). Drugs developed across multiple indi-
cations also provided higher returns than single-indication agents from Pre-Clinic to FDA ap-
proval (21% vs. 11%, p<.001). Returns for oncology drugs exceeded other disease areas (26%

vs. 8%, p<.001).
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Conclusions: Clinical and economic conditions surrounding orphan-designated drugs translate
to a favorable financial risk-return profile for Bioentrepreneurs and investors. Bioentrepreneurs
must be aware of the upside real option value their multi-indication drug could offer when

negotiating acquisition or licensing agreements.
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10.2 Introduction

Large Biopharma firms are often in the spotlight of public media for bringing novel pharma-
ceuticals to the market. However, more than half of new drug approvals are developed exter-
nally by start-ups or research institutes.?*®* While previously published literature focuses on the
costs and timelines of the internal R&D process,?®! in this article, we concentrate on the dy-

namics of the external drug development process.

A common path for a Biopharma venture to emerge is for scientists to build a business around
their novel scientific discovery. These scientists are often subject matter experts in their field.
Yet for their venture to succeed they also require managerial competencies that extend beyond
their scientific work. Specifically, soft skills coupled with managerial principles are crucial to
scale a Biopharma venture.?%27 Early-on Bioentrepreneurs will face the challenge of securing
funding for their venture from academic institutions, research grants, and investors. In other
words, founders must be able to evaluate both the scientific and financial merits of their dis-
covery. Consequently, in this study, we aim to identify key value drivers of Biopharma ventures
based on a cross-sectional sample of 311 Biopharma acquisitions. While it is established that
Biopharma firm value is mainly dependent on the lead drug’s development stage,8%-236:246-248 \ye
also evaluate the association of firm valuation with the lead drug’s FDA orphan designation

status, number of indications, molecule type, and disease area.

On the other side, investors and large Biopharma companies must continuously find new ven-
tures to deploy their fund’s capital and commercialize new drugs.?’* They too evaluate both the
scientific and financial merits of an investment proposal. Ideally, the investment would yield
excess — better than average — financial returns. Consequently, the second aim of this paper is
to model the risk-return characteristics of the drug development process. We will combine ex-
tracted company valuations with success rates and timelines of the drug development process

to estimate financial returns. While these are not real returns from a longitudinal dataset of
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investments, our model permits the identification of industry trends. We will particularly eval-
uate whether orphan-designated, multi-indication, biologic, and oncology drugs provide excess

returns for Bioentrepreneurs and investors.

10.3 Materials and methods

10.3.1 Data collection

SDC Thomson Reuters and S&P Capital 1Q were screened for majority acquisitions of Bio-
pharma companies developing NME for therapeutic use (SIC code: 2834) from 1% January 2005
to 1% January 2020. Corporations developing generics, reformulations, medical devices, diag-
nostic substances, over-the-counter medicines, cannabis products, animal therapeutics as well
as active pharmaceutical ingredients producers and sales of manufacturing sites were excluded.
Only acquisitions with a total deal value beyond $10 million were considered. To exclude
mega-mergers, the sample was limited to targets with a portfolio of less than 10 NME. The
geographic location was restricted to targets headquartered in the US or developed European

markets. The sample contains both private and public targets.

Financial variables and acquisition characteristics were extracted from SDC Thomson Reuters
and S&P Capital 1Q. Subsequently, the target’s lead product’s development stage, orphan des-
ignation status, number of indications, molecule type, and disease area were obtained from the

US FDA database, US SEC filings, clinicaltrials.gov, and deal announcements.

Valuation metrics

Up-front payments, maximum milestone payments (both regulatory and sales), and the overall
deal value were obtained from SDC Thomson Reuters and S&P Capital 1Q in US dollars at the

time of the acquisition. To ensure data validity, all company valuations were cross-checked
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with US SEC filings and deal announcements, if available. VValuation metrics were adjusted for

inflation to 2020 values.

Development stage

The development of human pharmaceutical products can be categorized into five distinct stages:
Pre-Clinic, Phase 1, Phase 2, Phase 3, and Approved. We extracted and cross-checked the lead
product’s development phase from FDA marketing authorization reports, clinicaltrials.gov, US
SEC filings, and deal announcements. Therapeutics in parallel Phase 1/2 (2/3) trials were cate-

gorized within the Phase 2 (3) development stage.

Orphan designation

All therapeutics were checked for orphan designations issued by the FDA. Thereby therapeutics

were classified as “orphan” and “non-orphan”.

Number of indications

We also extracted the number of indications a therapeutic is being developed for using clinical-
trials.gov. Consequently, therapeutics developed for one disease were categorized as “single-
indication” and therapeutics developed for more than one disease were classified as “multi-

indication”.

Molecule type

The lead therapeutics molecule type was furthermore classified into “small-molecule” and “bi-

ologics or gene/cell therapies”.
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Disease area

Lead therapeutics were furthermore classified into disease areas according to the most advanced
indication. Categories include oncology, CNS, and others (immunology, infectious disease, car-

diovascular, dermatology, internal medicine, ophthalmology).

10.3.2 Statistical analysis

First, the mean company valuations’ 95% CI for orphan designation status, disease area, num-
ber of indications, and molecule type were calculated within each development stage. A non-
parametric bootstrapped resampling with replacement (1,000 iterations) was conducted to cal-
culate mean company valuations and their respective 95% CI in our sample. Thereafter, invest-
ment multiples and returns were estimated based on mean company valuations, development

stage success rates, and development periods (Table 50).
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Mean 95% CI Source o o B Distribution
Company Valuation ($ millions)
Pre-Clinic 88 (57-119) a 15.65 31.54 2.79 Gamma
Phase 1 399 (211-498) a 66.78  28.17 12.58 Gamma
Phase 2 734 (436-930) a 112.14  31.28 21.84 Gamma
Phase 3 1,656 (996-2,527) a 369.13  22.77 77.36 Gamma
Approved 2,496  (1,582-3,355) a 432.58  32.57 75.80 Gamma
Success Rate (%)
Pre-Clinic to Phase 1 32.0 (28.8-35.2) a2 1.60 271.68 577.32 Beta
Phase 1 to Phase 2 75.8 (68.2-83.4) 23 3.79 96.04 30.66 Beta
Phase 2 to Phase 3 55.6 (50.0-61.2) 23 2.78 177.04 141.38 Beta
Phase 3 to Approved 67.7 (60.9-74.5) 213 3.39 12852 61.32 Beta
Development Period (years)
Pre-Clinic to Phase 1 1.00 (0.75-1.25) 274 0.13 64 0.016 Gamma
Phase 1 to Phase 2 1.50 (1.13-1.88) 274 0.19 64 0.023 Gamma
Phase 2 to Phase 3 2.50 (1.88-3.13) 274 0.31 64 0.039 Gamma
Phase 3 to Approved 2.50 (1.88-3.13) 274 0.31 64 0.039 Gamma

Table 50: Input parameters for the estimation of investment multiples and returns

Notes: Distinct company valuations by orphan designation status, number of indications, molecule type, and dis-
ease area are enclosed in Table 51. Company valuations include up-front and milestone payments and were infla-
tion-adjusted to 2020 values.

& Mean company valuations were calculated from our dataset of 311 biopharma acquisitions.

Company valuation

Mean company valuations were compared by orphan designation status, disease area, number
of indications, and molecule type within development stages based on non-parametric boot-
strapped t-tests (resampling of 1,000 iterations with replacement). Company valuations were
calculated as the sum of the up-front payments and all future milestone payments. Valuations

were visualized using beeswarm plots.

Data on company valuations were available for 300 of the 311 collected acquisitions. The anal-
ysis of mean valuations and the multiple and return calculations consequently excluded 11 ob-
servations to arrive at a final sample of 300 Biopharma acquisitions. No missing data were
observed for lead product characteristics, e.g., FDA orphan status, number of indications, mol-

ecule type, and disease area.
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Estimating investment multiples

We subsequently estimated multiples Bioentrepreneurs and investors could expect from invest-
ments in development stage Biopharma ventures. In the finance industry, investment multiples
compare a company’s valuation at the time of sale to a company’s valuation at the time of
purchase. Consequently, we estimated investment multiples in the Biopharma context by divid-
ing the mean company valuation of development stage Phase j by the mean company valuation
of development stage Phase i (Equation 8). To account for clinical trial failures, investment
multiples were adjusted for development stage-specific success rates. Clinical success rates
were extracted from Wong et al.,?"® given that they use the largest sample size, overlap with our
study period, and employ the most relevant path-by-path methods — in contrast to other estima-
tions which follow a phase-by-phase methodology.t8%275276 pre-Clinic to clinic success rates
were extracted from Takebe et al. who analyzed 798 drug discovery projects in the US.?"? For
example, the mean valuation of biopharmaceutical companies with Phase 2 therapeutics ($683
million) was divided by the mean valuation of companies with Phase 1 products ($354 million).
This quotient was thereafter adjusted by the success rate to progress from Phase 1 to 2 (75.8%)

to arrive at the investment multiple (1.5x).

Company Valuationppgs,

Multipleppgse i to j = * Success Rateppgse i to j

Company Valuationppgse i
Equation 8

Stage-, indication-, biologic-, disease-, and orphan-specific means for company valuations and
success rates were applied to estimate and compare investment multiples and returns within the
respective categories. For instance, distinct Phase 1 to 2 (96.1% vs. 75.8%), Phase 2 to 3 (86.1%
vs. 55.6%), and Phase 3 to Approved (63.5% vs. 67.7%) success rates were used for orphan vs.
non-orphan-designated therapeutics. Similarly, distinct Phase 1 ($227 vs. $370 million), Phase

2 ($744 vs. $673 million), Phase 3 ($2166 vs. $1648 million), and Approved ($3703 vs. $1964
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million) company valuations were used for orphan vs. non-orphan therapeutics. Employed com-

pany valuations are enclosed in Table 51.

Pre-Clinic Phase 1 Phase 2 Phase 3 Approved
Mean P Value Mean P Value Mean P Value Mean P Value Mean P Value
FDA orphan designation status
Orphan NA? 227 _ 744 _ 2,166 _ 3,703
Non-orphan gg  NAT 30 P2 673 P13 1eag P37 1964  P<05
No. of indications
Multi-indication 87 _ 594 1,058 2,249 _ 3,438
Single-indication gg  P=484 230  P<05 s P<05 1578  P=208 170 P01
Molecule type
Small-molecule 71 325 517 1,536 _ 2,105 _
Biologic OR gene/cell therapy 109 P05 aqg P gn P05 3759 P08 2088 P76l
Disease area
Oncology 70  p=.176 403 p=.242 1,068 p<.05 1,747 p=.490 4,561 p<.01
CNS 67 p=.346 233 p=.204 314 p<.001 1,740 p=.490 2,066 p=.372
Other ° 104 343 607 1,775 1,747
Mean 99 479 856 2,255 1,964

Table 51: Stage-specific Biopharma company valuation (in million US dollars) by FDA orphan
status, number of indications, molecule type, and disease area

Notes: All valuation metrics are inflation-adjusted to 2020. P Values were calculated based on nonparametric
bootstrapped t-tests (resampling of 1,000 iterations with replacement).

2 No valuation data exists for the Pre-Clinic orphan category given that the FDA only issues the orphan designation
status after IND approval.

® The disease category “other” includes immunology, infectious disease, cardiovascular, dermatology, internal
medicine, and ophthalmology.

Notes: CNS, central nervous system; FDA US Food and Drug Administration; IND, investigational new drug
application; NA not applicable.

Estimating investment returns

Finally, the annual returns Bioentrepreneurs and investors can expect from investments in de-
velopment-stage Biopharma companies were estimated by linking the previously calculated in-
vestment multiple to the mean development time of the respective development stage (Equation
9). Mean development periods were extracted for Pre-Clinic to Phase 1 (1.0 years), Phase 1 to
2 (1.5 years), Phase 2 to 3 (2.5 years), and Phase 3 to Approved (2.5 years) from previous

literature.2™

Investment Returlppgse i to j = (Multipleppgse i o ;)M Pevelopment Timephase: — 1
Equation 9
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Sensitivity analysis

We conducted a probabilistic sensitivity analysis in Microsoft EXCEL to account for uncer-
tainty surrounding point estimates of company valuation, success rates, and development stage
length. Therefore, input parameters for the calculation of investment multiples and returns were
drawn by random sampling iterations from their defined distribution displayed in Table 50.
Thereby this sampling method permitted simultaneous variations in considered input parame-

ters. This probabilistic analysis features the simulation of 1,000 investments per variable cate-

gory.

In more detail, we first defined each variable’s underlying distribution. Success rates were mod-
eled using a beta function given that the point estimate value may vary between 0 and 1. Com-
pany valuations were modeled using a gamma function given that the right-skewed data distri-
butions suggest outliers exist with high company values. Accordingly, development times were
also approximated with a gamma function as development timelines for a few drugs stretch
beyond 10 or even 15 years.?’” For each variable of interest and development stage, the speci-
fied distribution function was informed by calculating alpha and beta values based on the vari-
able’s underlying point estimate and standard deviation. We then conducted 1,000 iterations to
calculate multiples and returns. For each iteration, the probabilistic point estimate for the com-
pany valuation, success rate, and development time is drawn by random sampling from the
previously defined distribution function that was populated with alpha, beta, and the determin-
istic point estimates. Across these 1,000 iterations that distinctly calculate a probabilistic value

for each multiple and return of interest, we calculated means with 95% confidence intervals.

Data were stored in Microsoft EXCEL and analyzed using STATA SE Version 14.2. For the
two-factorial analysis of variance, ANOVA with Dunnett’s/Sidak’s test was applied. A two-

tailed probability value <0.05 was considered significant.
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10.4 Results

A total of 2106 unique Biopharma acquisitions were identified in the SDC Thomson Reuters
(n=1427) and S&P Capital IQ (n=679) databases between 1% January 2005 and 1% January
2020. Further restricting the search to companies developing NME for human prescription use
led to a final sample of 311 Biopharma company valuations. Most acquired companies were
developing a lead product in Phase 2 (33%) or already commercialized the lead product (20%).
Approximately one-third of lead products were developed across multiple indications, 21%
were classified as biologics or gene/cell therapy, and 21% received FDA orphan designation
status. Most acquisitions focused on oncology (30%), CNS (16%), and infectious disease ther-
apies (11%). More detailed descriptive statistics for the entire sample can be found in Table 43.
Overall, downward-sloping annual returns for advanced drug development stages could be ob-

served for the entire sample (Figure 55).
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Figure 55: Company valuation (A), investment multiples (B), and annual returns (C) by devel-
opment stage for the entire sample

Notes: All valuation metrics are inflation-adjusted to 2020. For visualization purposes, five observations with an
acquistion value beyond $10,000 million are not shown in this graph A. P Values calculated based on ANOVA
with Dunnett’s test compared to Pre-Clinic to Phase 1: *p<.05, **p<.01, ***p<.001.
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Figure 56: Company valuation, investment multiples, and annual returns by lead drug’s FDA
orphan designation status and number of indications

Notes: Graphs in the first row compare the valuation (A), investment multiples (B), and annual returns (C) for
companies with orphan- and non-orphan-designated lead drugs by development stage. Graphs in the second row
compare the valuation (D), investment multiples (E), and returns (F) for companies with multi-indication and
single-indication lead drugs by development stage. Valuation data from our sample of 311 Biopharma acquisitions
(2005-2020) were inflation-adjusted to 2020 values and combined with previously published success rates and
development periods to calculate multiples and returns.?*27* No valuation data exist for the Pre-Clinic orphan
category given that the FDA only issues the orphan designation status after IND approval. For visualization pur-
poses, five observations with an acquistion value beyond $10,000 million are not shown in this graphs A and D. P
values were calculated based on ANOV A with Dunnett’s test: *p<.05; **p<.01; ***p<.001.

Abbreviations: FDA, US Food and Drug Administration; IND, investigational new drug application.

Bioentrepreneurs and investors that keep their equity stake in a company with an orphan-des-
ignated product from Phase 1 until FDA approval can expect to increase their initial capital by
7.2x (95%CI1 5.6-9.0) which translates to annual returns of 46% (95%CI 37-56) after adjusting
for drug failures (Table 52). In contrast, a similar investment in companies developing non-
orphan-designated products would increase the initial capital by only 2.1x (95%CI 1.6-2.6,

p<.001) at annual returns of 12% (95%CI 8-16, p<.001).
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Investment Multiple (x) Annual Return (%)
Value 95% CI?® P-Value Value 95% Cl? P-Value

FDA Orphan Designation Status
Orphan 7.2x  (5.6-9.0) 46%  (37-56)

Non-Orphan 21x (1626 00 120 (8-16) 001
Number of Indications

Multi-Indication 29x  (2.3-3.7) 21%  (15-29)

Single-Indication 17x  (13-22) <001 1%  (7-14) <001
Molecule Type

Biologic or Gene/Cell Therapy ~ 1.8x  (1.4-2.2)  _ 001 16%  (11-21) <001

Small-Molecule 3.6x (2.8-4.5) ' 19%  (15-25) '
Disease Area

Oncology 43x (3.5-54) <.001 26%  (21-33) <.001

CNS 2.6x (2.0-3.2) 17%  (13-22)

Other ® 1.5x (1.2-1.9) 8%  (4-11)
Overall 2.6x (2.0-3.3) 15% (11-19)

Table 52: Estimated multiples and returns for investment in drug development Biopharma com-
panies

Notes: Multiples and annual returns were estimated assuming an investment horizon from Pre-Clinic until FDA
approval. Valuation data from our sample of 311 biopharma acquisitions (2005-2020) was inflation-adjusted to
2020 values and combined with previously published success rates and development periods to calculate multiples
and returns.?’3274

2 95% confidence intervals were calculated based on empirical 2.5 and 97.5" percentiles from the conducted
sensitivity analysis.

® The disease category other includes immunology, infectious disease, cardiovascular, dermatology, internal med-
icine, and ophthalmology.

Abbreviations: FDA, US Food and Drug Administration; CNS, Central nervous system.

10.4.1 Number of indications

Valuations of companies developing multi-indication relative to single-indication lead drugs
were significantly higher for Phase 1 ($594 vs. $230 million, p<.05), Phase 2 ($1058 vs. $522
million, p<.05), and Approved ($3438 vs. $1670 million, p<.01), yet not Pre-Clinic ($87 vs.
$88 million, p=.484) and Phase 3 ($2249 vs. $1578 million, p=.208) development stages. How-
ever, estimated multiples of investments in companies with multi-indication relative to single-
indication therapeutics were only higher for Pre-Clinic to Phase 1 and Phase 3 to Approved
investments periods (p<.001). For Phase 1 to 2 and Phase 2 to 3, investment multiples of com-
panies with single-indication therapeutics outpace multi-indication products (p<.001). Simi-
larly, estimated returns were higher for investments in companies with multi-indication relative

to single-indication therapeutics for Pre-Clinic to Phase 1 (126% vs. -16%, p<.001) and Phase
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3 to Approved (-4% vs. -12%, p<.001), yet not for Phase 1 to 2 (12% vs. 45%, p<.001), Phase

2 10 3 (9% vs. 24%, p<.001).

Equity stakes in Biopharma companies with multi-indication lead products increased by 2.9x
(95%Cl1 2.3-3.7) yielding annualized returns of 21% (95%CI 15-29) — assuming shareholders
keep their stakes from Pre-Clinic to FDA approval (Table 52). In contrast, single-indication
lead products only provided an overall investment multiple of 1.7x (95%CI 1.3-2.2, p<.001)

and annualized returns of 11% (95%CI 7-14, p<.001).

10.4.2 Molecule type

Companies developing biologics or gene and cell therapies were valued higher relative to small-
molecules during Pre-Clinic ($109 vs. $71 million, p<.05), Phase 1 ($341 vs. $325 million,
p=.139), Phase 2 ($811 vs. $517 million, p<.05), and Phase 3 ($2,249 vs. $1,578 million,
p=.103) yet not Approved development stages ($2088 vs. $2105 million, p=.161). However,
estimated returns for investments in companies with biologics or gene and cell therapies were
lower for Pre-Clinic to Phase 1 (18% vs. 46%, p<.001), higher for Phase 1 to 2 (93% vs. 23%,
p<.001), the same for Phase 2 to 3 (14% vs. 15%, p=.53), and lower for Phase 3 to Approved

(-29% vs. 11%, p<.001) development stages relative to small molecules (Figure 57).
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Figure 57: Company valuation, investment multiples, and annual returns by lead drug’s mole-
cule type and disease area

Notes: Graphs in the first row compare the valuation (A), investment multiples (B), and annual returns (C) for
companies with biologics or gene/cell therapies and small-molecule lead drugs by development stage. Graphs in
the second row compare the valuation (D), investment multiples (E), and returns (F) for companies with lead drugs
in oncology, CNS, and other disease areas by development stage. Valuation data from our sample of 311 Bio-
pharma acquisitions (2005-2020) were inflation-adjusted to 2020 values and combined with previously published
success rates and development periods to calculate multiples and returns.?”*27* The disease category other includes
immunology, infectious disease, cardiovascular, dermatology, internal medicine, and ophthalmology. For visuali-
zation purposes, five observations with an acquistion value beyond $10,000 million are not shown in this graphs
A and D. P values were calculated based on ANOVA with Dunnett’s test (Sidak’s test for disease area): *p<.05;
**p<.01; ***p<.001.

Abbreviations: CNS, central nervous system.

Bioentrepreneurs and investors that keep their equity stake in a company with a biologic or
gene therapeutic lead product from Phase 1 until FDA approval can expect to increase their
initial capital by 1.8x (95%CI 1.4-2.2) which translates to annual returns of 16% (95%CI 11—
21) after adjusting for drug failures (Table 52). In contrast, a similar investment in companies
developing small-molecule drugs would see their capital grow by 3.6x (95%CI 2.8-4.5, p<.001)

at annual returns of 19% (95%CI 15-25, p<.001).

10.4.3 Disease area

Companies with oncology drugs were valued significantly higher during Phase 2 development

($1068, p<.05), while companies with CNS lead drugs ($314 million, p<.001) were valued
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lower than other companies ($607 million). Simulated returns of investments into oncology
relative to CNS lead drugs were significantly higher for Pre-Clinic to Phase 1 (89% vs. 13%,
p<.001), Phase 1 to Phase 2 (66% vs. 2%, p<.001), Phase 3 to Approved (10% vs. -11%,

p<.001), yet not Phase 2 to 3 (-5% vs. 57%, p<.001).

Assuming an investment horizon from Pre-Clinic to FDA approval, founders and capital pro-
viders of Biopharma companies with oncology therapeutics can expect to increase their invested
capital to a greater extent compared to companies developing CNS and other therapeutic agents
(p<.001). Estimated annual returns from Pre-Clinic to FDA approval were 26% (95%CI 21—
33) for oncology, 17% (95%CI 13-22) for CNS, and 8% (95%CI 4-11) for other lead thera-

peutics (Table 52).

10.5 Discussion and conclusion

This study first assessed the association of Biopharma company valuation with development
stage, FDA orphan designation status, number of indications, molecule type, and disease area
based on a sample of 311 Biopharma acquisitions from 2005 to 2020. Thereafter, company
valuations were combined with previously published clinical development periods and success
rates to estimate investment multiples and annual returns. Orphan-designated (46%), oncology
(26%), CNS (17%), multi-indication (21%), and small-molecule (19%) drugs were projected to
provide significantly higher than average (15%) annual returns to company shareholders hold-
ing equity stakes from Pre-Clinic to FDA approval (p<.001). These results provide Bioentre-
preneurs with first insights into the valuation and potential of their ventures. On the other side,
results educate financial and strategic financiers on investment opportunities with favorable

risk-return profiles.

Our dataset illustrates that Biopharma company valuation is mainly driven by the lead product’s

development stage. This is in line with previous studies investigating Biopharma acquisitions
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and therapeutic licensing agreements.236:246253 Qur calculations also demonstrate downward-
sloping annual returns for advanced drug development stages (Figure 55). Assuming annual
returns are correlated to an investment’s risk, this result implies risk is unequally distributed
across the drug development process. This observation is coherent with expectations given that
the pre-clinical drug discovery process and early clinical development are associated with sev-
eral unknown factors and incur higher attrition rates than late-stage clinical development.27324
The more pre-clinical and clinical data are available on a drug, the lower the uncertainty and
also the risk of failure, resulting in diminished returns. Overall, we calculated annual returns of
15% throughout the drug development process. This is slightly higher than previous estimates
of mean industry returns for new drug introductions of 11.5%.%® These estimates are based on
new drug launches from the 1990s in large, publically listed Biopharma companies, whereas
our estimate is derived from riskier acquisitions of private and public small to medium-sized

Biopharma ventures from 2005 to 2020.

In contrast to Rooswinkel et al.,?* our dataset of 311 Biopharma acquisitions demonstrates that
late-stage valuations were significantly higher for companies developing orphan relative to non-
orphan lead products. Accordingly, we also estimated higher investment multiples and returns
for shareholders of companies with orphan relative non-orphan-designated lead products from
Phase 1 to FDA approval (46% vs. 12%, p<.001). Several reasons may help to explain this
observation. Orphan drugs possess favorable economics given the lower clinical and FDA at-
trition rates, firmer and prolonged market exclusivity periods, financial R&D incentives, expe-
dited development and FDA approval periods, swift market penetration, and greater reimburse-
ment prices.#3180.254 particularly the higher success rates for orphan drugs may explain why we
observed higher returns for orphan than non-orphan drugs; yet, we did not observe significantly
higher company valuations in Chapter 9. Furthermore, the comparison of firm value by orphan

vs. non-orphan drugs in development stages may be biased as orphan drugs more frequently
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receive approval based on early clinical evidence from phase 1 or 2 trials rather than large phase
3 trials.”®1" This bias could help to explain why the valuation difference was only significant
after the lead drug received FDA approval. Consequently, Bioentrepreneurs developing orphan-
designated products can negotiate higher company valuations with financial investors. On the
other side, investors may particularly seek to invest in orphan drugs as their unique economics

translate to a favorable financial risk-return profile.

In 2019, the ten highest-grossing drugs were all authorized and commercialized across more
than one therapeutic indication. Accordingly, results demonstrate that late-stage valuations
were significantly higher for companies developing multi-indication relative to single-indica-
tion lead products. Similarly, we calculated that an investment in pre-clinical companies with
multi-indication lead products yields annual returns of 21% until FDA approval, whereas sin-
gle-indication products only provide a return of 11% per year. Multi-indication therapeutics
provide companies with an upside option to develop and commercialize the drug across several
diseases if it proves to be safe and efficacious in initial trials. Additionally, early drug discovery
efforts and timelines can be dynamically offset as they are only undertaken once per drug.>84048
Furthermore, companies may engage in the sequencing of indications according to clinical ben-
efit and patient population to establish higher drug prices and revenues under prevailing single-
price policies.®®3%4! Consequently, Bioentrepreneurs must be aware of the upside real option
value their therapeutic could offer to large Biopharma corporations when engaging in acquisi-
tion or licensing deals. Oppositely, strategic investors can benefit from the large market poten-

tial and favorable risk-return profile of multi-indication products.

The collected dataset of 311 Biopharma acquisitions did not reveal any significant valuation
difference for companies with small molecules compared to biologic or gene/cell therapy lead
products. Nonetheless, we estimated that shareholders of Biopharma companies developing

small molecules can expect higher returns than companies developing biologics or gene/cell
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therapies (19% vs. 16%, p<.001). This result is surprising as one might expect that the often
superior clinical safety and efficacy profile of biologics and gene/cell therapeutics — which fre-
quently permit the treatment or even cure of previously untreatable disease — would translate
into a greater economic and financial benefit.18%256-258 Nonetheless, these clinical benefits could
be offset by large initial investment outlay, higher production costs, inconvenient administra-
tion routes, and reimbursement hurdles often faced by biologics and gene/cell therapies.?%%260
Consequently, purely financial investors should be cautious about venture opportunities in bi-
ologics and gene/cell therapies. On the contrary, large Biopharma corporations could poten-
tially benefit from strategic investments into such technologies as this provides them access to

the capabilities and human capital of the innovative venture.?®

Small and large Biopharma ventures alike frequently focus their R&D efforts on disease areas
with high unmet patient needs — oncology and CNS.?46:%51 However, our dataset did not exhibit
a significant difference in company valuation according to therapeutic area. Nonetheless, our
calculations show higher returns for shareholders with oncology (26%) and CNS (17%) prod-
ucts relative to other (8%) therapeutic areas (p<.001) from Pre-Clinic to FDA approval. This
discrepancy might have multifactorial reasons. From a clinical perspective, oncology drugs of-
fer a survival benefit for patients and often also improve quality of life.”>® In contrast, drugs
in other areas mostly improve patients’ quality of life without a proven effect on overall sur-
vival. Consequently, higher annual treatment costs and drug prices are observed for cancer
drugs.?> While some authors argue that these high prices are justified by providing clinical
value to patients in areas of high unmet, Prasad et al. argue that the observed prices cannot be
explained by rational arguments such as R&D costs and the absence of treatment alternatives.?’
As a result, Biopharma companies stand to make a profit on this mismatch between high prices

yet arguably marginal benefit for patients.®® Additionally, many cancer drugs are launched for

307



Economics of cancer drugs

rare diseases, whereby Biopharma companies realize the previously discussed favorable eco-
nomics of the FDA orphan designation status. Moreover, Biopharma companies could profit
from launching me-too drugs that are priced similarly to first-in-class agents yet consume less
R&D resources.!? A combination of all these factors helps to explain the estimated higher re-

turns of investments in companies developing oncology drugs.

10.5.1 Strengths and limitations

Strengths of this study include its large sample size, uniquely detailed drug characteristics, and
employed modeling technique. However, this study also has several limitations. First, non-dis-
closed information may bias results. Specifically, undisclosed acquisitions of very early-stage
pre-clinical corporations may not be released and thereby overestimate company valuations of

the pre-clinical development stage, which in turn causes returns to be underestimated.

Second, investment multiples and returns were estimated based on a cross-section of company
valuations. Detailed longitudinal data entailing a company’s valuation alongside its drug’s de-
velopment stage and characteristics would be necessary to correctly evaluate real returns re-
ceived by Bioentrepreneurs and investors. However, given that this information is not publicly
disclosed our employed methodology of combining company valuation with success rates and
development periods may offer first insights into the investment characteristics of this industry.
Particularly, we calculated mean valuations per development stage to then estimate multiples
and returns for the transition between stages. Mathematically this methodology may vyield dif-
ferent results than calculating multiples and returns of several companies that are observed
across all development stages in a longitudinal panel dataset to then calculate mean estimates.
Especially outliers may bias our results. Extremely high valuations in the later development
stage and extremely low valuations in the early development stage would result in greater esti-

mates for multiples and returns, and vice versa. Given the breadth of our dataset, the present
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sample, nonetheless, offers the closest feasible approximation for multiples and returns and

allows to conclude investment trends for drug development companies.

Third, our analysis only captures value arising from the lead product. Biopharma companies in
our sample frequently develop numerous drugs at the same time. Therefore, a more detailed
modeling technique capturing the further product portfolio’s value is necessary to more realis-
tically estimate investment multiples and returns. However, our assumption of only considering
the development stage of the lead product may account for most of a company’s value given
that products usually share a similar technology or mechanism of action. Consequently, if the
lead product fails a development stage, the likelihood of the other products failing could be
similarly high. Moreover, early-stage developments of additional indications for a company’s
lead drug may not be disclosed. Therefore, data on the total number of indications may have
been missing and could consequently bias results. Nevertheless, this effect is assumed to be
minor given that a company’s main value driver remains the lead drug’s first (most advanced)

indication.

Finally, our methodology projected overall negative returns for the Phase 3 to FDA approval
investment period. Valuation of companies in the Approved development stage also includes
products that have already been on the market for some years and could consequently face loss
of exclusivity. As a result, our sample may underestimate the Biopharma company valuation

right after FDA approval, which thereby also underestimates returns.
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Appendix

Drug

Idelalisib

Sunitinib

Polatuzumab vedotin-piiq
Vemurafenib

Glasdegib

Ibrutinib
Pembrolizumab
Sunitinib

Eribulin Mesylate
Lutetium Lu 177 dotatate
Olaratumab

Axitinib

Pembrolizumab
Trametinib

Bortezomib

Dabrafenib

Azacitidine

Bevacizumab
Dinutuximab
Atezolizumab

Fam-trastuzumab deruxtecan-nxki

Nivolumab
Atezolizumab
Cabozantinib
Encorafenib
Acalabrutinib
Cetuximab
Pembrolizumab
Nivolumab
Encorafenib
Enzalutamide
Atezolizumab
Obinutuzumab
Elotuzumab
Abiraterone
Cobimetinib
Regorafenib
Ipilimumab
Nivolumab
Everolimus
Gilteritinib
Pembrolizumab
Pembrolizumab
Pertuzumab
Bortezomib
Lenvatinib
Cabozantinib
Bevacizumab
Ipilimumab
Brentuximab vedotin
Pembrolizumab
Dabrafenib
Lenvatinib
Apalutamide
Trifluridine; Tipiracil
Cemiplimab-rwlc
Obinutuzumab
Trastuzumab Emtansine
Azacitidine
Trifluridine; Tipiracil
Sorafenib
Darolutamide
Avelumab
Ipilimumab
Nivolumab

Radium Ra 223 dichloride
Cabazitaxel
Trastuzumab Emtansine
Niraparib
Apalutamide
Atezolizumab
Nivolumab
Enzalutamide
Bevacizumab
Ramucirumab
Elotuzumab
Ribociclib

Lorlatinib

Sorafenib
Ipilimumab
Erlotinib
Temsirolimus
Pazopanib
Lenvatinib
Durvalumab
Pembrolizumab
Pembrolizumab
Brentuximab vedotin
Nivolumab
Nivolumab
Cetuximab
Lapatinib
Abiraterone
Ipilimumab
Nivolumab
Dacomitinib
Carfilzomib
Inotuzumab ozogamicin

Indication

Approval Date  Treatment Line Disease
23.07.2014 2nd line CLL/SLL
20.05.2011 1stline NET
10.06.2019 23rd line DLBCL
17.08.2011 1stline Melanoma
21.11.2018 1stline AML
28.07.2014 1stline CLL
30.10.2018 1stline NSCLC
26.01.2006 2nd line GIST
28.01.2016 2nd line Liposarcoma
16.01.2018 Istline NET
19.10.2016 1stline STS
19.04.2019 Istline RCC
19.04.2019 1stline RCC
29.05.2013 1stline Melanoma
25.03.2005 2nd line Multiple Myeloma
30.04.2018 1stline Melanoma
19.05.2004 1stline MDs
29.05.2020 Istline HCC
10.03.2015 2nd line Neuroblastoma
29.05.2020 Istline HCC
15.02.2021 1stline Gastric Cancer
04.03.2015 2nd line NSCLC
18.05.2020 1stline NSCLC
22.01.2021 Istline RCC
08.04.2020 2nd line Colorectal Cancer
21.11.2019 Istline CLL
24.09.2021 2nd line Colorectal Cancer
24.10.2016 Istline NSCLC
22.01.2021 1stline RCC
27.06.2018 1stline Melanoma
31.08.2012 2nd line Prostate Cancer
08.03.2019 1stline Breast Cancer
26.02.2016 2nd line Follicular Lymphoma
06.11.2018 23rd line Multiple Myeloma
07.02.2018 1stline Prostate Cancer
10.11.2015 1stline Melanoma
27.04.2017 2nd line HCC
16.04.2018 1stline RCC
16.04.2018 1stline RCC
26.02.2016 1stline NET
28.11.2018 2nd line AML
30.07.2019 2nd line Esophageal Cancer
13.10.2021 1stline Cervical Cancer
06.08.2012 1stline Breast Cancer
08.10.2014 1stline Multiple Myeloma
10.08.2021 1stline RCC
25.04.2016 2nd line RCC
26.02.2004 1stline Colorectal Cancer
25.03.2011 1stline Melanoma
16.11.2018 1stline T-cell Lymphoma
10.08.2021 Istline RCC
29.05.2013 1stline Melanoma
13.05.2016 2nd line RCC
14.02.2019 1stline Prostate Cancer
22.09.2015 2nd line Colorectal Cancer
22.02.2021 1stline NSCLC
01.11.2013 Istline CLL/SLL
22.02.2013 2nd line Breast Cancer
01.09.2020 2nd line AML
22.02.2019 23rd line metastatic GEJ cancer
16.11.2007 Istline HCC
30.07.2019 1stline Prostate Cancer
30.06.2020 1stline Urothelial Cancer
26.05.2020 1stline NSCLC
26.05.2020 1stline NSCLC
15.05.2013 1stline Prostate Cancer
17.06.2010 2nd line Prostate Cancer
03.05.2019 2nd line Breast Cancer
29.04.2020 1stline Ovarian Cancer
14.02.2018 1stline Prostate Cancer
18.03.2019 1stline SCLC
10.11.2016 1stline HNSCC
10.09.2014 1stline Prostate Cancer
14.08.2014 1stline Cervical Cancer
10.05.2019 2nd line HCC
30.11.2015 2nd line Multiple Myeloma
18.07.2018 1stline Breast Cancer
03.03.2021 Istline NSCLC
20.12.2005 1stline RCC
28.10.2015 1stline Melanoma
18.11.2004 2nd line NSCLC
30.05.2007 Istline RCC
19.10.2009 1stline RCC
13.02.2015 2nd line Thyroid Cancer
27.03.2020 1stline SCLC
22.03.2021 1stline Esophageal Cancer
18.05.2017 2nd line Urothelial Cancer
20.03.2018 1stline Hodgkin Lymphoma
23.11.2015 2nd line RCC
09.10.2015 2nd line NSCLC
01.03.2006 2nd line HNSCC
29.01.2010 1stline Breast Cancer
28.04.2011 2nd line Prostate Cancer
02.10.2020 1stline Pleura Mesothelioma
02.10.2020 1stline Pleura Mesothelioma
27.09.2018 Istline NSCLC
20.08.2020 2nd line Multiple Myeloma
17.08.2017 2nd line ALL

Hazard Ratio (95% CI)
Overall Survival
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0.37/(0.14-0.98)
0.41(0.19-0.89)
0.42 (0.24-0.75)
0.44(0.33-0.59)
0.46 (0.3-0.71)
0.46 (0.2-1.07)
0.49 (0.38-0.64)
0.49 (0.29-0.83)
0.51(0.35-0.75)
0.52(0.32-0.84)
0.52(0.34-0.79)
0.53(0.38-0.74)
0.53(0.38-0.74)
0.56 (0.33-0.95)
0.57(0.4-0.81)
0.57 (0.42-0.79)
0.58(0.43-0.77)
0.58 (0.42-0.79)
0.58(0.37-0.91)
0.58 (0.42-0.79)
0.59 (0.39-0.88)
0.59 (0.44-0.79)
0.59 (0.4-0.89)
0.6 (0.4-0.89)
0.6 (0.45-0.79)
0.6 (0.28-1.27)
0.6 (0.45-0.79)
0.6 (0.41-0.89)
0.6 (0.4-0.89)
0.61 (0.47-0.79)
0.62 (0.52-0.73)
0.62 (0.45-0.86)
0.62 (0.39-0.98)
0.62 (0.3-1.28)
0.62 (0.51-0.76)
0.63 (0.47-0.85)
0.63 (0.5-0.79)
0.63 (0.44-0.89)
0.63 (0.44-0.89)
0.64 (0.4-1.05)
0.64(0.49-0.83)
0.64 (0.46-0.9)
0.64(0.5-0.81)
0.64 (0.47-0.88)
0.65 (0.51-0.84)
0.66 (0.49-0.88)
0.66 (0.53-0.83)
0.66 (0.54-0.81)
0.66 (0.51-0.87)
0.66 (0.46-0.95)
0.66 (0.49-0.88)
0.67 (0.28-1.58)
0.67 (0.42-1.08)
0.67 (0.51-0.89)
0.68 (0.58-0.81)
0.68 (0.53-0.87)
0.68(0.29-1.6)
0.68 (0.55-0.85)
0.69 (0.55-0.86)
0.69 (0.56-0.85)
0.69 (0.55-0.87)
0.69 (0.53-0.88)
0.69 (0.56-0.86)
0.69 (0.55-0.87)
0.69 (0.55-0.87)
0.7(0.58-0.83)
0.7(0.59-0.83)
0.7 (0.47-1.05)
0.7(0.44-1.11)
0.7 (0.48-1.04)
0.7(0.54-0.91)
0.7(0.53-0.92)
0.71(0.6-0.84)
0.71(0.54-0.95)
0.71(0.53-0.95)
0.71(0.54-0.93)
0.72 (0.57-0.92)
0.72 (0.41-1.25)
0.72 (0.55-0.95)
0.72 (0.58-0.88)
0.73(0.61-0.86)
0.73(0.58-0.92)
0.73(0.53-1)
0.73(0.5-1.07)
0.73 (0.59-0.91)
0.73 (0.62-0.86)
0.73(0.59-0.91)
0.73 (0.6-0.98)
0.73 (0.6-0.89)
0.73 (0.6-0.89)
0.74(0.57-0.97)
0.74(0.5-1.1)
0.74(0.64-0.86)
0.74(0.61-0.89)
0.74(0.61-0.89)
0.75 (0.59-0.95)
0.75 (0.49-1.13)
0.75 (0.57-0.99)

Weight (%)

0.14
0.20
0.35
0.91
0.50
0.14
0.91
0.32
0.51
0.34
0.43
0.60
0.60
0.25
0.50
0.58
0.65
0.58
0.32
0.58
0.37
0.62
0.37
0.37
0.65
0.11
0.65
0.39
0.37
0.70
pI13)
0.50
0.27
0.11
0.96
0.56
0.80
0.43
0.43
0.23
0.65
0.44
0.73
0.50
0.68
0.53
0.77
0.87
0.60
0.37
0.53
0.06
0.22
0.56
1.03
0.65
0.06
0.76
0.73
0.80
0.70
0.62
0.77
0.70
0.70
0.94
0.99
0.28
0.22
0.30
0.58
0.53
0.99
0.50
0.48
0.53
0.62
0.14
0.51
0.77
0.95
0.65
0.40
0.29
0.70
0.99
0.70
0.56
0.80
0.80
0.51
0.27
1.08
0.83
0.83
0.61
0.24
0.48
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Economics of cancer drugs

Abemaciclib
Talazoparib
Cabozantinib
Pemetrexed
Regorafenib
Midostaurin
Regorafenib
Panitumumab
Atezolizumab
Pembrolizumab
Nivolumab
Ramucirumab
Lapatinib
Pembrolizumab
Ofatumumab
Atezolizumab
Pemetrexed
Ivosidenib
Bevacizumab
Carfilzomib
Nivolumab
Ipilimumab
Atezolizumab
Abiraterone
Axitinib
Avelumab
Enzalutamide
Cetuximab
Cabozantinib
Cetuximab
Atezolizumab
Nivolumab
Eribulin Mesylate
Erlotinib
Erlotinib
Afatinib
Ramucirumab
Aflibercept
Enzalutamide
Pembrolizumab
Palbociclib
Everolimus
Cabozantinib
Panitumumab
Ramucirumab
Pemetrexed
Necitumumab
Selinexor
Bevacizumab
Ramucirumab
Olaparib
Ofatumumab
Atezolizumab
Bevacizumab
Ramucirumab
Pazopanib
Ixazomib
Panobinostat
Bevacizumab
Neratinib
Afatinib
Everolimus
Bevacizumab
Pertuzumab
Bevacizumab
Vandetanib
Ixabepilone
Olaparib
Ofatumumab
Lenvatinib
Sorafenib
Trabectedin
Erlotinib
Mogamulizumab-kpkc
Bendamustine
Axitinib
Panitumumab
Pemetrexed
Sunitinib
Everolimus
Brentuximab vedotin

Overall

28.07.2017
16.10.2018
14.01.2019
04.02.2004
27.09.2012
28.04.2017
25.02.2013
29.06.2017
15.10.2021
10.06.2019
10.06.2020
21.04.2014
13.03.2007
10.06.2019
31.08.2016
06.12.2018
02.07.2009
25.08.2021
11.10.2006
21.01.2016
15.05.2020
15.05.2020
18.10.2016
10.12.2012
04.06.2020
14.05.2019
13.07.2018
06.07.2012
19.12.2017
07.11.2011
03.12.2019
16.04.2021
15.11.2010
16.04.2010
11.02.2005
15.04.2016
05.11.2014
08.03.2012
16.12.2019
11.04.2019
03.02.2015
30.03.2009
29.11.2012
23.05.2014
29.05.2020
26.09.2008
24.11.2015
18.12.2020
06.12.2016
24.04.2015
17.08.2017
19.01.2016
30.07.2020
31.07.2009
12.12.2014
26.04.2012
20.11.2015
23.02.2015
22.02.2008
25.02.2020
12.01.2018
20.07.2012
13.06.2018
20.12.2017
14.11.2014
06.04.2011
16.10.2007
12.01.2018
17.04.2014
15.08.2018
22.11.2013
23.10.2015
14.05.2013
08.08.2018
20.03.2008
27.01.2012
27.09.2006
19.08.2004
16.11.2017
05.05.2011
17.05.2016

Test for Overall Effect Size = 0: z=86.685, p<.001
Tests for Heterogeneity: 12=29.6% (95% Cl: 12.0-42.5), Q=252.97 (p<.001), tau?=0.0035
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Breast Cancer
Breast Cancer
HCC
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Colorectal Cancer
AML
GIST
Colorectal Cancer
NSCLC
HNSCC
Esophageal Cancer
Gastric Cancer
Breast Cancer
HNSCC
CLL/SLL
NSCLC
NSCLC
Cholangiocarcinoma
NSCLC
Multiple Myeloma
NSCLC
NSCLC
NSCLC
Prostate Cancer
RCC
RCC
Prostate Cancer
Colorectal Cancer
RCC
HNSCC
NSCLC
metastatic GEJ cancer
Breast Cancer
NSCLC
Pancreatic Cancer
SCLC
Gastric Cancer
Colorectal Cancer
Prostate Cancer
NSCLC
Breast Cancer
RCC
Thyroid Cancer
Colorectal Cancer
NSCLC
NSCLC
NSCLC
Multiple Myeloma
Ovarian Cancer
Colorectal Cancer
Ovarian Cancer
CLL/SLL
Melanoma
RCC
NSCLC
Sarcoma
Multiple Myeloma
Multiple Myeloma
Breast Cancer
Breast Cancer
NSCLC
Breast Cancer
Ovarian Cancer
Breast Cancer
Ovarian Cancer
Thyroid Cancer
Breast Cancer
Breast Cancer
CLL/SLL
HCC
Thyroid Cancer
STS
NSCLC
T-cell ymphoma
CLL/SLL
RCC
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Hodgkin Lymphoma
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0.76 (0.61-0.95)
0.76 (0.55-1.06)
0.76 (0.63-0.92)
0.77(0.61-0.96)
0.77 (0.64-0.94)
0.77 (0.63-0.95)
0.77 (0.42-1.41)
0.77 (0.64-0.94)
0.77 (0.51-1.17)
0.77(0.63-0.93)
0.77 (0.62-0.96)
0.78 (0.6-1)
0.78 (0.55-1.12)
0.78 (0.64-0.96)
0.78 (0.56-1.09)
0.78 (0.64-0.96)
0.79 (0.65-0.95)
0.79 (0.56-1.12)
0.79 (0.68-0.94)
0.79 (0.67-0.95)
0.79 (0.67-0.94)
0.79 (0.67-0.94)
0.79 (0.69-0.91)
0.79 (0.66-0.96)
0.8 (0.62-1.03)
0.8 (0.62-1.03)
0.8 (0.58-1.09)
0.8 (0.67-0.94)
0.8(0.53-1.21)
0.8 (0.64-0.98)
0.8 (0.64-0.99)
0.8 (0.71-0.9)
0.81 (0.68-0.96)
0.81(0.7-0.95)
0.81 (0.68-0.97)
0.81 (0.69-0.95)
0.81 (0.68-0.96)
0.81(0.71-0.93)
0.81(0.53-1.25)
0.81(0.71-0.93)
0.81 (0.49-1.35)
0.82(0.57-1.17)
0.83 (0.6-1.14)
0.83 (0.7-0.98)
0.83(0.53-1.3)
0.84 (0.74-0.96)
0.84 (0.74-0.96)
0.84 (0.57-1.23)
0.84 (0.69-1.01)
0.85 (0.73-0.98)
0.85 (0.48-1.51)
0.85 (0.52-1.37)
0.85 (0.64-1.11)
0.86 (0.72-1.04)
0.86 (0.75-0.98)
0.87 (0.67-1.12)
0.87 (0.64-1.18)
0.87 (0.69-1.1)
0.87 (0.72-1.05)
0.88 (0.72-1.07)
0.88 (0.66-1.17)
0.89(0.73-1.1)
0.89 (0.76-1.05)
0.89 (0.66-1.21)
0.89 (0.69-1.14)
0.89 (0.49-1.63)
0.9(0.77-1.05)
0.9 (0.66-1.23)
0.91 (0.51-1.43)
0.92 (0.79-1.06)
0.92(0.71-1.21)
0.93 (0.75-1.15)
0.93 (0.64-1.35)
0.93 (0.61-1.43)
0.97 (0.47-2.01)
0.97 (0.8-1.17)
0.99 (0.77-1.27)
0.9 (0.82-1.2)
1.01 (0.72-1.44)
1.05 (0.71-1.55)
1.15 (0.67-1.97)

0.73 (0.72-0.75)

0.65
0.35
0.80
0.62
0.77
0.69
0.11
0.77
0.22
0.77
0.65
0.52
0.29
0.70
0.33
0.70
0.77
0.30
0.91
0.83
0.87
0.87
1.08
0.76
0.49
0.49
0.35
0.87
0.21
0.65
0.62
1.23
0.83
0.95
0.80
0.91
0.83
1.08
0.19
1.08
0.14
0.27
0.32
0.83
0.17
1.08
1.08
0.22
0.70
0.95
0.10
0.14
0.40
0.70
1.03
0.43
0.32
0.50
0.68
0.62
0.35
0.58
0.80
0.31
0.43
0.08
0.83
0.29
0.12
0.87
0.36
0.51
0.20
0.15
0.04
0.57
0.36
0.56
0.19
0.14
0.06
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Figure 58: Meta-analysis of all randomized controlled trials reporting overall survival used

for FDA approval of new cancer drugs, 2003-2021

Abbreviations: ClI, confidence interval; FDA, US Food and Drug Administration.
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Appendix

Drug

Obinutuzumab
Ibrutinib
Olaparib
Idelalisib
Venetoclax
Ibrutinib
Acalabrutinib
Ibrutinib
Lenvatinib
Lutetium Lu 177 dotatate
Cabozantinib
Ibrutinib
Vemurafenib
Ibrutinib
Niraparib
Bendamustine
Regorafenib
Brentuximab vedotin
Lorlatinib
Cabozantinib
Apalutamide
Olaparib
Venetoclax
Dabrafenib
Olaparib
Sunitinib
Everolimus
Erlotinib
Ibrutinib
Pazopanib
Everolimus
Vandetanib
Rucaparib
Polatuzumab vedotin-piiq
Lenvatinib
Ivosidenib
Daratumumab
Lenvatinib
Pembrolizumab
Cetuximab
Enzalutamide
Encorafenib
Nivolumab
Sunitinib
Sorafenib
Cabozantinib
Ramucirumab
Everolimus
Inotuzumab ozogamicin
Pazopanib
Osimertinib
Regorafenib
Palbociclib
Trametinib
Fam-trastuzumab deruxtecan-nxki
Afatinib
Daratumumab
Trifluridine; Tipiracil
Cabozantinib
Bevacizumab
Apalutamide
Everolimus
Bevacizumab
Obinutuzumab
Ramucirumab
Palbociclib
Olaparib
Regorafenib
Brigatinib
Daratumumab
Ofatumumab
Pembrolizumab
Pembrolizumab
Cabozantinib
Nivolumab
Eribulin Mesylate
Durvalumab
Pembrolizumab
Olaparib
Alectinib
Mogamulizumab-kpkc
Pembrolizumab
Abemaciclib
Encorafenib
Talazoparib
Elotuzumab
Panitumumab
Bevacizumab
Trabectedin
Lapatinib
Bortezomib
Ceritinib
Abemaciclib
Ribociclib
Trifluridine; Tipiracil
Daratumumab
Cetuximab
Brentuximab vedotin

Indication

Approval Date Treatment Line Disease
01.11.2013 st line CLL/SLL
04.03.2016 1stline CLL
17.08.2017 223rd line Ovarian Cancer
23.07.2014 2nd line CLL/SLL
08.06.2018 2nd line CLL/SLL
24.08.2018 st line Morbus Waldenstrom
21.11.2019 1stline CLL
06.05.2016 st line SLL
13.02.2015 2nd line Thyroid Cancer
16.01.2018 1stline NET
17.09.2021 2nd line Thyroid Cancer
25.01.2019 1stline CLL/SLL
17.08.2011 1stline Melanoma
28.07.2014 st line CLL
27.03.2017 2nd line Ovarian Cancer
20.03.2008 1stline CLL/SLL
25.02.2013 2nd line GIST
09.11.2017 2nd line T-cell Lymphoma
03.03.2021 st line NSCLC
29.11.2012 2nd line Thyroid Cancer
14.02.2018 st line Prostate Cancer
19.12.2018 1stline Ovarian Cancer
15.05.2019 st line CLL/SLL
29.05.2013 st line Melanoma
08.05.2020 st line Ovarian Cancer
26.01.2006 2nd line GIST
30.03.2009 2nd line RCC
14.05.2013 1stline NSCLC
21.04.2020 st line CLL
26.04.2012 2nd line Sarcoma
05.05.2011 1st line PNET
06.04.2011 1st line Thyroid Cancer
06.04.2018 2nd line Ovarian Cancer
10.06.2019 23rd line DLBCL
13.05.2016 2nd line RCC
25.08.2021 2nd line Cholangiocarcinoma
21.11.2016 2nd line Multiple Myeloma
10.08.2021 1stline RCC
10.08.2021 1stline RCC
24.09.2021 2nd line Colorectal Cancer
31.08.2012 2nd line Prostate Cancer
08.04.2020 2nd line Colorectal Cancer
30.09.2015 st line Melanoma
20.05.2011 st line NET
20.12.2005 1stline RCC
14.01.2019 2nd line HCC
10.05.2019 2nd line HCC
20.07.2012 2nd line Breast Cancer
17.08.2017 2nd line ALL
19.10.2009 1stline RCC
18.04.2018 1stline NSCLC
27.04.2017 2nd line HCC
19.02.2016 2nd line Breast Cancer
29.05.2013 1stline Melanoma
15.02.2021 st line Gastric Cancer
12.07.2013 1stline NSCLC
26.09.2019 1st line Multiple Myeloma
22.09.2015 2nd line Colorectal Cancer
19.12.2017 1stline RCC
22.02.2008 st line Breast Cancer
14.02.2019 st line Prostate Cancer
26.02.2016 1st line NET
14.11.2014 23rd line Ovarian Cancer
26.02.2016 2nd line Follicular Lymphoma
21.04.2014 2nd line Gastric Cancer
03.02.2015 st line Breast Cancer
19.05.2020 2nd line Prostate Cancer
27.09.2012 23rd line Colorectal Cancer
22.05.2020 1stline NSCLC
07.05.2018 1st line Multiple Myeloma
19.01.2016 23rd line CLL/SLL
24.10.2016 1st line NSCLC
18.12.2015 st line Melanoma
22.01.2021 1stline RCC
22.01.2021 st line RCC
28.01.2016 2nd line Liposarcoma
16.02.2018 2nd line NSCLC
30.10.2018 1stline NSCLC
01.07.2019 2nd line Pancreatic Cancer
06.11.2017 st line NSCLC
08.08.2018 2nd line T-cell Lymphoma
10.05.2017 1stline NSCLC
26.02.2018 st line Breast Cancer
27.06.2018 st line Melanoma
16.10.2018 Istline Breast Cancer
06.11.2018 >3rd line Multiple Myeloma
27.09.2006 2nd line Colorectal Cancer
26.02.2004 st line Colorectal Cancer
23.10.2015 2nd line STS
13.03.2007 2nd line Breast Cancer
25.03.2005 2nd line Multiple Myeloma
26.05.2017 1stline NSCLC
28.07.2017 2nd line Breast Cancer
13.03.2017 Istline Breast Cancer
22.02.2019 23rd line metastatic GEJ cancer
27.06.2019 1st line Multiple Myeloma
07.11.2011 2nd line HNSCC
17.05.2016 2nd line Hodgkin Lymphoma

Progression-Free Survival

bretppeitts
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Hazard Ratio (95% Cl)

0.16 (0.11-0.24)
0.16 (0.09-0.28)
0.17(0.09-0.32)
0.18 (0.1-0.31)
0.19 (0.13-0.28)
0.2(0.11-0.38)
0.2(0.13-0.3)
0.2 (0.15-0.28)
0.21(0.16-0.28)
0.21(0.13-0.32)
0.22 (0.15-0.31)
0.23(0.15-0.37)
0.25(0.2-0.32)
0.25 (0.14-0.45)
0.26 (0.17-0.41)
0.27 (0.17-0.43)
0.27 (0.19-0.39)
0.27 (0.17-0.43)
0.28 (0.19-0.41)
0.28 (0.19-0.4)
0.29 (0.24-0.36)
0.3(0.23-0.41)
0.33(0.22-0.51)
0.33(0.2-0.55)
0.33(0.25-0.45)
0.33(0.24-0.47)
0.34(0.26-0.44)
0.34(0.23-0.49)
0.34(0.22-0.52)
0.35 (0.26-0.48)
0.35 (0.27-0.45)
0.35 (0.24-0.53)
0.36 (0.3-0.45)
0.36(0.21-0.63)
0.37(0.22-0.62)
0.37(0.25-0.54)
0.37(0.27-0.52)
0.39 (0.32-0.49)
0.39 (0.32-0.49)
0.4 (0.31-0.52)
0.4(0.32-0.5)
0.4(0.31-0.52)
0.4(0.22-0.71)
0.43 (0.27-0.67)
0.44 (0.35-0.55)
0.44 (0.36-0.52)
0.45 (0.34-0.6)
0.45 (0.38-0.54)
0.45 (0.34-0.61)
0.46 (0.34-0.62)
0.46 (0.37-0.57)
0.46 (0.37-0.56)
0.46 (0.36-0.59)
0.47 (0.34-0.65)
0.47 (0.31-0.71)
0.47 (0.34-0.65)
0.47 (0.33-0.67)
0.48 (0.41-0.57)
0.48 (0.31-0.74)
0.48 (0.39-0.61)
0.48(0.39-0.6)
0.48 (0.35-0.67)
0.48 (0.38-0.6)
0.48 (0.34-0.68)
0.48 (0.38-0.62)
0.49 (0.32-0.75)
0.49 (0.38-0.63)
0.49 (0.42-0.58)
0.49 (0.35-0.68)
0.5 (0.38-0.65)
0.5 (0.38-0.66)
0.5 (0.37-0.68)
0.5 (0.39-0.64)
0.51 (0.41-0.64)
0.51 (0.41-0.64)
0.52 (0.35-0.78)
0.52 (0.42-0.65)
0.52 (0.43-0.64)
0.53 (0.35-0.81)
0.53 (0.38-0.73)
0.53 (0.41-0.69)
0.53 (0.31-0.91)
0.54 (0.42-0.7)
0.54 (0.41-0.71)
0.54(0.41-0.71)
0.54 (0.34-0.86)
0.54 (0.45-0.67)
0.54 (0.45-0.66)
0.55 (0.44-0.7)
0.55 (0.41-0.74)
0.55 (0.44-0.69)
0.55 (0.42-0.73)
0.55 (0.45-0.68)
0.56 (0.43-0.72)
0.56 (0.46-0.68)
0.56 (0.43-0.73)
0.57 (0.46-0.72)
0.57 (0.4-0.81)

Weight (%)

0.56
0.55
0.53
0.54
0.56
0.56
0.52
0.55
0.57
0.55
0.54
0.50
0.57
0.53
0.54
0.52
0.52
0.54
0.54
0.57
0.55
0.54
0.51
0.48
0.54
0.51
0.55
0.52
0.55
0.54
0.51
0.56
0.45
0.46
0.53
0.55
0.54
0.50
0.42
0.46
0.56
0.54
0.52
0.52
0.56
0.54
0.55
0.51
0.53
0.50
0.46
0.49
0.45
0.56
0.49
0.54
0.50
0.54
0.54
0.53
0.45
0.53
0.56
0.49
0.53
0.50
0.51
0.52
0.53
0.53
0.45
0.54
0.53
0.43
0.48
0.37
0.51
0.40
0.51
0.51
0.51
0.54
0.54
0.50
0.52
0.49
0.53
0.53
0.51
0.54
0.51
0.45
0.52
0.52
0.52
0.52
0.48
0.47
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Ofatumumab 17.04.2014 st line CLL/SLL —— 0.57 (0.45-0.72) 0.51
Cobimetinib 10.11.2015 1stline Melanoma —— 0.58 (0.46-0.72) 0.51
Palbociclib 31.03.2017 1st line Breast Cancer —_—— 0.58 (0.46-0.72) 0.51
Afatinib 12.01.2018 1stline NSCLC —_—— 0.58(0.43-0.78) 0.51
Cabozantinib 25.04.2016 2nd line RCC —— 0.58 (0.45-0.74) 0.52
Olaparib 12.01.2018 2nd line Breast Cancer —_— 0.58 (0.43-0.8) 0.53
Sorafenib 16.11.2007 st line HCC —— 0.58 (0.45-0.74) 0.51
Erlotinib 18.11.2004 2nd line NSCLC —-— 0.59 (0.5-0.7) 0.54
Ramucirumab 29.05.2020 1stline NSCLC —— 0.59 (0.46-0.76) 0.51
Sorafenib 22.11.2013 1st line Thyroid Cancer —_— 0.59 (0.46-0.76) 0.53
Bevacizumab 29.05.2020 1stline HCC —— 0.59 (0.47-0.76) 0.48
Dacomitinib 27.09.2018 1stline NSCLC —— 0.59 (0.48-0.74) 0.53
Cemiplimab-rwlc 22.02.2021 st line NSCLC —-— 0.59 (0.49-0.72) 0.53
Atezolizumab 29.05.2020 1stline HCC —-— 0.59 (0.47-0.76) 0.54
Ribociclib 18.07.2018 1stline Breast Cancer —_—— 0.59 (0.48-0.73) 0.52
Pemetrexed 02.07.2009 2nd line NSCLC —— 0.6 (0.49-0.73) 0.53
Bevacizumab 31.07.2009 1st line RCC —a— 0.6 (0.49-0.72) 0.51
Pembrolizumab 29.06.2020 1st line Colorectal Cancer —— 0.6 (0.45-0.8) 0.53
Bevacizumab 06.12.2016 2nd line Ovarian Cancer — 0.61(0.51-0.72) 0.52
Bortezomib 08.10.2014 1stline Multiple Myeloma —— 0.61 (0.49-0.76) 0.49
Pertuzumab 06.08.2012 1st line Breast Cancer —— 0.62 (0.51-0.75) 0.53
Bevacizumab 13.06.2018 1st line Ovarian Cancer ———— 0.62 (0.52-0.75) 0.53
Niraparib 29.04.2020 1st line Ovarian Cancer —— 0.62 (0.5-0.76) 0.46
Pembrolizumab 13.10.2021 1stline Cervical Cancer —_— 0.62 (0.5-0.77) 0.45
Avelumab 30.06.2020 1st line Urothelial Cancer o 0.62 (0.52-0.75) 0.54
Nivolumab 04.03.2015 2nd line NSCLC ——— 0.62 (0.47-0.81) 0.49
Atezolizumab 08.03.2019 1st line Breast Cancer ——— 0.62 (0.49-0.78) 0.54
Panobinostat 23.02.2015 >3rd line Multiple Myeloma ——— 0.63 (0.52-0.76) 0.54
Carfilzomib 20.08.2020 2nd line Multiple Myeloma —_— 0.63 (0.46-0.85) 0.46
Atezolizumab 18.05.2020 1stline NSCLC —_—— 0.63 (0.45-0.88) 0.47
Ramucirumab 05.11.2014 2nd line Gastric Cancer —a— 0.64 (0.54-0.75) 0.54
Lenvatinib 15.08.2018 1stline HCC —— 0.64 (0.55-0.75) 0.48
Ipilimumab 25.03.2011 1st line Melanoma ——— 0.64 (0.5-0.83) 0.44
Alpelisib 24.05.2019 1st line Breast Cancer —_——— 0.65 (0.5-0.85) 0.51
Trastuzumab Emtansine 22.02.2013 2nd line Breast Cancer —— 0.65 (0.55-0.77) 0.54
Pembrolizumab 22.03.2021 1st line Esophageal Cancer —— 0.65 (0.55-0.76) 0.52
Pembrolizumab 13.11.2020 2nd line Breast Cancer —_—— 0.65 (0.49-0.86) 0.37
Pembrolizumab 14.10.2020 23rd line Hodgkin Lymphoma —_—— 0.65 (0.48-0.88) 0.47
Temsirolimus 30.05.2007 st line RCC —-— 0.66 (0.53-0.81) 0.51
Bevacizumab 11.10.2006 1stline NSCLC —— 0.66 (0.57-0.77) 0.55
Pembrolizumab 30.07.2019 2nd line Esophageal Cancer —— 0.66 (0.48-0.92) 0.51
Axitinib 27.01.2012 2nd line RCC —— 0.67 (0.55-0.81) 0.52
Olaratumab 19.10.2016 st line STS 0.67 (0.44-1.02) 0.51
Bevacizumab 14.08.2014 1st line Cervical Cancer —— 0.67 (0.54-0.82) 0.52
Ofatumumab 31.08.2016 2nd line CLL/SLL —_— 0.67 (0.51-0.88) 0.52
Abiraterone 28.04.2011 2nd line Prostate Cancer —-— 0.67 (0.59-0.78) 0.51
Pemetrexed 04.02.2004 st line Mesothelioma —— 0.68 (0.59-0.87) 0.53
Ixabepilone 16.10.2007 2nd line Breast Cancer ——— 0.69 (0.58-0.83) 0.51
Axitinib 19.04.2019 st line RCC —— 0.69 (0.57-0.84) 0.51
Carfilzomib 21.01.2016 2nd line Multiple Myeloma ——— 0.69 (0.57-0.83) 0.48
Axitinib 04.06.2020 1st line RCC —— 0.69 (0.56-0.84) 0.51
Pembrolizumab 19.04.2019 1st line RCC —— 0.69 (0.57-0.84) 0.46
Avelumab 14.05.2019 1stline RCC —— 0.69 (0.56-0.84) 0.46
Selinexor 18.12.2020 2nd line Multiple Myeloma —— 0.7 (0.53-0.93) 0.52
Cetuximab 06.07.2012 1st line Colorectal Cancer —— 0.7 (0.57-0.86) 0.45
Cetuximab 01.03.2006 2nd line HNSCC —— 0.7 (0.54-0.9) 0.54
Elotuzumab 30.11.2015 2nd line Multiple Myeloma ——— 0.7 (0.57-0.85) 0.47
Nivolumab 26.05.2020 1stline NSCLC —— 0.7 (0.57-0.86) 0.50
Lapatinib 29.01.2010 1st line Breast Cancer -—— 0.71(0.53-0.96) 0.38
Erlotinib 16.04.2010 2nd line NSCLC — 0.71 (0.62-0.82) 0.54
Atezolizumab 06.12.2018 1stline NSCLC —— 0.71 (0.59-0.85) 0.45
Brentuximab vedotin 16.11.2018 1st line T-cell Lymphoma — 0.71(0.54-0.93) 0.51
Panitumumab 29.06.2017 1st line Colorectal Cancer —— 0.72 (0.58-0.9) 0.54
Obinutuzumab 16.11.2017 1st line Follicular Lymphoma —— 0.72 (0.56-0.93) 0.55
Dinutuximab 10.03.2015 2nd line Neuroblastoma 0.73 (0.5-1.06) 0.51
Cabazitaxel 17.06.2010 2nd line Prostate Cancer —— 0.74 (0.64-0.86) 0.46
Atezolizumab 03.12.2019 1stline NSCLC —— 0.75 (0.63-0.91) 0.51
Aflibercept 08.03.2012 2nd line Colorectal Cancer —-— 0.76 (0.66-0.88) 0.47
Erlotinib 11.02.2005 1st line Pancreatic Cancer —— 0.76 (0.64-0.92) 0.49
Ramucirumab 12.12.2014 2nd line NSCLC — 0.76 (0.68-0.86) 0.55
Neratinib 25.02.2020 23rd line Breast Cancer —— 0.76 (0.63-0.93) 0.49
Sunitinib 16.11.2017 1stline RCC —_— 0.76 (0.59-0.98) 0.52
Brentuximab vedotin 20.03.2018 1st line Hodgkin Lymphoma — 0.77 (0.6-0.98) 0.51
Atezolizumab 18.03.2019 1stline SCLC — 0.77 (0.62-0.96) 0.51
Nivolumab 16.04.2021 2nd line metastatic GEJ cancer — = 0.77 (0.68-0.87) 0.54
Midostaurin 28.04.2017 1stline AML — 0.78 (0.66-0.93) 0.41
Durvalumab 27.03.2020 st line SCLC ——— 0.78 (0.65-0.94) 0.24
Atezolizumab 30.07.2020 1stline Melanoma — 0.78 (0.63-0.97) 0.49
Gilteritinib 28.11.2018 2nd line AML 0.79 (0.58-1.09) 0.45
Ramucirumab 24.04.2015 2nd line Colorectal Cancer — 0.79 (0.7-0.9) 0.51
Ipilimumab 26.05.2020 st line NSCLC — 0.79 (0.57-0.86) 0.50
Ruxolitinib 16.11.2011 1st line Myelofibrosis 0.81(0.47-1.39) 0.45
Afatinib 15.04.2016 2nd line SCLC —— 0.82 (0.68-1) 0.51
Ixazomib 20.11.2015 2nd line Multiple Myeloma —_— 0.82(0.67-1) 0.53
Ipilimumab 15.05.2020 1stline NSCLC —— 0.82(0.69-0.97) 0.49
Nivolumab 16.04.2018 st line RCC —_— 0.82(0.64-1.05) 0.51
Ipilimumab 16.04.2018 st line RCC — 0.82 (0.64-1.05) 0.45
Nivolumab 15.05.2020 1stline NSCLC — 0.82(0.69-0.97) 0.50
Necitumumab 24.11.2015 1stline NSCLC — 0.85 (0.74-0.98) 0.49
Eribulin Mesylate 15.11.2010 23rd line Breast Cancer 0.87(0.71-1.05) 0.49
Nivolumab 23.11.2015 2nd line RCC — 0.88 (0.75-1.03) 0.51
Nivolumab 10.11.2016 st line HNSCC —_— 0.89 (0.7-1.13) 0.48
Pemetrexed 26.09.2008 1stline NSCLC —— 0.9(0.79-1.02) 0.47
Panitumumab 23.05.2014 1st line Colorectal Cancer —_— 0.9 (0.66-0.97) 0.46
Nivolumab 09.10.2015 2nd line NSCLC —— 0.92(0.77-1.11) 0.46
Pembrolizumab 10.06.2019 1st line HNSCC —— 0.92(0.77-1.1) 0.54
Atezolizumab 18.10.2016 2nd line NSCLC — 0.95(0.82-1.1) 0.52
Pemetrexed 19.08.2004 2nd line NSCLC —— 0.97 (0.82-1.17) 0.46
Pembrolizumab 18.05.2017 2nd line Urothelial Cancer —_— 0.98 (0.81-1.19) 0.45
Nivolumab 02.10.2020 1stline Pleura Mesothelioma —_— 1(0.82-1.21) 0.05
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Ipilimumab 02.10.2020 1st line Pleura Mesothelioma — 1(0.82-1.21) 0.45
Pembrolizumab 11.04.2019 1st line NSCLC —_1 1.07 (0.94-1.21) 0.05
Nivolumab 10.06.2020 2nd line Esophageal Cancer —1— 1.1(0.9-1.3) 0.45
Pembrolizumab 10.06.2019 1stline HNSCC - 1.15(0.95-1.38) 0.05
Overall 0.57 (0.54-0.6) 100.00
Test for Overall Effect Size = 0: z=38.445, p<.001

Tests for Heterogeneity: 12=90.6% (95% Cl: 88.0-92.4), Q=2133.42 (p<.001), tau?=0.0382

0.0 0.5 1.0 15

Intervention Control
better better

Figure 59: Meta-analysis of all randomized controlled trials reporting progression-free sur-
vival used for the FDA approval of new cancer drugs, 2003-2021

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.
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Drug Indication Tumor Response (95% Cl) Weight (%)
Approval Date  Treatment Line Disease Relative Risk
Pembrolizumab 10.06.2019 1stline HNSCC —- 0.55 (0.4-0.74) 111
Ipilimumab 02.10.2020 1st line Pleura Mesothelioma - 0.93(0.77-1.12) 1.08
Nivolumab 02.10.2020 1stline Pleura Mesothelioma - 0.93(0.77-1.12) 1.09
Atezolizumab 18.03.2019 1stline SCLC = 0.94 (0.8-1.09) 115
Nivolumab 10.06.2020 2nd line Esophageal Cancer —— 0.97 (0.62-1.5) 0.58
Zanubrutinib 31.08.2021 Istline Morbus Waldenstrom - 1(0.86-1.16) 1.14
Pembrolizumab 10.06.2019 1stline HNSCC - 1(0.8-1.25) 0.99
Pembrolizumab 11.04.2019 1stline NSCLC - 1(0.84-1.2) 1.08
Degarelix 24.12.2008 1stline Prostate Cancer 1.01 (0.98-1.05) 1.30
Atezolizumab 18.10.2016 2nd line NSCLC —— 1.02 (0.72-1.43) 0.72
Atezolizumab 30.07.2020 1stline Melanoma [ 3 1.02 (0.9-1.16) 1.18
Ramucirumab 29.05.2020 Istline NSCLC . 1.02 (0.92-1.14) 1.22
Daratumumab 26.09.2019 1stline Multiple Myeloma . 1.03 (0.99-1.07) 1.30
Obinutuzumab 16.11.2017 1stline Follicular Lymphoma . 1.03 (1-1.08) 1.29
Brentuximab vedotin 20.03.2018 Istline Hodgkin Lymphoma . 1.04 (0.99-1.09) 1.29
Osimertinib 18.04.2018 1stline NSCLC J 1.04 (0.95-1.13) 1.24
Dacomitinib 27.09.2018 1stline NSCLC . 1.04 (0.93-1.16) 1.20
Erlotinib 11.02.2005 1stline Pancreatic Cancer 1.04 (0.59-1.85) 0.37
Obinutuzumab 26.02.2016 2nd line Follicular Lymphoma . 1.05 (0.93-1.19) 1.18
Pemetrexed 19.08.2004 2nd line NSCLC —_— 1.06 (0.63-1.79) 0.41
Necitumumab 24.11.2015 1stline NSCLC - 1.08 (0.9-1.3) 1.04
Acalabrutinib 21.11.2019 Istline CLL o 1.09 (0.99-1.2) 1.22
Alectinib 06.11.2017 st line NSCLC 3 1.09 (0.96-1.24) 1.16
Ixazomib 20.11.2015 2nd line Multiple Myeloma - 1.1(1.01-1.19) 1.24
Pemetrexed 26.09.2008 1stline NSCLC - 1.1(0.94-1.29) 1.09
Panobinostat 23.02.2015 23rd line Multiple Myeloma - 1.11(0.99-1.26) 117
Carfilzomib 20.08.2020 2nd line Multiple Myeloma e 1.13 (1.02-1.25) 1.20
Daratumumab 27.06.2019 1stline Multiple Myeloma o 1.14(1.08-1.21) 1.27
Panitumumab 23.05.2014 1stline Colorectal Cancer o 1.15 (0.99-1.34) 1.09
Brentuximab vedotin 16.11.2018 1stline T-cell Lymphoma - 1.15(1.04-1.28) 1.20
Pertuzumab 06.08.2012 Istline Breast Cancer - 1.16 (1.06-1.26) 1.22
Cetuximab 01.03.2006 2nd line HNSCC [ 1.16 (1.02-1.32) 1.14
Durvalumab 27.03.2020 st line SCLC i 1.17 (1.03-1.34) 113
Venetoclax 15.05.2019 1stline CLL/SLL L 1.19(1.07-1.32) 1.19
Brigatinib 22.05.2020 1stline NSCLC - 1.2(1.01-1.41) 1.04
Elotuzumab 30.11.2015 2nd line Multiple Myeloma L 1.2(1.09-1.32) 1.20
Ofatumumab 17.04.2014 1stline CLL/SLL - 1.2 (1.08-1.34) 1.18
Nivolumab 15.05.2020 st line NSCLC i 1.21(0.99-1.47) 0.95
Ibrutinib 25.01.2019 Istline CLL/SLL b 1.21(1.06-1.37) 1,13
Ibrutinib 06.05.2016 Istline SLL L 1.22(1.11-1.34) 1.20
Pembrolizumab 14.10.2020 23rd line Hodgkin Lymphoma [ 1.22 (1.02-1.47) 0.98
Daratumumab 21.11.2016 2nd line Multiple Myeloma L 1.22 (1.13-1.32) 1.24
Selinexor 18.12.2020 2nd line Multiple Myeloma - 1.23 (1.08-1.4) 1.12
Ruxolitinib 22.09.2021 2nd line GVHD e 1.23 (1.04-1.45) 1.03
Neratinib 25.02.2020 23rd line Breast Cancer - 1.23 (0.97-1.57) 0.82
Daratumumab 07.05.2018 1stline Multiple Myeloma L 1.23(1.15-1.32) 1.25
Palbociclib 31.03.2017 1stline Breast Cancer = 1.25(1.03-1.51) 0.95
Nivolumab 16.04.2021 2nd line metastatic GEJ cancer - 1.27 (1.13-1.43) 1.14
Everolimus 26.02.2016 1stline NET - 1.27 (1.08-1.49) 1.03
Enzalutamide 16.12.2019 1stline Prostate Cancer - 1.27 (1.03-1.58) 0.88
Venetoclax 08.06.2018 2nd line CLL/SLL L 1.28 (1.16-1.41) 1.19
Bosutinib 19.12.2017 1stline CML - 1.28 (1.03-1.58) 0.88
Panitumumab 29.06.2017 1stline Colorectal Cancer - 1.29(1.08-1.53) 0.99
Bevacizumab 26.02.2004 Istline Colorectal Cancer - 1.29 (1.09-1.53) 0.99
Atezolizumab 06.12.2018 1stline NSCLC - 1.3(1.11-1.52) 1.03
Carfilzomib 21.01.2016 2nd line Multiple Myeloma L 1.31(1.21-1.42) 1.22
Ramucirumab 21.04.2014 2nd line Gastric Cancer 1.31(0.35-4.85) 0.04
Lorlatinib 03.03.2021 st line NSCLC -+ 1.31(1.11-1.55) 1.00
Pembrolizumab 29.06.2020 1stline Colorectal Cancer —i— 1.32(0.99-1.76) 0.67
Atezolizumab 18.05.2020 1stline NSCLC ri— 1.33(0.93-1.91) 0.51
Bevacizumab 06.12.2016 2nd line Ovarian Cancer - 1.34 (1.16-1.54) 1.07
Pembrolizumab 13.11.2020 2nd line Breast Cancer [—— 1.34(1.02-1.75) 0.71
Gilteritinib 28.11.2018 2nd line AML 1.35(0.74-2.46) 0.23
Pembrolizumab 13.10.2021 Istline Cervical Cancer * 1.36 (1.18-1.57) 1.05
Bevacizumab 14.08.2014 Istline Cervical Cancer -+ 1.36 (1.09-1.69) 0.83
Abemaciclib 26.02.2018 1stline Breast Cancer - 1.38 (1.09-1.75) 0.77
Atezolizumab 03.12.2019 1stline NSCLC - 1.41(1.14-1.74) 0.82
Trastuzumab Emtansine 22.02.2013 2nd line Breast Cancer - 1.41(1.17-1.7) 0.90
Ribociclib 13.03.2017 1stline Breast Cancer - 1.42 (1.19-1.69) 0.94
Pembrolizumab 05.05.2021 Istline Gastric Cancer - 1.42 (1.17-1.72) 0.87
Trabectedin 23.10.2015 2nd line STS 1.42 (0.76-2.67) 0.19
Afatinib 15.04.2016 2nd line SCLC 1.42 (0.55-3.7) 0.08
Ribociclib 18.07.2018 Istline Breast Cancer - 1.44 (1.14-1.8) 0.77
Cetuximab 06.07.2012 Istline Colorectal Cancer - 1.46 (1.24-1.71) 0.96
Ipilimumab 26.05.2020 1stline NSCLC - 1.5(1.2-1.87) 0.75
Nivolumab 26.05.2020 1stline NSCLC - 1.51(1.21-1.89) 0.75
Cobimetinib 10.11.2015 1stline Melanoma - 1.51(1.28-1.78) 0.94
Olaratumab 19.10.2016 1stline STS 1.52(0.67-3.48) 0.09
Nivolumab 09.10.2015 2nd line NSCLC — 1.55 (1.05-2.27) 0.38
Pembrolizumab 22.03.2021 1stline Esophageal Cancer - 1.55(1.28-1.89) 0.82
Ipilimumab 16.04.2018 st line RCC - 1.57(1.29-1.91) 0.81
Nivolumab 16.04.2018 1stline RCC - 1.57(1.29-1.91) 0.81
Encorafenib 27.06.2018 1stline Melanoma - 1.58 (1.29-1.95) 0.77
Cabozantinib 19.12.2017 1stline RCC - 1.6 (1.24-2.04) 0.64
Pembrolizumab 24.10.2016 1stline NSCLC - 1.61(1.18-2.2) 0.49
Atezolizumab 08.03.2019 1stline Breast Cancer - 1.63 (1.27-2.08) 0.63
Ramucirumab 12.12.2014 2nd line NSCLC - 1.63 (1.28-2.07) 0.65
Axitinib 19.04.2019 Istline RCC - 1.64 (1.42-1.91) 0.94
Pembrolizumab 19.04.2019 Istline RCC 8 1.64 (1.42-1.91) 0.94
Lapatinib 13.03.2007 2nd line Breast Cancer - 1.7 (1.11-2.61) 0.28
Ramucirumab 05.11.2014 2nd line Gastric Cancer = 1.73(1.28-2.33) 0.47
Bevacizumab 22.02.2008 1stline Breast Cancer = o 1.74 (1.37-2.22) 0.60
Cemiplimab-rwlc 22.02.2021 1stline NSCLC i 1.77 (1.39-2.26) 0.59
Aflibercept 08.03.2012 2nd line Colorectal Cancer —— 1.78 (1.32-2.39) 0.46
Temsirolimus 30.05.2007 1stline RCC 1.78 (0.84-3.77) 0.09
Cetuximab 07.11.2011 2nd line HNSCC —— 1.82(1.32-2.51) 0.40
Pertuzumab 30.09.2013 1stline Breast Cancer —a— 1.83(1.19-2.81) 0.25
Durvalumab 16.02.2018 2nd line NSCLC —— 1.87 (1.32-2.66) 0.33
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Lapatinib
Pembrolizumab
Pembrolizumab
Lenvatinib
Pembrolizumab
Axitinib
Avelumab
Nilotinib
Duvelisib
Olaparib
Elotuzumab
Cabozantinib
Nivolumab
Axitinib
Bevacizumab
Trifluridine; Tipiracil
Bortezomib
Alpelisib
Erlotinib
Ibrutinib
Abemaciclib
Nivolumab
Bendamustine
Olaparib
Nivolumab
Trametinib
Ibrutinib
Bevacizumab
Obinutuzumab
Bevacizumab
Atezolizumab
Bevacizumab
Ixabepilone
Everolimus
Regorafenib
Pembrolizumab
Polatuzumab vedotin-piiq
Trametinib
Afatinib
Everolimus
Regorafenib
Ceritinib
Talazoparib
Inotuzumab ozogamicin
Afatinib

Eribulin Mesylate
Pemetrexed
Lutetium Lu 177 dotatate
Dabrafenib
Regorafenib
Eribulin Mesylate
Pembrolizumab
Cabazitaxel
Lenvatinib
Brentuximab vedotin
Ivosidenib
Sorafenib
Fam-trastuzumab deruxtecan-nxki
Ofatumumab
Trifluridine; Tipiracil
Erlotinib
Cabozantinib
Ramucirumab
Abiraterone
Idelalisib
Nivolumab
Nivolumab
Everolimus
Sorafenib
Mogamulizumab-kpke
Lenvatinib
Pembrolizumab
Avelumab
Glasdegib
Ipilimumab
Everolimus
Enzalutamide
Bortezomib
Pazopanib
Vemurafenib
Erlotinib
Cabozantinib
Siltuximab
Ibrutinib
Pazopanib
Encorafenib
Cetuximab
Enzalutamide
Sunitinib
Sunitinib
Ruxolitinib
Sorafenib
Decitabine
Azacitidine
Cabozantinib
Everolimus
Panitumumab
Lenvatinib
Vandetanib
Cabozantinib

29.01.2010
18.05.2017
10.05.2017
10.08.2021
10.08.2021
04.06.2020
14.05.2019
17.06.2010
24.09.2018
01.07.2019
06.11.2018
22.01.2021
22.01.2021
27.01.2012
14.11.2014
22.02.2019
25.03.2005
24.05.2019
16.04.2010
24.08.2018
28.07.2017
04.03.2015
20.03.2008
12.01.2018
10.11.2016
22.06.2017
04.03.2016
11.10.2006
01.11.2013
31.07.2009
29.05.2020
29.05.2020
16.10.2007
05.05.2011
27.09.2012
30.10.2018
10.06.2019
29.05.2013
12.01.2018
10.04.2018
27.04.2017
26.05.2017
16.10.2018
17.08.2017
12.07.2013
15.11.2010
04.02.2004
16.01.2018
29.05.2013
25.02.2013
28.01.2016
30.07.2019
17.06.2010
15.08.2018
09.11.2017
25.08.2021
16.11.2007
15.02.2021
31.08.2016
22.09.2015
14.05.2013
25.04.2016
10.05.2019
28.04.2011
23.07.2014
30.09.2015
23.11.2015
30.03.2009
20.12.2005
08.08.2018
13.05.2016
18.12.2015
30.06.2020
21.11.2018
25.03.2011
20.07.2012
31.08.2012
08.10.2014
19.10.2009
17.08.2011
18.11.2004
14.01.2019
23.04.2014
28.07.2014
26.04.2012
08.04.2020
24.09.2021
10.09.2014
26.01.2006
20.05.2011
04.12.2014
22.11.2013
02.05.2006
19.05.2004
17.09.2021
29.10.2010
27.09.2006
13.02.2015
06.04.2011
29.11.2012

1stline
2nd line
1stline
1stline
1stline
1stline
1stline
1stline
23rd line
2nd line
23rd line
1stline
1stline
2nd line
23rd line
23rd line
2nd line
1stline
2nd line
1stline
2nd line
2nd line
1stline
2nd line
1stline
1stline
1stline
1stline
1stline
1stline
1stline
1stline
2nd line
1stline
23rd line
1stline
23rd line
1stline
1stline
1stline
2nd line
1stline
1stline
2nd line
1stline
23rd line
1stline
1stline
1stline
2nd line
2nd line
2nd line
2nd line
1stline
2nd line
2nd line
1stline
1stline
2nd line
2nd line
1stline
2nd line
2nd line
2nd line
2nd line
1stline
2nd line
2nd line
1stline
2nd line
2nd line
1stline
1stline
1stline
1stline
2nd line
2nd line
1stline
1stline
1stline
2nd line
2nd line
1stline
1stline
2nd line
2nd line
2nd line
1stline
2nd line
1stline
2nd line
1stline
1stline
1stline
2nd line
1stline
2nd line
2nd line
1stline
2nd line

Breast Cancer
Urothelial Cancer
NSCLC
RCC
RCC
RCC
RCC
CML
CLL/SLL
Pancreatic Cancer
Multiple Myeloma
RCC
RCC
RCC
Ovarian Cancer
metastatic GEJ cancer
Multiple Myeloma
Breast Cancer
NSCLC
Morbus Waldenstrém
Breast Cancer
NSCLC
CLL/SLL
Breast Cancer
HNSCC
NSCLC
CLL
NSCLC
CLL/SLL
RCC
HCC
HCC
Breast Cancer
PNET
Colorectal Cancer
NSCLC
DLBCL
Melanoma
NSCLC
TSC
HCC
NSCLC
Breast Cancer
ALL
NSCLC
Breast Cancer
Mesothelioma
NET
Melanoma
GIST
Liposarcoma
Esophageal Cancer
Prostate Cancer
HCC
T-cell Lymphoma
Cholangiocarcinoma
HCC
Gastric Cancer
CLL/SLL
Colorectal Cancer
NSCLC
RCC
HCC
Prostate Cancer
CLL/SLL
Melanoma
RCC
RCC
RCC
T-cell Lymphoma
RCC
Melanoma
Urothelial Cancer
AML
Melanoma
Breast Cancer
Prostate Cancer
Multiple Myeloma
RCC
Melanoma
NSCLC
HCC
Castleman's disease
CLL
Sarcoma
Colorectal Cancer
Colorectal Cancer
Prostate Cancer
GIST
NET
Polycythemia Vera
Thyroid Cancer
MDS
MDS
Thyroid Cancer
SEGA
Colorectal Cancer
Thyroid Cancer
Thyroid Cancer
Thyroid Cancer

H”HHH i }H\HHH H}H ] mn R O e e

1.89 (1.1-3.24)
1.91(1.27-2.88)
1.93 (1.22-3.03)
1.96 (1.69-2.29)
1.96 (1.69-2.29)
2(1.67-2.4)
2(1.67-2.4)

2.01 (1.55-2.59)
2.02 (1.54-2.64)
2.02 (0.92-4.47)
2.03 (1.24-3.32)
2.05 (1.68-2.51)
2.05 (1.68-2.51)
2.07 (1.41-3.03)
2.12 (1.36-3.29)
2.17 (0.63-7.48)
2.18 (1.65-2.88)
2.21(1.41-3.46)
2.23(1.4-3.55)
2.25 (1.57-3.22)
2.25 (1.65-3.09)
2.28(1.21-4.32)
2.29 (1.69-3.11)
2.3(1.56-3.4)
2.31(1.05-5.07)
2.32 (1.56-3.45)
2.33(1.83-2.97)
2.33(1.8-3.02)
2.37(1.78-3.16)
2.37(1.71-3.28)
2.4(1.52-3.8)
2.4(1.52-3.8)
2.42(1.82-3.21)
2.45 (0.78-7.69)
2.53(0.3-21.5)
2.54 (1.88-3.43)
2.6 (1.45-4.66)
2.64 (1.34-5.17)
2.64 (1.77-3.92)
2.64 (1.65-4.25)
2.60 (1.29-5.61)
2.71(2.11-3.49)
2.73(1.81-4.1)
2.75 (2.03-3.73)
2.8(1.84-4.26)
2.85 (1.48-5.49)
2.91(2.02-4.2)
2.92(1.1-7.77)
2.97 (1.71-5.17)
2.98 (0.37-24.23)
3.04 (0.13-73.44)
3.06 (1.29-7.27)
3.27(1.59-6.73)
3.27 (2.52-4.26)
3.31(1.98-5.53)
3.46 (0.18-65.9)
3.55 (0.74-16.94)
3.59 (1.73-7.43)
3.75 (2.11-6.67)
3.99 (0.5-31.7)
4.09 (2.47-6.78)
4.29(2.54-7.22)
4.34(0.56-33.76)
5.07 (2.06-12.44)
5.13 (3.22-8.17)
5.38 (2.09-13.8)
5.51(3.3-9.23)
5.53 (0.31-99.3)
5.53 (2.65-11.57)
5.78 (2.93-11.38)
6.21 (1.96-19.68)
6.36 (2.95-13.72)
6.8 (2.69-17.18)
6.91 (0.94-50.61)
7.45 (1.74-31.94)
7.52 (2.77-20.42)
7.99 (3.99-15.98)
8.35 (4.68-14.9)
8.8 (3.66-21.19)
8.87 (5.03-15.64)
9.39(2.29-38.55)
9.4(1.27-69.8)
9.81 (1.39-69.15)
10.16 (3.27-31.6)
10.34 (0.62-171.99)
11.05 (4.04-30.23)
11.05 (4.04-30.23)
11.82 (8.69-16.07)
14.75 (0.89-244.78)
16.8 (0.99-286.6)
23.42 (3.22-170.43)
24.35(3.32-178.33)
28.23 (1.72-464.3)
30.68 (1.87-504.13)
32.7(2.03-528.13)
35.73 (2.25-567.3)
39.17 (2.38-644.93)
42.41 (10.69-168.28)
44,59 (6.31-315.12)
60.45 (3.77-968.67)

0.15
0.25
0.21
0.82
0.82
0.70
0.70
0.47
0.44
0.06
0.16
0.61
0.61
0.25
0.19
0.02
0.38
0.17
0.15
0.24
0.30
0.08
0.31
0.20
0.05
0.19
0.42
0.38
0.32
0.26
0.14
0.14
0.32
0.02
0.00
0.27
0.07
0.05
0.15
0.11
0.04
0.32
0.14
0.23
0.12
0.05
0.15
0.02
0.06
0.00
0.00
0.02
0.03
0.22
0.06
0.00
0.00
0.02
0.04
0.00
0.04
0.04
0.00
0.01
0.03
0.01
0.02
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Pexidartinib 02.08.2019 Istline Giant cell tumor —_— 74.5 (4.68-1185.22) 0.00

Overall 1.38(1.33-1.42) 100.00

Test for Overall Effect Size = 0: 2=60.122, p<.001
Tests for Heterogeneity: 12=80.7% (95% Cl: 63.5-88.1), Q=1028.08 (p<.001), tau?=0.0402

0.1 1.0 10.0 100.0

Control Intervention
better better

Figure 60: Meta-analysis of all randomized controlled trials reporting tumor response (relative
risk) used for the FDA approval of new cancer drugs, 2003-2021

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.
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Appendix

Drug

Pembrolizumab
Atezolizumab
Ipilimumab
Nivolumab
Nivolumab
Zanubrutinib
Pembrolizumab
Pembrolizumab
Atezolizumab
Erlotinib
Atezolizumab
Pemetrexed
Ramucirumab
Necitumumab
Pemetrexed
Dacomitinib
Osimertinib
Obinutuzumab
Brentuximab vedotin
Panobinostat
Nivolumab
Ramucirumab
Panitumumab
Neratinib
Enzalutamide
Obinutuzumab
Gilteritinib
Daratumumab
Afatinib
Ixazomib
Alectinib
Degarelix
Trabectedin
Nivolumab
Bevacizumab
Bosutinib
Durvalumab
Atezolizumab
Palbociclib
Pembrolizumab
Cetuximab
Acalabrutinib
Olaratumab
Atezolizumab
Pembrolizumab
Nivolumab
Panitumumab
Bevacizumab
Pembrolizumab
Trastuzumab Emtansine
Ribociclib
Brigatinib
Atezolizumab
Ruxolitinib
Pertuzumab
Ipilimumab
Ramucirumab
Carfilzomib
Nivolumab
Abemaciclib
Temsirolimus
Ribociclib
Brentuximab vedotin
Bevacizumab
Elotuzumab
Lapatinib
Selinexor
Aflibercept
Ipilimumab
Nivolumab
Pembrolizumab
Ramucirumab
Cetuximab
Pembrolizumab
Pembrolizumab
Ofatumumab
Pembrolizumab
Durvalumab
Bevacizumab
Trifluridine; Tipiracil
Lapatinib
Cemiplimab-rwlc
Venetoclax
Ibrutinib
Cetuximab
Lorlatinib
Axitinib
Olaparib
Atezolizumab
Pertuzumab
Erlotinib
Nivolumab
Everolimus
Everolimus
Regorafenib
Bevacizumab
Axitinib
Pembrolizumab

Indication

Approval Date Treatment Line Disease
10.06.2019 Istline HNSCC
18.03.2019 1stline SCLC
02.10.2020 1stline Pleura Mesothelioma
02.10.2020 1stline Pleura Mesothelioma
10.06.2020 2nd line Esophageal Cancer
31.08.2021 1stline Morbus Waldenstrém
10.06.2019 1stline HNSCC
11.04.2019 1stline NSCLC
18.10.2016 2nd line NSCLC
11.02.2005 1stline Pancreatic Cancer
30.07.2020 1stline Melanoma
19.08.2004 2nd line NSCLC
29.05.2020 1stline NSCLC
24.11.2015 1stline NSCLC
26.09.2008 1stline NSCLC
27.09.2018 1stline NSCLC
18.04.2018 1stline NSCLC
26.02.2016 2nd line Follicular Lymphoma
20.03.2018 Istline Hodgkin Lymphoma
23.02.2015 23rd line Multiple Myeloma
15.05.2020 Istline NSCLC
21.04.2014 2nd line Gastric Cancer
23.05.2014 1stline Colorectal Cancer
25.02.2020 23rd line Breast Cancer
16.12.2019 1stline Prostate Cancer
16.11.2017 Istline Follicular Lymphoma
28.11.2018 2nd line AML
26.09.2019 1stline Multiple Myeloma
15.04.2016 2nd line SCLC
20.11.2015 2nd line Multiple Myeloma
06.11.2017 Istline NSCLC
24.12.2008 1stline Prostate Cancer
23.10.2015 2nd line SIS
16.04.2021 2nd line metastatic GEJ cancer
26.02.2004 1stline Colorectal Cancer
19.12.2017 1stline CML
27.03.2020 1stline SCLC
18.05.2020 st line NSCLC
31.03.2017 1stline Breast Cancer
29.06.2020 1stline Colorectal Cancer
01.03.2006 2nd line HNSCC
21.11.2019 1stline CLL
19.10.2016 1stline STS
06.12.2018 1stline NSCLC
14.10.2020 23rd line Hodgkin Lymphoma
09.10.2015 2nd line NSCLC
29.06.2017 1stline Colorectal Cancer
14.08.2014 1stline Cervical Cancer
13.11.2020 2nd line Breast Cancer
22.02.2013 2nd line Breast Cancer
18.07.2018 1stline Breast Cancer
22.05.2020 1stline NSCLC
03.12.2019 1stline NSCLC
22.09.2021 2nd line GVHD
06.08.2012 1stline Breast Cancer
26.05.2020 st line NSCLC
12.12.2014 2nd line NSCLC
20.08.2020 2nd line Multiple Myeloma
26.05.2020 Istline NSCLC
26.02.2018 1stline Breast Cancer
30.05.2007 1stline RCC
13.03.2017 1stline Breast Cancer
16.11.2018 Istline T-cell Lymphoma
06.12.2016 2nd line Ovarian Cancer
30.11.2015 2nd line Multiple Myeloma
13.03.2007 2nd line Breast Cancer
18.12.2020 2nd line Multiple Myeloma
08.03.2012 2nd line Colorectal Cancer
16.04.2018 Istline RCC
16.04.2018 1stline RCC
22.03.2021 Istline Esophageal Cancer
05.11.2014 2nd line Gastric Cancer
06.07.2012 1stline Colorectal Cancer
24.10.2016 1stline NSCLC
13.10.2021 1stline Cervical Cancer
17.04.2014 1stline CLL/SLL
18.05.2017 2nd line Urothelial Cancer
16.02.2018 2nd line NSCLC
22.02.2008 1stline Breast Cancer
22.02.2019 23rd line metastatic GEJ cancer
29.01.2010 1stline Breast Cancer
22.02.2021 1stline NSCLC
15.05.2019 1stline CLL/SLL
06.05.2016 1stline SLL
07.11.2011 2nd line HNSCC
03.03.2021 1stline NSCLC
27.01.2012 2nd line RCC
01.07.2019 2nd line Pancreatic Cancer
08.03.2019 1stline Breast Cancer
30.09.2013 1stline Breast Cancer
16.04.2010 2nd line NSCLC
10.11.2016 1stline HNSCC
05.05.2011 1stline PNET
26.02.2016 1stline NET
27.09.2012 23rd line Colorectal Cancer
14.11.2014 23rd line Ovarian Cancer
19.04.2019 st line RCC
19.04.2019 Istline RCC

Tumor Response (95% Cl)

0Odds Ratio

T

'
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|Illll.|..l.|..|..|..|..|..|.+.|..|..|.

ARAAARAARANANANANARARRRRY

TR

0.44 (0.29-0.66)
0.84(0.56-1.25)
0.88 (0.64-1.22)
0.88 (0.64-1.22)
0.96 (0.57-1.62)
0.98 (0.51-1.91)
1(0.71-1.41)
1(0.78-1.28)
1.02 (0.69-1.51)
1.05 (0.56-1.96)
1.06 (0.74-1.53)
1.06 (0.6-1.89)
1.1(0.71-1.68)
1.12 (0.86-1.45)
1.14(0.92-1.41)
1.16 (0.76-1.76)
1.2(0.8-1.79)
1.25(0.74-2.11)
1.27(0.94-1.7)
1.29 (0.97-1.71)
1.32(0.98-1.78)
1.32 (0.34-5.08)
1.33(0.98-1.8)
1.34(0.95-1.9)
1.37(1.04-1.8)
1.38 (0.95-2)
1.41(0.72-2.77)
1.42 (0.93-2.17)
1.44 (0.54-3.82)
1.44 (1.02-2.02)
1.45 (0.85-2.45)
1.46 (0.46-4.67)
1.47 (0.74-2.91)
1.5(1.23-1.84)
1.52 (1.15-2.02)
1.52 (1.06-2.19)
1.53 (1.08-2.18)
1.54 (0.91-2.6)
1.55 (1.07-2.24)
1.57 (0.99-2.5)
1.61 (1.06-2.43)
1.61(0.93-2.79)
1.64 (0.62-4.31)
1.65 (1.22-2.23)
1.65 (1.04-2.63)
1.67 (1.06-2.64)
1.68 (1.18-2.38)
1.7 (1.17-2.48)
1.72 (1.07-2.76)
1.73(1.29-2.32)
1.74 (1.24-2.42)
1.75 (1.05-2.92)
1.75 (1.26-2.44)
1.76 (1.12-2.78)
1.79 (1.26-2.54)
1.8(1.31-2.48)
1.82 (1.36-2.43)
1.82 (1.13-2.93)
1.82 (1.32-2.51)
1.85 (1.21-2.83)
1.86 (0.84-4.13)
1.89 (1.39-2.57)
1.91(1.21-3.01)
1.91 (1.41-2.6)
1.92 (1.35-2.73)
1.92 (1.15-3.22)
1.96 (1.27-3.02)
1.97 (1.39-2.78)
1.98 (1.48-2.64)
1.98 (1.48-2.64)
2.01 (1.48-2.72)
2.01 (1.38-2.94)
2.06 (1.52-2.8)
2.11(1.31-3.4)
212 (1.5-3)
2.14 (1.37-3.34)
2.16 (1.34-3.49)
2.18 (1.43-3.32)
2.18 (1.57-3.04)
2.22 (0.62-7.92)
2.23 (1.14-4.37)
2.23(1.6-3.12)
2.23(1.39-3.59)
2.27(1.53-3.36)
2.27(1.48-3.5)
2.29 (1.39-3.77)
2.32(1.5-3.6)
2.32(0.92-5.86)
2.33(1.53-3.55)
2.36 (1.29-4.31)
2.4 (1.45-3.96)
2.51 (1.07-5.86)
2.53(0.78-8.19)
2.53 (1.46-4.4)
2.54 (0.3-21.86)
2.55 (1.49-4.38)
257 (1.95-3.39)
257 (1.95-3.39)

Weight (%)

1.14
1.08
1.10
1.10
0.99
0.89
1.08
112
1.05
0.89
1.06
0.92
1.01
1.10
112
1.00
1.00
0.90
1.06
1.07
1.05
0.26
1.05
1.02
1.06
0.99
0.70
0.93
0.43
1.00
0.83
0.31
0.67
1.10
1.04
0.97
0.97
0.80
0.95
0.85
0.89
0.75
0.37
1.00
0.83
0.83
0.95
0.91
0.80
0.99
0.95
0.75
0.95
0.81
0.92
0.95
0.98
0.77
0.95
0.82
0.43
0.95
0.77
0.95
0.89
0.69
0.78
0.89
0.96
0.96
0.94
0.84
0.92
0.69
0.85
0.72
0.67
0.74
0.86
0.12
0.44
0.85
0.66
0.76
0.70
0.61
0.68
0.24
0.70
0.48
0.58
0.25
0.12
0.49
0.02
0.50
0.88
0.88
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Cobimetinib
Encorafenib
Pembrolizumab
Nivolumab
Nilotinib
Ibrutinib
Bortezomib
Alpelisib
Regorafenib
Atezolizumab
Bevacizumab
Bevacizumab
Daratumumab
Bevacizumab
Pembrolizumab
Axitinib
Avelumab
Regorafenib
Eribulin Mesylate
Eribulin Mesylate
Trametinib
Ixabepilone
Elotuzumab
Lutetium Lu 177 dotatate
Cabozantinib
Nivolumab
Carfilzomib
Abemaciclib
Daratumumab
Ivosidenib
Daratumumab
Sorafenib
Pembrolizumab
Cabazitaxel
Olaparib
Everolimus
Cabozantinib
Pembrolizumab
Trifluridine; Tipiracil
Bendamustine
Afatinib
Lenvatinib
Pembrolizumab
Pemetrexed
Talazoparib
Trametinib
Ramucirumab
Afatinib
Venetoclax
Ofatumumab
Lenvatinib
Dabrafenib
Cabozantinib
Fam-trastuzumab deruxtecan-nxki
Ibrutinib
Polatuzumab vedotin-piiq
Duvelisib
Everolimus
Abiraterone
Sorafenib
Obinutuzumab
Nivolumab
Ceritinib
Avelumab
Mogamulizumab-kpkc
Brentuximab vedotin
Pembrolizumab
Glasdegib
Ipilimumab
Everolimus
Ibrutinib
Lenvatinib
Cabozantinib
Erlotinib
Inotuzumab ozogamicin
Erlotinib
Pazopanib
Enzalutamide
Bortezomib
Nivolumab
Pazopanib
Encorafenib
Cetuximab
Siltuximab
Sunitinib
Vemurafenib
Idelalisib
Ibrutinib
Sunitinib
Enzalutamide
Sorafenib
Ruxolitinib
Decitabine
Azacitidine
Cabozantinib
Panitumumab
Everolimus
Vandetanib
Cabozantinib
Lenvatinib

10.11.2015
27.06.2018
05.05.2021
04.03.2015
17.06.2010
25.01.2019
25.03.2005
24.05.2019
27.04.2017
29.05.2020
29.05.2020
31.07.2009
27.06.2019
11.10.2006
10.05.2017
04.06.2020
14.05.2019
25.02.2013
15.11.2010
28.01.2016
29.05.2013
16.10.2007
06.11.2018
16.01.2018
22.01.2021
22.01.2021
21.01.2016
28.07.2017
07.05.2018
25.08.2021
21.11.2016
16.11.2007
30.07.2019
17.06.2010
12.01.2018
10.04.2018
19.12.2017
30.10.2018
22.09.2015
20.03.2008
12.01.2018
10.08.2021
10.08.2021
04.02.2004
16.10.2018
22.06.2017
10.05.2019
12.07.2013
08.06.2018
31.08.2016
15.08.2018
29.05.2013
25.04.2016
15.02.2021
24.08.2018
10.06.2019
24.09.2018
30.03.2009
28.04.2011
20.12.2005
01.11.2013
23.11.2015
26.05.2017
30.06.2020
08.08.2018
09.11.2017
18.12.2015
21.11.2018
25.03.2011
20.07.2012
04.03.2016
13.05.2016
14.01.2019
14.05.2013
17.08.2017
18.11.2004
26.04.2012
31.08.2012
08.10.2014
30.09.2015
19.10.2009
08.04.2020
24.09.2021
23.04.2014
26.01.2006
17.08.2011
23.07.2014
28.07.2014
20.05.2011
10.09.2014
22.11.2013
04.12.2014
02.05.2006
19.05.2004
17.09.2021
27.09.2006
29.10.2010
06.04.2011
29.11.2012
13.02.2015

1stline
1stline
1stline
2nd line
1stline
1stline
2nd line
1stline
2nd line
1stline
1stline
1stline
1stline
1stline
1stline
1stline
1stline
2nd line
23rd line
2nd line
1stline
2nd line
23rd line
1stline
1stline
1stline
2nd line
2nd line
1stline
2nd line
2nd line
1stline
2nd line
2nd line
2nd line
1stline
1stline
1stline
2nd line
1stline
1stline
1stline
1stline
1stline
1stline
1stline
2nd line
1stline
2nd line
2nd line
1stline
1stline
2nd line
1stline
1stline
23rd line
23rd line
2nd line
2nd line
1stline
1stline
2nd line
1stline
1stline
2nd line
2nd line
1stline
1stline
1stline
2nd line
1stline
2nd line
2nd line
1stline
2nd line
2nd line
2nd line
2nd line
1stline
1stline
1stline
2nd line
2nd line
1stline
2nd line
1stline
2nd line
1stline
1stline
1stline
1stline
2nd line
1stline
1stline
2nd line
2nd line
1stline
1stline
2nd line
2nd line

Melanoma
Melanoma
Gastric Cancer
NSCLC
CML
CLL/SLL
Multiple Myeloma
Breast Cancer
HCC
HCC
HCC
RCC
Multiple Myeloma
NSCLC
NSCLC
RCC
RCC
GIST
Breast Cancer
Liposarcoma
Melanoma
Breast Cancer
Multiple Myeloma
NET
RCC
RCC
Multiple Myeloma
Breast Cancer
Multiple Myeloma
Cholangiocarcinoma
Multiple Myeloma
HCC
Esophageal Cancer
Prostate Cancer
Breast Cancer
TSC
RCC
NSCLC
Colorectal Cancer
CLL/SLL
NSCLC
RCC
RCC
Mesothelioma
Breast Cancer
NSCLC
HCC
NSCLC
CLL/SLL
CLL/SLL
HCC
Melanoma
RCC
Gastric Cancer
Morbus Waldenstrém
DLBCL
CLL/SLL
RCC
Prostate Cancer
RCC
CLL/SLL
RCC
NSCLC
Urothelial Cancer
T-cell Lymphoma
T-cell Lymphoma
Melanoma
AML
Melanoma
Breast Cancer
CLL
RCC
HCC
NSCLC
ALL
NSCLC
Sarcoma
Prostate Cancer
Multiple Myeloma
Melanoma
RCC
Colorectal Cancer
Colorectal Cancer
Castleman's disease
GIST
Melanoma
CLL/SLL
CLL
NET
Prostate Cancer
Thyroid Cancer
Polycythemia Vera
MDS
MDS
Thyroid Cancer
Colorectal Cancer
SEGA
Thyroid Cancer
Thyroid Cancer
Thyroid Cancer

2.58 (1.79-3.71)
2.58 (1.71-3.89)
2.59 (1.55-4.35)
2.6 (1.26-5.39)
2.8(1.94-4.04)
2.81(1.38-5.7)
2.85 (1.98-4.11)
2.88 (1.61-5.16)
2.9(1.33-6.3)

2.94 (1.72-5.02)
2.94 (1.72-5.02)
2.98 (2-4.45)

3.03 (1.88-4.87)
3.05 (2.19-4.25)
3.06 (1.45-6.45)
3.06 (2.3-4.06)
3.06 (2.3-4.06)
3.07 (0.36-26.05)
3.08 (1.55-6.15)
3.09 (0.12-77.04)
3.1(1.46-6.59)
3.17 (2.22-4.54)
3.2 (1.47-6.97)
3.21(1.13-9.15)
3.38 (2.44-4.69)
3.38 (2.44-4.69)
3.38 (2.36-4.85)
3.42(2.22-5.27)
3.51(2.28-5.42)
3.53 (0.18-69.42)
3.56 (2.18-5.81)
3.61(0.74-17.51)
3.65 (1.38-9.67)
3.65 (1.68-7.93)
3.72 (2.15-6.44)
3.74(2.03-6.9)
3.94 (1.94-7.98)
3.96 (2.66-5.9)
4.03(0.5-32.4)
4.14 (2.54-6.75)
4.3(2.53-7.32)
4.32 (3.16-5.93)
4.32(3.16-5.93)
4.39 (2.72-7.09)
4.47 (2.6-7.69)
4.5(2.34-8.64)

4.5 (0.56-36.05)
4.51(2.61-7.79)
4.57 (2.48-8.44)
4.75 (2.48-9.13)
4.83(3.48-6.7)
5.1(2.5-10.37)

5.16 (2.92-9.1)
5.34 (2.25-12.67)
5.46 (2.72-11)

5.57 (2.12-14.65)
5.6 (2.99-10.51)
5.62 (0.31-102.4)
5.73 (2.25-14.57)
6.22 (2.88-13.43)
6.69 (3.99-11.19)
6.75 (3.88-11.73)
7.22 (4.58-11.38)
7.42 (2.87-19.22)
7.63 (3.63-16.03)
8.03 (3.6-17.91)
8.13 (3.55-18.6)
8.22 (1.04-65.1)
8.24 (1.85-36.76)
8.45 (3.04-23.54)
8.54 (4.85-15.05)
9.3 (2.54-34.06)
9.75 (1.3-73.27)
9.87 (4.79-20.34)
10.08 (5.37-18.93)
10.21 (2.44-42.74)
10.74 (0.64-181.49)
11.08 (5.32-23.11)
11.45 (6.15-21.3)
11.86 (3.79-37.13)
12.2 (4.83-30.81)
13.56 (4.78-38.48)
13.56 (4.78-38.48)
15.15 (1.9-120.62)
15.78 (0.93-267.15)
16.26 (8.58-30.82)
17.21 (8.7-34.03)
18.49 (5.24-65.18)
18.53 (1.05-326.32)
27.39 (19.37-38.74)
27.41 (3.67-204.62)
29.35 (3.89-221.59)
33.93 (2-577.19)
36.58 (2.16-619.31)
39.89 (2.41-660.17)
42,68 (2.56-711.27)
64.4 (3.82-1085.5)
79.66 (10.92-580.97)
82.56 (5.05-1349.47)
118.48 (28.65-489.95

0.73
0.66
0.52
0.31
0.68
0.29
0.68
0.39
0.24
0.43
0.43
0.60
0.48
0.69
0.23
0.78
0.78
0.01
0.27
0.00
0.23
0.63
0.20
0.10
0.64
0.64
0.59
0.47
0.45
0.00
0.38
0.03
0.10
0.16
0.30
0.24
0.17
0.44
0.01
031
0.25
0.53
0.53
0.29
0.23
0.16
0.01
0.22
0.18
0.15
0.44
0.11
0.17
0.06
0.10
0.05
0.12
0.00
0.05
0.06
0.13
0.11
0.14
0.03
0.05
0.03
0.03
0.00
0.01
0.02
0.07
0.01
0.00
0.03
0.04
0.00
0.00
0.02
0.03
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Pexidartinib 02.08.2019 Istline Giant cell tumor _— 197.52 (11.64-3350.7. 0.00

Overall . 2.02 (1.89-2.16) 100.00
Test for Overall Effect Size = 0: 2=29.254, p<.001 :
Tests for Heterogeneity: 12=72.9% (95% Cl: 60.8-80.1), Q=730.05 (p<.001), tau?=0.4131

0.1 1.0 10.0 100.0

Control Intervention
better better

Figure 61: Meta-analysis of all randomized controlled trials reporting tumor response (odds
ratio) used for the FDA approval of new cancer drugs, 2003-2021

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.

343



Economics of cancer drugs

00T €00 610 SIT0 070 070 «IT0 w0 LIT0 #IT0 00 510 or'e SOT0 STT0- STT0- o0 €00 e oo 00 somedmeago oy (D)
00t S50 #5900 SLL0 670 0o 200 oo o 0o ST 10 0o 800 800 00 00 a ] w0 e sE[RAlANE AL {IT
o'l SEF0 00T STFOT WLTO- SITO- S00- S00- e 900 900 00 5070 00 D o0 0Tt 00 +IT0 mosred md T1R {1z

[ STF0- #1170 S5T0- 00 6070 110 O 010 650 <510 800 L1170 60°0 wo- 800 o 900 wosrd = QT8 o
o'l B S Y § e ) 00 0o 900 L0 00 5070 00 O 0 ore- 00 #1770 msrd=dsiTva (61
[ <060 S+T0 SIS0 45T ore- S8T0 S0 LT 0o 0 SET0- SOT0 SIT0 SEE0- (amEEag)EeT (3D
[ «610 $ST0 W810 e #5800 390 W70 LO0 0l S8T0 W9T0- WIT0- eFE0- (mwpRupieT (1)
[ HF0 WIFD SIE0 HO U0 SET0 SIT0- SIT0- 800 €00 SIT0 o o0t EmpmgREne (o1)
o't L0 190 oo SIT0 SBE0C 00 0o S0t 600 or'e o SET0- [e14 peomnos pezmmopnEd. {ST)
[ilnd 500 Lo SLT0 W80 0o w0 L1110 600 = SITO S0 EmcaEd (D
L1570 FO0- LT SEE0- or'e w0 S5T0- +E10 L1570 #5500 L1670~ (e o syened pajom)So ] {0
o'l 200 900 70 e LoD oo o Lot &0°0 900 Eaonide pREREDY (D)
BT 610 SLT0 B0°0 e ou'e T 070 Lo 510 smmes pEPI (1D
(3 5T 00 SOTO STT0 00 600 oo 0o ST myEmorg  {01)

o'l 00 S0 900 <10 800~ fax SEED 570 nFopiEwEy 6]

[ns LT ore- 00 S00- L1700 e SE10 Ademmonepy (8)

o'l SELD SI10 ST SSE0- o o srzojorg [45]

00l 810 WBT0 SIT0- ¥00 00 PREIEL ()

o'l 9070 €00 30 L0170 SEEP-TI-EIL 3]

[ilnd o0t wo LSBT0 TOOEIPE-OIAY ]

o'l £2E0 670 % 544 W WBIHEALIIW] (£

o'l &10 %% "SO W IERAeIdm] L]

[ (1500 yemmEsn AmuepgSo T 4]

L] T i3] (4] (59 [659]) [F35] (]3] 151 [5G [543 3] [§39] [(]4] &) L] (] L] [5)] [i7] el 4] i3] F[QELE |

fficients

10N Co€

Pearson correlat

Table 53

Notes: P-values: * p<.05.
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Abbreviations: DALYS, disability-adjusted life years; OS, overall survival; PFS
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Appendix

Assumptions

Patient age: adult

Patient weight: 70 kg

Patient body surface area: 1.7 m?

Liver function: normal (not impaired)

Kidney function: normal (not impaired)

Patient location: New York City (ZIP code: 10065)

Part D plan: Human Basic Rx Plan (PDP)

Average days per month: 365 days/12 months = 30.4167 days per month
Medicare payment limit: 106% of average sales price (ASP)

Medicare Part B example: Belinostat (®Beleodaq)

FDA-approved indication: peripheral t-cell lymphoma (pTCL)

Dosing schedule: = 1,000 mg/m?2 once daily on days 1-5 of a 21-day cycle

= 1,000 mg/m2 * 1.7 m2 * 5 days per 21-day cycle
Medicare payment limit Q1 2023: =46.15 $ per 10 mg

Treatment cost formula: = Medicare payment limit * dosing schedule * (1/1.06)
* (average number of days per month/treatment cycle length)
Treatment cost calculation: = 4,615 $/1,000 mg * 1,000 mg/m2 * 1.7 m2 * 5 days per cycle * (1/1.06)

* (30.42 days per month/21-day cycle)
= $53,606 per month

Medicare Part D example: Ixazomib (®Ninlaro)

FDA-approved indication: multiple myeloma
Dosing schedule: =4 mg taken orally on Days 1, 8, and 15 of a 28-day cycle
=4 mg/day * 3 days per 28-day cycle
Retail cost in Q1 2023: = 12,240 $ per 28-day cycle
Treatment cost formula: = retail cost * (average number of days per month/treatment cycle length)
Treatment cost calculation: = 12,240 $ per 28-day cycle * (30.42 days per month/28-day cycle)

= $13,296 per month

Table 54: Assumptions and examples for the calculation of monthly treatment costs
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Economics of cancer drugs

Date Molecule Name  Disease oD NCT P Slm Design Article or FDA Link
Gemtuzumab https://www.accessdata.fda.gov/drugsat-
17.05.2000 ozogamicin AML Yes NA 2 oL SAT fda_docs/nda/2000/21174_Mylotorg.cfm
. . https://www.accessdata.fda.gov/drugsat-
15.06.2000 Triptorelin Prostate Cancer  No NA 3 OL RCT fda_docs/label/2000/207151bl.pdf
R https://www.accessdata.fda.gov/drugsat-
25.09.2000 Arsenic trioxide ~ AML Yes NA 2 OL SAT fda_docs/label/2015/02124850131bl.pdf
https://www.accessdata.fda.gov/drugsat-
07.05.2001 Alemtuzumab CLL/SLL Yes NA 2 OL SAT fda_docs/label/2018/103948s5167Ibl.pdf
- https://www.accessdata.fda.gov/drugsat-
10.05.2001 Imatinib CML Yes NA 2 OL SAT fda_docs/label/2001/213351bl.pdf
01.02.2002  Imatinib GIST Yes NA 2 OL DRCT https://pubmed.ncbi.nlm.nih.gov/12181401/
19.02.2002 'Pritumomab-  Follicular Lym- .o NA 3 OL RCT https://pubmed.ncbi.nim.nih.gov/12011122/
Tiuxetan phoma
25.04.2002 Fulvestrant Breast Cancer No NA 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/12177099/
Lo Colorectal Can- https://www.accessdata.fda.gov/drugsat-
09.08.2002 Oxaliplatin cer No 00008281 3 OL RCT fda_docs/label/2002/214921bl.pdf
20.12.2002 Imatinib CML Yes NA 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/12181401/
05.05.2003  Gefitinib NSCLC No NA 2 DB DRCT https://pubmed.ncbi.nlm.nih.gov/14570950/
. Multiple Mye- https://www.accessdata.fda.gov/drugsat-
LS o200 ECiezom D loma Ve hER 2 Ok & fda_docs/label/2003/0216021bl.pdf
- https://www.accessdata.fda.gov/drugsat-
20.05.2003  Imatinib CML Yes NA 2 oL SAT fda_docs/label/2003/02158850011bl.pdf
. https://www.accessdata.fda.gov/drugsat-
25.11.2003  Abarelix Prostate Cancer  No NA 3 OL RCT fda_docs/nda/2003/21-320_Plenaxis.cfm
Colorectal Can- https://www.accessdata.fda.gov/drugsat-
09.01.2004 Oxaliplatin cer No NA 3 OL RCT fda_docs/label/2004/21492se1-002_elox-
atin_Ibl.pdf
Pleura Mesothe- <l . h
04.02.2004 Pemetrexed e Yes NA 3 gle- RCT https://pubmed.ncbi.nlm.nih.gov/12860938/
blind
. Colorectal Can- https://www.accessdata.fda.gov/drugsat-
12.02:2004  Cetuximab cer No NA 2 OL  DRCT fda_docs/label/2004/1250841bl.pdf
. Colorectal Can- . . .
26.02.2004 Bevacizumab - No 00109070 3 DB RCT https://pubmed.ncbi.nim.nih.gov/15175435/
19.05.2004 Azacitidine MDS Yes NA 3 OL RCT https://pubmed.ncbi.nim.nih.gov/12011120/
19.08.2004 Pemetrexed NSCLC No NA 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/15117980/
04.11.2004 Oxaliplatin Colorectal Can- g NA 3 OL RCT https://pubmed.ncbi.nim.nih. gov/15175436/
18.11.2004 Erlotinib NSCLC No NA 3 DB RCT https://pubmed.ncbi.nim.nih.gov/16014882/
28.12.2004 Clofarabine ALL Yes 00042341 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/16622268/
11.02.2005  Erlotinib S:r““ea“c Can- ves NA 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/17452677/
25.03.2005 Bortezomib I'\é'r‘:]';'p'e Mye- ves 00048230 3 OL RCT https:/pubmed.ncbi.nim.nih.gov/15958804/
. https://www.accessdata.fda.gov/drugsat-
28.10.2005 Nelarabine ALL Yes NA 2 OL SAT fda_docs/label/2005/0218771bl.pdf
20.12.2005 Sorafenib RCC Yes 00073307 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/17215530/
26.01.2006  Sunitinib GIST No 00075218 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/17046465/
26.01.2006  Sunitinib RCC No 00077974 2 OL SAT https://pubmed.ncbi.nim.nih.gov/16757724/
01.03.2006 Cetuximab HNSCC Yes 00004227 2 OL RCT https://pubmed.ncbi.nim.nih.gov/16467544/
o https://ashpublications.org/blood/arti-
02.05.2006 Decitabine MDS Yes 00043381 3 OL RCT cle/104/11/67/75732
https://ashpublications.org/blood/arti-
28.06.2006 Dasatinib ALL Yes NA 2 OL SAT cle/106/11/42/122702/A-Phase-I1-Study-of-Da-

satinib-in-Patients-with
27.09.2006  Panitumumab Cce"r"”e“a' Can o 00113763 3 OL RCT https:/pubmed.ncbi.nim.nih.gov/17470858/

https://www.accessdata.fda.gov/drugsat-

27.09.2006  Imatinib CML ves NA 2 OL  SAT fda_docs/label/2006/02158850161bl.pdf
06.10.2006 Vorinostat cTCL Yes 00091559 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/17577020/
11.10.2006 Bevacizumab NSCLC No 00021060 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/17167137/
Dermatofibro- https://www.accessdata.fda.gov/drugsat-
19.10.2006 Imatinib sarcoma protu- Yes NA 2 OL SAT fda_docs/la-
berans bel/2006/021588s01150125013s014s50171bl.pdf
Hypereosino-
philic Syndrome https://www.accessdata.fda.gov/drugsat-
19.10.2006 Imatinib / Chronic Eosin-  Yes NA 2 OL SAT fda_docs/la-
ophilic  Leuke- bel/2006/021588s01150125013s01450171bl.pdf
mia
aggressive  sys- https://www.accessdata.fda.gov/drugsat-
19.10.2006 Imatinib temic mastocy- Yes NA 2 OL SAT fda_docs/la-
tosis bel/2006/021588s0115012s013s014s0171bl.pdf
https://www.accessdata.fda.gov/drugsat-
19.10.2006 Imatinib MDS Yes NA 2 OL SAT fda_docs/la-
bel/2006/021588s011s0125013s014s50171bl.pdf
https://www.accessdata.fda.gov/drugsat-
19.10.2006 Imatinib ALL Yes NA 2 OL SAT fda_docs/la-
bel/2006/021588s011s0125013s014s50171bl.pdf
08.12.2006  Bortezomib 'Ii"ya;gﬁoma Gl e 00063713 2 OL SAT https://pubmed.ncbi.nim.nih.gov/17001068/
13.03.2007 Lapatinib Breast Cancer No 00078572 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/17192538/
30.05.2007 Temsirolimus RCC Yes 00065468 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/17538086/
19.09.2007  Alemtuzumab CLL/SLL Yes 00046683 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/17984186/
16.10.2007 Ixabepilone Breast Cancer No 00082433 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/20530276/
29.10.2007 Nilotinib CML Yes 00109707 2 OL SAT https://pubmed.nchi.nlm.nih.gov/16775235/
08.11.2007 Dasatinib ALL Yes 00123474 3 OL DRCT https://pubmed.ncbi.nIm.nih.gov/18541900/
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16.11.2007
22.02.2008
20.03.2008
26.09.2008

31.10.2008

19.12.2008
24.12.2008
30.03.2009
05.05.2009
02.07.2009
31.07.2009

03.09.2009

24.09.2009
19.10.2009
26.10.2009
05.11.2009
29.01.2010
16.04.2010
17.06.2010
17.06.2010
28.10.2010
29.10.2010

15.11.2010

25.03.2011
06.04.2011
28.04.2011
05.05.2011
20.05.2011
16.06.2011
17.08.2011

19.08.2011

19.08.2011

26.08.2011
07.11.2011
16.11.2011

18.11.2011
27.01.2012

30.01.2012
08.03.2012

26.04.2012
26.04.2012
06.07.2012

20.07.2012

20.07.2012
06.08.2012
31.08.2012
04.09.2012

27.09.2012

26.10.2012

29.11.2012
10.12.2012
14.12.2012
25.01.2013

08.02.2013

22.02.2013

25.02.2013
14.05.2013

15.05.2013

29.05.2013
29.05.2013
12.07.2013
30.09.2013
01.11.2013

13.11.2013

22.11.2013
08.01.2014
09.01.2014
12.02.2014
17.04.2014
21.04.2014

Sorafenib
Bevacizumab
Bendamustine
Pemetrexed

Bendamustine

Imatinib
Degarelix
Everolimus
Bevacizumab
Pemetrexed
Bevacizumab
Ibritumomab-
Tiuxetan
Pralatrexate
Pazopanib
Ofatumumab
Romidepsin
Lapatinib
Erlotinib
Cabazitaxel
Nilotinib
Dasatinib
Everolimus
Eribulin - Mesyl-
ate

Ipilimumab
Vandetanib
Abiraterone
Everolimus
Sunitinib
Romidepsin
Vemurafenib
Brentuximab ve-
dotin
Brentuximab ve-
dotin

Crizotinib
Cetuximab
Ruxolitinib
Asparaginase Er-
winia  chrysan-
themi

Axitinib
Vismodegib
Aflibercept

Everolimus
Pazopanib
Cetuximab

Carfilzomib

Everolimus
Pertuzumab
Enzalutamide
Bosutinib

Regorafenib

Omacetaxine
mepesuccinate
Cabozantinib
Abiraterone
Ponatinib
Imatinib

Pomalidomide

Trastuzumab
Emtansine
Regorafenib
Erlotinib
Radium Ra 223
dichloride
Trametinib
Dabrafenib
Afatinib
Pertuzumab
Obinutuzumab

Ibrutinib

Sorafenib
Trametinib
Dabrafenib
Ibrutinib
Ofatumumab
Ramucirumab

HCC

Breast Cancer
CLL

NSCLC

indolent B-NHL

GIST

Prostate Cancer
RCC
Glioblastoma
NSCLC

RCC

Follicular Lym-
phoma

pTCL

RCC

CLL

cTCL

Breast Cancer
NSCLC
Prostate Cancer

Breast Cancer

Melanoma
Thyroid Cancer
Prostate Cancer
NET

NET

pTCL
Melanoma
Hodgkin Lym-
phoma

pTCL

NSCLC
HNSCC
Myelofibrosis

ALL

RCC

BCC
Colorectal Can-
cer

Renal Angiomy-
olipoma

STS

Colorectal Can-
cer

Multiple Mye-
loma

Breast Cancer
Breast Cancer
Prostate Cancer
CML
Colorectal Can-
cer

CML

Thyroid Cancer
Prostate Cancer
CML
ALL
Multiple Mye-
loma

Breast Cancer

GIST
NSCLC

Prostate Cancer

Melanoma
Melanoma
NSCLC

Breast Cancer
CLL

Mantle Cell
Lymphoma
Thyroid Cancer
Melanoma
Melanoma
CLL

CLL

Gastric Cancer

Yes
No
Yes
No

Yes

Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
Yes

Yes
Yes

No

Yes
Yes
No

Yes
No

Yes
Yes

Yes

Yes
Yes

Yes
Yes
No

No
No

Yes
Yes
No

Yes
No
No
Yes
No

Yes

Yes
No

Yes
Yes

Yes

No

Yes
No

No

Yes
Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

00105443
00028990
NA

00087711

01570049

00041197
00295750
00410124
00345163
00102804
00738530

NA

00364923
00334282
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00106431
00073528
00556712
00417079
00471497
00481247
00789828

00388726

00094653
00410761
00638690
00510068
00428597
00007345
01006980

00848926

00866047

00585195
00122460
00952289

00537030
00678392

00833417
00561470

00790400
00753688
00154102

00511238

00863655
00567190
00974311
00261846

01103323

00375219

00704730
00887198
01207440
00022737

00833833

00829166

01271712
00446225

00699751

01245062
01227889
00949650
00545688
01010061

01236391

00984282
01072175
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01105247
00748189
00917384
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oL
oL
oL
DB

DB
DB
oL

oL

DB
DB
oL
oL

oL

RCT
RCT
RCT
RCT

SAT
RCT

RCT
SAT

SAT

SAT
RCT
RCT

SAT
RCT
SAT
RCT

RCT
RCT
RCT

SAT
RCT
RCT
SAT
RCT

SAT

RCT
RCT
SAT
SAT

DRCT

RCT

RCT
RCT

RCT
RCT

https://pubmed.ncbi.nlm.nih.gov/18650514/
https://pubmed.ncbi.nlm.nih.gov/18160686/
https://pubmed.ncbi.nlm.nih.gov/19652068/
https://pubmed.ncbi.nlm.nih.gov/18506025/
https://www.accessdata.fda.gov/drugsat-
fda_docs/label/2008/0223031bl.pdf
https://pubmed.ncbi.nlm.nih.gov/19303137/
https://pubmed.ncbi.nlm.nih.gov/19035858/
https://pubmed.ncbi.nlm.nih.gov/18653228/
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Economics of cancer drugs

23.04.2014
29.04.2014
23.05.2014

03.07.2014
23.07.2014

23.07.2014

23.07.2014
28.07.2014
14.08.2014
04.09.2014
10.09.2014

08.10.2014

05.11.2014
14.11.2014
03.12.2014

04.12.2014

12.12.2014
19.12.2014
22.12.2014

29.01.2015

03.02.2015
13.02.2015

23.02.2015

04.03.2015
10.03.2015

24.04.2015
24.07.2015
22.09.2015

30.09.2015
02.10.2015
09.10.2015
23.10.2015

27.10.2015

28.10.2015
10.11.2015
13.11.2015

16.11.2015

20.11.2015

23.11.2015
24.11.2015

30.11.2015

11.12.2015
18.12.2015
19.01.2016

21.01.2016

28.01.2016
19.02.2016
26.02.2016

26.02.2016
02.03.2016
04.03.2016
11.03.2016
11.04.2016
15.04.2016
25.04.2016
06.05.2016
13.05.2016

17.05.2016

17.05.2016

18.05.2016

05.08.2016
31.08.2016
18.10.2016
19.10.2016
24.10.2016
10.11.2016

21.11.2016
06.12.2016

Siltuximab
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Belinostat
Idelalisib

Idelalisib
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Ibrutinib
Bevacizumab
Pembrolizumab
Enzalutamide

Bortezomib

Ramucirumab
Bevacizumab
Blinatumomab

Ruxolitinib
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Olaparib
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Ibrutinib

Palbociclib
Lenvatinib

Panobinostat

Nivolumab
Dinutuximab

Ramucirumab

Sonidegib
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Pembrolizumab
Nivolumab
Trabectedin
Talimogene la-
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Ipilimumab
Cobimetinib
Osimertinib

Daratumumab
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Nivolumab
Necitumumab

Elotuzumab

Alectinib
Pembrolizumab
Ofatumumab

Carfilzomib

Eribulin  Mesyl-
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Palbociclib

Obinutuzumab
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Fulvestrant
Ibrutinib
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Venetoclax
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Pembrolizumab
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Atezolizumab
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Bevacizumab

Castleman's dis-
ease

NSCLC
Colorectal Can-
cer

pTCL

CLL

Follicular Lym-
phoma
CLL/SLL

CLL

Cervical Cancer
Melanoma
Prostate Cancer
Multiple Mye-
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07.02.2018
14.02.2018
16.02.2018
26.02.2018

20.03.2018
29.03.2018

Rucaparib
Ibrutinib

Nivolumab
Ribociclib
Pembrolizumab

Avelumab

Niraparib
Palbociclib

Atezolizumab

Nivolumab

Regorafenib
Brigatinib
Midostaurin

Midostaurin
Durvalumab

Avelumab
Pembrolizumab

Pembrolizumab

Pembrolizumab

Pembrolizumab
Ceritinib
Daratumumab

Trametinib
Dabrafenib

Panitumumab

Copanlisib

Neratinib
Abemaciclib

Nivolumab

Enasidenib
Ibrutinib
Olaparib
Inotuzumab 0zo-
gamicin
Fulvestrant
Tisagenlecleucel
Gemtuzumab
ozogamicin
Gemtuzumab
ozogamicin
Pembrolizumab
Nivolumab
Axicabtagene ci-
loleucel

Acalabrutinib
Alectinib
Vemurafenib

Brentuximab ve-
dotin

Dasatinib
Fulvestrant
Obinutuzumab
Sunitinib
Cabozantinib
Bosutinib
Pertuzumab
Nivolumab
Olaparib
Afatinib

Avrsenic trioxide
Lutetium Lu 177
dotatate
Abiraterone
Apalutamide
Durvalumab
Abemaciclib
Brentuximab ve-
dotin
Blinatumomab
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SAT
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Economics of cancer drugs
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21.12.2018
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14.01.2019
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14.02.2019
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10.05.2019
14.05.2019
15.05.2019
24.05.2019
24.05.2019
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10.06.2019

10.06.2019

Rucaparib
Everolimus
Ipilimumab
Nivolumab
Osimertinib
Trametinib
Dabrafenib
Tisagenlecleucel
Trametinib
Dabrafenib

Daratumumab

Pemetrexed
Venetoclax
Pembrolizumab
Pembrolizumab
Bevacizumab
Encorafenib
Binimetinib
Ipilimumab

Nivolumab

Enzalutamide
Ribociclib
Ivosidenib
Mogamuli-
zumab-kpkc
Lenvatinib
Nivolumab

Ibrutinib

Moxetumomab
pasudotox-tdfk
Duvelisib

Duvelisib

Dacomitinib
Cemiplimab-rwic
Talazoparib
Pembrolizumab
Lorlatinib

Elotuzumab

Pembrolizumab
Brentuximab ve-
dotin
Larotrectinib
Venetoclax
Glasdegib
Gilteritinib
Atezolizumab
Olaparib

Pembrolizumab

Calaspargase
pegol-mknl
Tagraxofusp-erzs

Dasatinib

Pembrolizumab

Cabozantinib
Ibrutinib
Apalutamide
Pembrolizumab
Trifluridine; Ti-
piracil
Atezolizumab
Fulvestrant
Atezolizumab
Pembrolizumab
Erdafitinib
Axitinib
Pembrolizumab
Ivosidenib
Trastuzumab
Emtansine
Ramucirumab
Avelumab
Venetoclax
Ruxolitinib
Alpelisib
Pembrolizumab
Pembrolizumab
Polatuzumab ve-
dotin-piiq

Ovarian Cancer
TSC

RCC

RCC

NSCLC
Melanoma
Melanoma
DLBCL
Thyroid Cancer
Thyroid Cancer
Multiple Mye-
loma

NSCLC
CLL/SLL
Cervical Cancer
PMBCL
Ovarian Cancer
Melanoma
Melanoma
Colorectal Can-
cer

Colorectal Can-
cer

Prostate Cancer
Breast Cancer
AML

cTCL

HCC
SCLC
Morbus
denstrom
Hairy Cell Leu-
kemia
CLL/SLL
Follicular Lym-
phoma

NSCLC

cSCC

Breast Cancer
NSCLC
NSCLC
Multiple
loma
HCC

pTCL

Solid Tumors
AML

AML

AML

NSCLC
Ovarian Cancer
Merkel Cell
Carcinoma

ALL
BPDCN
ALL

Urothelial Can-
cer

HCC
CLL/SLL
Prostate Cancer
Melanoma
metastatic GEJ
cancer

Breast Cancer
Breast Cancer
SCLC

NSCLC
Urothelial Can-
cer

RCC

RCC

AML

Breast Cancer

HCC

RCC
CLL/SLL
GVHD
Breast Cancer
HNSCC
HNSCC

DLBCL

Wal-

Mye-

Yes
Yes
No

No

Yes
Yes
Yes
Yes
Yes
Yes

Yes

No

Yes
No

Yes
Yes
Yes
Yes

No

No

No
No
Yes

Yes

Yes
Yes

Yes

Yes
Yes
Yes
Yes
No

No
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes
No

Yes

Yes

Yes
Yes
Yes

No

Yes
Yes
No

Yes

Yes

No
No
Yes
No

No

No
No
Yes

No

Yes
No

Yes
Yes

No
No

Yes

01968213
01713946
02231749
02231749
02296125
01682083
01682083
02445248
02034110
02034110

02185479

02039674
02005471
02628067
02576990
00262847
01909453
01909453

02060188

02060188

02003924
02422615
02074839

01728805

01761266
01928394

02165397

01829711
02004522
02204982

01774721
02383212
01945775
02578680
01970865

02654132
02702414
01777152

02122913
02203773
01546038
02421939
02366143
01844986

02267603

01574274
02113982
01460160

02625961

01908426
02264574
02489318
02362594

02500043

02425891
02422615
02763579
02220894

02365597

02853331
02853331
02074839

01772472

02435433
02684006
02242942
02953678
02437318
02358031
02358031

02257567

N N WWWRNNEFE W RN N NDNOWFR®W W WwWw w W NDNW W PWW N N WQWWRNRNWN W RPN NWOWWWWWWwWw

= N

N WWWNWWW W FPLWW N WLWWW W WWWwWw N

SAT

RCT
RCT
SAT

RCT

RCT
SAT

RCT

SAT
RCT
SAT
RCT
RCT

RCT
SAT

RCT
SAT
RCT

SAT
NRT
RCT
RCT
RCT
RCT

SAT

RCT
SAT
SAT

SAT

RCT
RCT
RCT
RCT

RCT

RCT
RCT
RCT
RCT

SAT
RCT

https://pubmed.ncbi.nlm.nih.gov/28916367/
https://pubmed.ncbi.nlm.nih.gov/27613521/
https://pubmed.ncbi.nlm.nih.gov/29562145/
https://pubmed.ncbi.nlm.nih.gov/29562145/
https://pubmed.ncbi.nlm.nih.gov/29151359/
https://pubmed.ncbi.nlm.nih.gov/28891408/
https://pubmed.ncbi.nlm.nih.gov/28891408/
https://pubmed.ncbi.nlm.nih.gov/30501490/
https://pubmed.ncbi.nlm.nih.gov/29072975/
https://pubmed.ncbi.nlm.nih.gov/29072975/

https://pubmed.ncbi.nlm.nih.gov/29231133/

https://pubmed.ncbi.nlm.nih.gov/27745820/
https://pubmed.ncbi.nlm.nih.gov/29562156/
https://pubmed.ncbi.nlm.nih.gov/30943124/
https://pubmed.ncbi.nlm.nih.gov/31609651/
https://pubmed.ncbi.nlm.nih.gov/22204724/
https://pubmed.ncbi.nlm.nih.gov/29573941/
https://pubmed.ncbi.nlm.nih.gov/29573941/

https://pubmed.ncbi.nlm.nih.gov/28734759/

https://pubmed.ncbi.nlm.nih.gov/29355075/

https://pubmed.ncbi.nlm.nih.gov/29949494/
https://pubmed.ncbi.nlm.nih.gov/31826360/
https://pubmed.ncbi.nim.nih.gov/29860938/

https://pubmed.ncbi.nlm.nih.gov/30100375/

https://pubmed.ncbi.nim.nih.gov/29433850/
https://pubmed.ncbi.nlm.nih.gov/27269741/

https://pubmed.ncbi.nlm.nih.gov/27956157/

https://pubmed.ncbi.nlm.nih.gov/30030507/

https://pubmed.ncbi.nim.nih.gov/30287523/
https://www.accessdata.fda.gov/drugsat-

fda_docs/label/2018/211155s0001bl.pdf

https://pubmed.ncbi.nim.nih.gov/28958502/
https://pubmed.ncbi.nlm.nih.gov/29863979/
https://pubmed.ncbi.nlm.nih.gov/30110579/
https://pubmed.ncbi.nlm.nih.gov/29658856/
https://pubmed.ncbi.nim.nih.gov/31669155/

https://pubmed.ncbi.nim.nih.gov/30403938/
https://pubmed.ncbi.nim.nih.gov/29875066/
https://pubmed.ncbi.nlm.nih.gov/30522922/

https://pubmed.ncbi.nim.nih.gov/29466156/
https://pubmed.ncbi.nlm.nih.gov/29339097/
https://pubmed.ncbi.nim.nih.gov/30074259/
https://pubmed.ncbi.nlm.nih.gov/31665578/
https://pubmed.ncbi.nlm.nih.gov/29863955/
https://pubmed.ncbi.nlm.nih.gov/30345884/

https://pubmed.ncbi.nlm.nih.gov/30726175/

https://pubmed.ncbi.nlm.nih.gov/33026184/

https://pubmed.ncbi.nlm.nih.gov/31018069/
https://www.accessdata.fda.gov/drugsat-
fda_docs/label/2018/021986s021Ibl.pdf

https://pubmed.ncbi.nlm.nih.gov/34051177/

https://pubmed.ncbi.nlm.nih.gov/29972759/
https://pubmed.ncbi.nlm.nih.gov/30522969/
https://pubmed.ncbi.nim.nih.gov/31150574/
https://pubmed.ncbi.nlm.nih.gov/29658430/

https://pubmed.ncbi.nim.nih.gov/30355453/

https://pubmed.ncbi.nIm.nih.gov/30345906/
https://pubmed.ncbi.nlm.nih.gov/31826360/
https://pubmed.ncbi.nIm.nih.gov/30280641/
https://pubmed.ncbi.nlm.nih.gov/30955977/

https://pubmed.ncbi.nIm.nih.gov/31340094/

https://pubmed.ncbi.nlm.nih.gov/30779529/
https://pubmed.ncbi.nlm.nih.gov/30779529/
https://pubmed.ncbi.nlm.nih.gov/29860938/

https://pubmed.ncbi.nlm.nih.gov/30516102/

https://pubmed.ncbi.nlm.nih.gov/30665869/
https://pubmed.ncbi.nlm.nih.gov/30779531/
https://pubmed.ncbi.nIm.nih.gov/31166681/
https://pubmed.ncbi.nlm.nih.gov/32160294/
https://pubmed.ncbi.nlm.nih.gov/31340094/
https://pubmed.ncbi.nlm.nih.gov/31679945/
https://pubmed.ncbi.nlm.nih.gov/31679945/

https://pubmed.ncbi.nlm.nih.gov/31693429/
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Appendix

17.06.2019 Pembrolizumab ~ SCLC Yes 02054806 1 OL SAT https://pubmed.ncbi.nlm.nih.gov/28813164/
27.06.2019 Daratumumab :\gr‘;';'p'e Mye-  ves 02252172 3 OL RCT https:/pubmed.ncbi.nim.nih.gov/31141632/
03.07.2019  Selinexor rg;‘;‘p'e Mye- e 02336815 2 OL SAT https://pubmed.ncbi.nim.nih. gov/29381435/
30.07.2019  Pembrolizumab (E;Sa%‘;zf:gea' Yes 02564263 3 OL RCT https://pubmed.ncbi.nim.nih.gov/33026938/
30.07.2019 Darolutamide Prostate Cancer  No 02200614 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/30763142/
02.08.2019  Pexidartinib Giant cell tumor  Yes 02371369 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31229240/
15.08.2019 Entrectinib NSCLC Yes 02568267 1 OL SAT https://pubmed.ncbi.nlm.nih.gov/31838015/
16.08.2019 Fedratinib Myelofibrosis Yes 01437787 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/26181658/
17.09.2019  Lenvatinib E’;‘r’é’l'g‘gf' No 02501096 2 OL  SAT https://pubmed.ncbi.nim.nih.gov/30922731/
17.09.2019  Pembrolizumab Eg‘r’;m:;a' No 02501096 2 OL  SAT https:/pubmed.ncbi.nim.nih.gov/30922731/
26.09.2019  Daratumumab I'\é'r‘T‘]';'p'e Mye-  ves 02541383 3 OL RCT https://pubmed.ncbi.nim.nih.gov/31171419/
23.10.2019 Niraparib Ovarian Cancer  Yes 02354586 2 OL SAT https://pubmed.ncbi.nIm.nih.gov/30948273/
Mantle Cell https://ashpublications.org/blood/article/132/Sup-
14.11.2019 Zanubrutinib Yes 03206970 2 OL SAT plement%201/148/273151/Safety-and-Activity-of-
Lymphoma -
the-Investigational-Bruton
21.11.2019 Acalabrutinib CLL Yes 02475681 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32305093/
03.12.2019 Atezolizumab NSCLC No 02367781 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/31122901/
16.12.2019 Enzalutamide Prostate Cancer  No 02677896 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31329516/
18.12.2019 Enfortumab ve-  Urothelial Can- 03219333 2 OL  SAT https://pubmed.ncbi.nim.nih.gov/31356140/
dotin-ejfv cer
20122019 Fam-rastuzumab g oo concer  No 03248492 2 OL  SAT https:/pubmed.ncbi.nim.nih.gov/31825192/
deruxtecan-nxKki
27.12.2019  Olaparib Eear”“ea“c Can- ves 02184195 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31157963/
09.01.2020  Avapritinib GIST Yes 02508532 1 OL SAT https://pubmed.ncbi.nlm.nih.gov/32615108/
23012020 Tazemetostat POl SAT vy 02601950 2 OL SAT https://pubmed.ncbi.nim.nih.gov/33035459/
25.02.2020 Neratinib Breast Cancer No 01808573 3 OL RCT https://pubmed.ncbi.nim.nih.gov/32678716/
02.03.2020  Isatuximab-irfc I"(’)'#]';'p'e MYe- ves 02990338 3 OL RCT https://pubmed.ncbi.nim.nih.gov/31735560/
10.03.2020 Ipilimumab HCC Yes 01658878 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/33001135/
10.03.2020  Nivolumab HCC Yes 01658878 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/33001135/
27.03.2020 Durvalumab SCLC Yes 03043872 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/31590988/
08.04.2020 Encorafenib cce‘;'ore“a' can- No 02928224 3 OL RCT https://pubmed.ncbi.nim.nih.gov/31566309/
10.04.2020  Selumetinib t’\(';:’f'b'oma' Yes 01362803 2 OL  SAT https://pubmed.ncbi.nlm.nih.gov/32187457/
17.04.2020 Tucatinib Breast Cancer Yes 02614794 2 DB RCT https://pubmed.ncbi.nlm.nih.gov/31825569/
17.04.2020 Pemigatinib cholangiocarcl-  yes 02024376 2 OL  SAT https://pubmed.ncbi.nlm.nih.gov/32203698/
21.04.2020 Ibrutinib CLL Yes 02048813 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/31365801/
22.04.2020 ng/:‘t‘eji;m’ly Breast Cancer  No 01631552 2 OL  SAT https://pubmed.ncbi.nlm.nih.gov/30786188/
29.04.2020 Niraparib Ovarian Cancer  Yes 02655016 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31562799/
06.05.2020 Capmatinib NSCLC Yes 02414139 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32877583/
08.05.2020 Olaparib Ovarian Cancer  Yes 02477644 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31851799/
08.05.2020  Selpercatinib NSCLC Yes 03157128 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32846060/
08052020 Selpercatinib oy ey TV yes 03157128 2 OL  SAT https://pubmed. ncbi.nlm.nih.gov/32846060/
08.05.2020  Selpercatinib Thyroid Cancer  Yes 03157128 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32846060/
14.05.2020 Pomalidomide Kaposi Sarcoma  Yes 01495598 2 OL SAT https://pubmed.nchi.nlm.nih.gov/27863194/
15.05.2020 Rucaparib Prostate Cancer  No 02952534 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32795228/
15.05.2020 Ipilimumab NSCLC No 02477826 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/29658845/
15.05.2020  Nivolumab NSCLC No 02477826 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/29658845/
15.05.2020 Ripretinib GIST Yes 03353753 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/32511981/
18.05.2020 Atezolizumab NSCLC No 02409342 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32997907/
19.05.2020 Olaparib Prostate Cancer  No 02987543 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32343890/
22.05.2020 Brigatinib NSCLC Yes 02737501 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/30280657/
26.05.2020 Ipilimumab NSCLC No 03215706 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/33476593/
26.05.2020 Nivolumab NSCLC No 03215706 3 OL RCT https://pubmed.ncbi.nIm.nih.gov/33476593/
29.05.2020 Ramucirumab NSCLC No 02411448 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/31591063/
29.05.2020 Atezolizumab HCC Yes 03434379 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32402160/
29.05.2020 Bevacizumab HCC Yes 03434379 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32402160/
04.06.2020  Axitinib RCC No 02684006 3 OL RCT https://pubmed.nchi.nlm.nih.gov/30779531/
10.06.2020  Nivolumab Ez?]rézfgeal Yes 02569242 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/31582355/
16.06.2020 Pembrolizumab ~ TMB-H Cancer No 02628067 2 OL SAT https://pubmed.ncbi.nIm.nih.gov/32919526/
18.06.2020 Tazemetostat ;ﬁ(')'r'g:'a’ LYm- yes 01897571 2 OL  SAT https://pubmed.ncbi.nim.nih.gov/33035457/
18.06.2020 Tazemetostat ;ﬁ(')'r'ﬁ:'a’ LYm- yes 01897571 2 OL  SAT https://pubmed.ncbi.nim.nih.gov/33035457/
22.06.2020 Selinexor DLBCL Yes 02227251 2 OL SAT https://pubmed.nchi.nlm.nih.gov/32589977/
24.06.2020 Pembrolizumab  sSCC No 03284424 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32673170/
25.06.2020 Lurbinectedin SCLC Yes 02454972 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32224306/
29.06.2020 Pembrolizumab fe"r'ore‘:ta' Can- no 02563002 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/33264544/
30.06.2020 Avelumab UIGREE G oy 02603432 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32945632/

cer

07.07.2020 Decitabine and -, ¢ Yes 02103478 3 OL  SAT https://pubmed.ncbi.nim.nih.gov/30926081/
Cedazuridine

Brexucabtagene  Mantle Cell

MU AL autoleucel Lymphoma

Yes 02601313 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/32242358/
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Economics of cancer drugs

30.07.2020
31.07.2020

05.08.2020

20.08.2020

01.09.2020
04.09.2020

02.10.2020

02.10.2020

14.10.2020
13.11.2020
25.11.2020

01.12.2020
01.12.2020
16.12.2020

18.12.2020
18.12.2020

18.12.2020

18.12.2020
14.01.2021
22.01.2021
22.01.2021
03.02.2021

05.02.2021

05.02.2021

05.02.2021

09.02.2021
09.02.2021

15.02.2021
22.02.2021
26.02.2021
03.03.2021
05.03.2021
10.03.2021
22.03.2021

26.03.2021

31.03.2021

13.04.2021

16.04.2021

22.04.2021

23.04.2021
05.05.2021
20.05.2021

21.05.2021

16.06.2021

30.06.2021

06.07.2021
09.07.2021

26.07.2021
10.08.2021
10.08.2021
13.08.2021

17.08.2021

19.08.2021

25.08.2021
25.08.2021

Atezolizumab
Tafasitamab-cxix
Belantamab
mafodotin-blmf

Carfilzomib

Azacitidine
Pralsetinib

Ipilimumab
Nivolumab

Pembrolizumab
Pembrolizumab
Naxitamab-gqgk

Pralsetinib

Pralsetinib
Margetuximab-
cmkb
Osimertinib
Ponatinib

Selinexor

Relugolix
Crizotinib
Cabozantinib
Nivolumab
Tepotinib

Umbralisib

Umbralisib

Lisocabtagene
maraleucel
Cemiplimab-rwic
Cemiplimab-rwic
Fam-trastuzumab
deruxtecan-nxKki
Cemiplimab-rwic
Melphalan
flufenamide
Lorlatinib
Axicabtagene ci-
loleucel
Tivozanib

Pembrolizumab

Idecabtagene
vicleucel

Isatuximab-irfc

Sacituzumab
govitecan-hziy

Nivolumab

Dostarlimab-gxly

Loncastuximab
tesirine-Ipyl
Pembrolizumab

Nivolumab

Amivantamab-
vmjw

Avapritinib

Asparaginase er-
winia  chrysan-
themi  (recombi-
nant)-rywn
Pembrolizumab
Enfortumab  ve-
dotin-ejfv
Pembrolizumab
Lenvatinib
Pembrolizumab
Belzutifan

Dostarlimab-gxly
Nivolumab

Ivosidenib
Sotorasib

Melanoma
DLBCL
Multiple
loma
Multiple
loma
AML
NSCLC
Pleura Mesothe-
lioma

Pleura Mesothe-
lioma

Hodgkin Lym-
phoma

Breast Cancer

Mye-

Mye-

Neuroblastoma

Medullary Thy-
roid Cancer
Thyroid Cancer

Breast Cancer

NSCLC
CML
Multiple
loma
Prostate Cancer
ALCL

RCC

RCC

NSCLC
Marginal  cell
lymphoma
Follicular Lym-
phoma
Large
lymphoma
BCC
BCC

Gastric Cancer

NSCLC
Multiple
loma
NSCLC
Follicular Lym-
phoma
RCC
Esophageal
Cancer
Multiple
loma
Multiple
loma
Urothelial Can-
cer

metastatic GEJ
cancer
Endometrial
Carcinoma

DLBCL

Gastric Cancer
Esophageal
Cancer

NSCLC

Advanced Sys-
temic Mastocy-
tosis

Mye-

B-cell

Mye-

Mye-

Mye-

ALL

cSCC

Urothelial Can-
cer

Breast Cancer
RCC

RCC

VHL disease

Solid Tumors

Urothelial Can-
cer
Cholangiocarci-
noma

NSCLC

Yes
Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes
No
Yes

Yes
Yes
No

Yes
Yes

Yes

No
Yes
No
No
Yes

Yes

Yes

Yes

No
No

Yes
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Yes
Yes
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No
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Yes

Yes

No

No
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Yes
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No
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No
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No

No
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02908672
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03037385
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02899299
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RCT
SAT

DRCT

RCT

RCT
NRT

RCT

RCT

RCT
RCT
SAT

NRT
NRT
RCT

RCT
SAT

RCT
RCT
RCT

RCT
SAT

SAT

SAT

SAT

SAT
SAT

RCT
RCT
SAT
RCT
SAT
RCT
RCT

SAT

RCT

SAT

RCT

SAT

SAT
RCT
RCT

SAT

SAT

SAT

SAT
SAT

RCT
RCT
RCT
SAT

SAT

RCT

RCT
SAT

https://pubmed.ncbi.nlm.nih.gov/32534646/
https://pubmed.ncbi.nlm.nih.gov/32511983/

https://pubmed.ncbi.nim.nih.gov/31859245/

https://pubmed.ncbi.nlm.nih.gov/32682484/

https://pubmed.ncbi.nlm.nih.gov/33369355/
https://pubmed.ncbi.nlm.nih.gov/34118197/

https://pubmed.ncbi.nlm.nih.gov/33485464/
https://pubmed.ncbi.nlm.nih.gov/33485464/

https://pubmed.ncbi.nlm.nih.gov/33721562/
https://pubmed.ncbi.nlm.nih.gov/33278935/

https://ascopubs.org/doi/abs/10.1200/JC0.2021.39.

15_suppl.10022

https://pubmed.ncbi.nlm.nih.gov/34118197/
https://pubmed.ncbi.nIm.nih.gov/34118198/
https://pubmed.ncbi.nlm.nih.gov/33480963/

https://pubmed.ncbi.nlm.nih.gov/32955177/
https://pubmed.ncbi.nlm.nih.gov/34407543/

https://pubmed.ncbi.nim.nih.gov/33189178/

https://pubmed.ncbi.nlm.nih.gov/32469183/
https://pubmed.ncbi.nim.nih.gov/23598171/
https://pubmed.ncbi.nlm.nih.gov/33657295/
https://pubmed.ncbi.nlm.nih.gov/33657295/
https://pubmed.ncbi.nim.nih.gov/32469185/

https://pubmed.ncbi.nim.nih.gov/33683917/
https://pubmed.ncbi.nlm.nih.gov/33683917/

https://pubmed.ncbi.nim.nih.gov/32888407/

https://pubmed.ncbi.nlm.nih.gov/34000246/
https://pubmed.ncbi.nim.nih.gov/34000246/

https://pubmed.ncbi.nlm.nih.gov/32469182/
https://pubmed.ncbi.nim.nih.gov/33581821/
https://pubmed.ncbi.nim.nih.gov/33296242/
https://pubmed.ncbi.nim.nih.gov/33207094/
https://pubmed.ncbi.nlm.nih.gov/34895487/
https://pubmed.ncbi.nlm.nih.gov/31810797/
https://pubmed.ncbi.nim.nih.gov/34454674/

https://pubmed.ncbi.nlm.nih.gov/33626253/
https://pubmed.ncbi.nlm.nih.gov/34097854/
https://pubmed.ncbi.nIm.nih.gov/33929895/
https://pubmed.ncbi.nIm.nih.gov/34102137/
https://pubmed.ncbi.nim.nih.gov/33001143/

https://pubmed.ncbi.nlm.nih.gov/33989558/
https://pubmed.ncbi.nlm.nih.gov/34912120/
https://pubmed.ncbi.nlm.nih.gov/33789008/

https://pubmed.ncbi.nim.nih.gov/34339292/

https://pubmed.ncbi.nIm.nih.gov/34873347/

https://www.accessdata.fda.gov/drugsat-
fda_docs/label/2021/761179s0001bledt.pdf
https://pubmed.ncbi.nlm.nih.gov/32673170/
https://pubmed.ncbi.nlm.nih.gov/31356140/

https://pubmed.ncbi.nlm.nih.gov/32101663/
https://pubmed.ncbi.nIm.nih.gov/33616314/
https://pubmed.ncbi.nlm.nih.gov/33616314/
https://pubmed.ncbi.nlm.nih.gov/34818478/
https://www.accessdata.fda.gov/drugsat-
fda_docs/label/2020/761223s000Ibl.pdf

https://pubmed.ncbi.nlm.nih.gov/34437799/

https://pubmed.ncbi.nlm.nih.gov/32416072/
https://pubmed.ncbi.nlm.nih.gov/34096690/
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Cholangiocarci-

25.08.2021 Infigratinib TR Yes 02150967 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/29182496/
31.08.2021 Zanubrutinib Morbq_s Wal- Yes 03053440 3 oL RCT https://ascopubs.org/doi/10.1200/JC0.2020.38.15_
denstrom suppl.8007
14.09.2021  Zanubrutinib I";;’gﬁgﬂa cell ves 03846427 2 OL  SAT https:/pubmed.ncbi.nim.nih.gov/34526366/
15.09.2021 Mobocertinib NSCLC Yes 02716116 2 OL SAT https://pubmed.ncbi.nlm.nih.gov/34647988/
17.09.2021 Cabozantinib Thyroid Cancer  Yes 03690388 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/34237250/
20.09.2021 dT(')St?r:“tmb Ve Cervical Cancer  No 03438396 2 OL  SAT https:/pubmed.ncbi.nim.nih.gov/33845034/
22.09.2021 Ruxolitinib GVHD Yes 03112603 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/34260836/
24.09.2021 Cetuximab Cce"r'ore“a' Can o 02928224 3 OL RCT https://pubmed.ncbi.nim.nih.gov/31566309/
01.10.2021 aBJf;‘I‘e‘Eite’:age”e ALL Yes 02614066 2 OL  SAT https:/pubmed.ncbi.nim.nih.gov/34097852/
12.10.2021 Abemaciclib Breast Cancer No 03155997 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/32954927/
13.10.2021 Pembrolizumab Cervical Cancer No 03635567 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/34534429/
15.10.2021 Atezolizumab NSCLC No 02486718 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/34555333/
29.10.2021  Asciminib CML Yes 03106779 3 OL RCT https://pubmed.ncbi.nlm.nih.gov/34407542/
29.10.2021  Asciminib CML Yes 02081378 1 OL SAT https://pubmed.ncbi.nlm.nih.gov/31826340/
Reesiierimn  Faleiienta https://ashpublications.org/blood/article/132/Sup-
12.11.2021 peginte yeyt Yes 01193699 2 OL SAT plement%201/3030/263686/Long-Term-Efficacy-
alfa-2b-njft Vera .
and-Safety-of-Ropeginterferon
17.11.2021 Pembrolizumab RCC No 03142334 3 DB RCT https://pubmed.ncbi.nlm.nih.gov/34407342/
30.11.2021 Carfilzomib I'\é'r‘:]';'p'e MY ves 03412565 2 OL  SAT https://pubmed.ncbi.nim.nih.gov/33216361/
03.12.2021 Pembrolizumab Melanoma Yes 03553836 DB RCT https://pubmed.ncbi.nlm.nih.gov/35367007/

Table 55: Overview of included indications and cllnlcal trials, 2000-2022
Notes: NCT identifiers were not available for most clinical trials that were initiated before 2005.
Abbreviations: DB, double blind; dRCT, dose-comparison randomized trial; FDA, US Food and Drug Admin-

istration; NA, not applicable; NRT, non-randomized trial; OL, open-label; RCT, randomized controlled trial; SAT,
single-arm trial.
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Economics of cancer drugs

Drug Indication Hazard Ratio (95% Cl) Weight (%)
Treatment Line Disease Orphan Overall Survival
Daratumumab Istline Multiple Myeloma Yes _— 0.36 (0.21-0.62) 0.47
Idelalisib 2nd line CLL Yes - - - 0.37(0.14-0.98) 0.14
Sunitinib 1stline NET No < 0.41(0.19-0.89) 0.20
Polatuzumab vedotin-piiq >3rd line DLBCL Yes —_— 0.42 (0.24-0.75) 0.34
Vemurafenib 1st line Melanoma Yes —_— 0.44 (0.33-0.59) 0.84
Ibrutinib 1st line CLL Yes . - 0.46 (0.2-1.07) 0.13
Glasdegib 1st line AML Yes —_— 0.46 (0.3-0.71) 0.47
Pembrolizumab 1stline NSCLC No —_— 0.49 (0.38-0.64) 0.84
Sunitinib 2nd line GIST No —_— 0.49 (0.29-0.83) 0.30
Eribulin Mesylate 2nd line Liposarcoma Yes —_— 0.51(0.35-0.75) 0.49
Olaratumab st line STS Yes _— 0.52 (0.34-0.79) 0.41
Lutetium Lu 177 dotatate 1st line NET Yes —_— 0.52(0.32-0.84) 0.32
Axitinib Istline RCC No —_— 0.53(0.38-0.74) 0.57
Pembrolizumab 1st line RCC No —_— 0.53 (0.38-0.74) 0.57
Trametinib 1st line Melanoma Yes —_— 0.56 (0.33-0.95) 0.24
Dabrafenib 1stline Melanoma Yes —_— 0.57 (0.42-0.79) 0.55
Bortezomib 2nd line Multiple Myeloma Yes _— 0.57 (0.4-0.81) 0.47
Dinutuximab 2nd line Neuroblastoma Yes —_— 0.58 (0.37-0.91) 0.31
Atezolizumab st line HCC Yes _— 0.58 (0.42-0.79) 0.55
Azacitidine 1st line MDS Yes —_— 0.58 (0.43-0.77) 0.61
Bevacizumab 1stline HCC Yes — 0.58 (0.42-0.79) 0.55
Atezolizumab 1st line NSCLC No —_— 0.59 (0.4-0.89) 0.36
Nivolumab 2nd line NSCLC No —_— 0.59 (0.44-0.79) 0.59
Fam-trastuzumab deruxtecan-nxki st line Gastric Cancer Yes _— 0.59 (0.39-0.88) 0.36
Cabozantinib 1st line RCC No —_— 0.6 (0.4-0.89) 0.36
Pembrolizumab 1stline NSCLC No — 0.6 (0.41-0.89) 0.37
Acalabrutinib Istline CLL Yes 0.6 (0.28-1.27) 0.10
Encorafenib 2nd line Colorectal Cancer No —_— 0.6 (0.45-0.79) 0.61
Nivolumab 1stline RCC No —_— 0.6 (0.4-0.89) 0.36
Cetuximab 2nd line Colorectal Cancer No —_— 0.6 (0.45-0.79) 0.61
Encorafenib 1st line Melanoma Yes —_— 0.61 (0.47-0.79) 0.66
Elotuzumab >3rd line Multiple Myeloma Yes 0.62 (0.3-1.28) 0.11
Enzalutamide 2nd line Prostate Cancer No —a— 0.62 (0.52-0.73) 1.03
Obinutuzumab 2nd line Follicular Lymphoma  Yes 0.62 (0.39-0.98) 0.26
Atezolizumab 1stline Breast Cancer No _— 0.62 (0.45-0.86) 0.47
Abiraterone 1st line Prostate Cancer No —_— 0.62 (0.51-0.76) 0.89
Cobimetinib 1stline Melanoma Yes —_— 0.63 (0.47-0.85) 0.53
Regorafenib 2nd line HCC Yes —_— 0.63 (0.5-0.79) 0.75
Ipilimumab 1st line RCC No —_— 0.63 (0.44-0.89) 0.41
Nivolumab 1stline RCC No —_— 0.63 (0.44-0.89) 0.41
Pembrolizumab 2nd line Esophageal Cancer Yes —_— 0.64 (0.46-0.9) 0.42
Pembrolizumab 1stline Cervical Cancer No — 0.64 (0.5-0.81) 0.69
Gilteritinib 2nd line AML Yes — 0.64 (0.49-0.83) 0.61
Everolimus 1st line NET Yes 0.64 (0.4-1.05) 0.22
Pertuzumab 1stline Breast Cancer No —_— 0.64 (0.47-0.88) 0.48
Bortezomib st line Multiple Myeloma Yes _—— 0.65 (0.51-0.84) 0.64
Daratumumab 1st line Multiple Myeloma Yes —_— 0.65 (0.53-0.8) 0.81
Lenvatinib Istline RCC No —_—— 0.66 (0.49-0.88) 0.51
Cabozantinib 2nd line RCC No — 0.66 (0.53-0.83) 0.72
Ipilimumab 1stline Melanoma Yes —_— 0.66 (0.51-0.87) 0.57
Brentuximab vedotin 1st line pTCL Yes —_— 0.66 (0.46-0.95) 0.36
Pembrolizumab 1st line RCC No —_— 0.66 (0.49-0.88) 0.51
Bevacizumab 1stline Colorectal Cancer No —_— 0.66 (0.54-0.81) 0.81
Daratumumab st line Multiple Myeloma Yes _—— 0.66 (0.5-0.87) 0.55
Daratumumab 1st line Multiple Myeloma Yes -»> 0.66 (0.22-2.03) 0.03
Lenvatinib 2nd line RCC No - 0.67 (0.42-1.08) 0.22
Dabrafenib 1st line Melanoma Yes & 0.67 (0.28-1.58) 0.06
Apalutamide 1st line Prostate Cancer No — 0.67 (0.51-0.89) 0.53
Trifluridine; Tipiracil 2nd line Colorectal Cancer No —— 0.68 (0.58-0.81) 0.95
Obinutuzumab 1st line CLL Yes & 0.68 (0.29-1.6) 0.06
Cemiplimab-rwlc 1st line NSCLC No —— 0.68 (0.53-0.87) 0.61
Trastuzumab Emtansine 2nd line Breast Cancer No — 0.68 (0.55-0.85) 0.71
Daratumumab 1st line Multiple Myeloma Yes & 0.69 (0.46-1.02) 0.29
Trifluridine; Tipiracil >3rd line metastatic GEJ cancer  Yes —— 0.69 (0.56-0.85) 0.75
Ipilimumab 1st line NSCLC No — 0.69 (0.55-0.87) 0.66
Avelumab 1stline Urothelial Cancer No —— 0.69 (0.56-0.86) 0.72
Sorafenib Istline HCC Yes —— 0.69 (0.55-0.87) 0.66
Nivolumab 1stline NSCLC No —— 0.69 (0.55-0.87) 0.66
Azacitidine 2nd line AML Yes —— 0.69 (0.55-0.86) 0.69
Darolutamide 1Istline Prostate Cancer No = 0.69 (0.53-0.88) 0.59
Radium Ra 223 dichloride 1st line Prostate Cancer No —— 0.7 (0.58-0.83) 0.87
Cabazitaxel 2nd line Prostate Cancer No —— 0.7 (0.59-0.83) 0.91
Trastuzumab Emtansine 2nd line Breast Cancer No & 0.7 (0.47-1.05) 0.27
Atezolizumab 1stline SCLC Yes — 0.7 (0.54-0.91) 0.55
Niraparib Istline Ovarian Cancer Yes 0.7 (0.44-1.11) 0.21
Apalutamide 1st line Prostate Cancer No = 0.7 (0.48-1.04) 0.29
Nivolumab st line HNSCC No — 0.7 (0.53-0.92) 0.51
Elotuzumab 2nd line Multiple Myeloma Yes — 0.71(0.54-0.93) 0.51
Enzalutamide 1st line Prostate Cancer No —— 0.71(0.6-0.84) 0.91
Ramucirumab 2nd line HCC Yes —_— 0.71(0.53-0.95) 0.45
Bevacizumab 1st line Cervical Cancer No —_—l 0.71 (0.54-0.95) 0.47
Ipilimumab 1stline Melanoma Yes — 0.72 (0.58-0.88) 0.72
Ribociclib 1stline Breast Cancer No —— 0.72 (0.57-0.92) 0.59
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Appendix

Lorlatinib
Sorafenib
Daratumumab
Erlotinib
Lenvatinib
Brentuximab vedotin
Pembrolizumab
Pembrolizumab
Durvalumab
Pazopanib
Temsirolimus
Nivolumab
Nivolumab
Abiraterone
Ipilimumab
Lapatinib
Nivolumab
Cetuximab
Dacomitinib
Carfilzomib
Inotuzumab ozogamicin
Abemaciclib
Daratumumab
Cabozantinib
Talazoparib
Pemetrexed
Regorafenib
Regorafenib
Atezolizumab
Pembrolizumab
Midostaurin
Panitumumab
Nivolumab
Ramucirumab
Atezolizumab
Pembrolizumab
Ofatumumab
Lapatinib
Ipilimumab
Carfilzomib
Atezolizumab
Ivosidenib
Nivolumab
Pemetrexed
Bevacizumab
Daratumumab
Abiraterone
Axitinib
Avelumab
Cabozantinib
Enzalutamide
Atezolizumab
Nivolumab
Cetuximab
Cetuximab
Enzalutamide
Eribulin Mesylate
Afatinib
Ramucirumab
Pembrolizumab
Aflibercept
Erlotinib
Erlotinib
Daratumumab
Palbociclib
Everolimus
Cabozantinib
Ramucirumab
Panitumumab
Necitumumab
Pemetrexed
Bevacizumab
Selinexor
Olaparib
Ramucirumab
Atezolizumab
Ofatumumab
Ramucirumab
Bevacizumab
Daratumumab
Panobinostat
Ixazomib
Pazopanib
Bevacizumab
Daratumumab

1stline
st line
Istline
2nd line
2nd line
1stline
2nd line
st line
1stline
Istline
Istline
2nd line
2nd line
2nd line
1stline
Istline
1stline
2nd line
Istline
2nd line
2nd line
2nd line
1stline
2nd line
1stline
Istline
>3rd line
2nd line
2nd line
1Istline
1stline
Istline
2nd line
2nd line
Istline
1stline
2nd line
2nd line
1stline
2nd line
2nd line
2nd line
Istline
2nd line
Istline
1Istline
1stline
Istline
1stline
Istline
Istline
1stline
2nd line
2nd line
1stline
Istline
>3rd line
2nd line
2nd line
1stline
2nd line
1Istline
2nd line
Istline
1stline
2nd line
2nd line
st line
Istline
Istline
1stline
2nd line
2nd line
23rd line
2nd line
1stline
>3rd line
2nd line
1stline
Istline
>3rd line
2nd line
2nd line
1stline
Istline

NSCLC
RCC
Multiple Myeloma
NSCLC
Thyroid Cancer
Hodgkin Lymphoma
Urothelial Cancer
Esophageal Cancer
SCLC
RCC
RCC
NSCLC
RCC
Prostate Cancer
Pleura Mesothelioma
Breast Cancer
Pleura Mesothelioma
HNSCC
NSCLC
Multiple Myeloma
ALL
Breast Cancer
Multiple Myeloma
HCC
Breast Cancer
Pleura Mesothelioma
Colorectal Cancer
GIST
NSCLC
HNSCC
AML
Colorectal Cancer
Esophageal Cancer
Gastric Cancer
NSCLC
HNSCC
CLL
Breast Cancer
NSCLC
Multiple Myeloma
NSCLC
Cholangiocarcinoma
NSCLC
NSCLC
NSCLC
Multiple Myeloma
Prostate Cancer
RCC
RCC
RCC
Prostate Cancer
NSCLC
metastatic GEJ cancer
HNSCC
Colorectal Cancer
Prostate Cancer
Breast Cancer
SCLC
Gastric Cancer
NSCLC
Colorectal Cancer
Pancreatic Cancer
NSCLC
Multiple Myeloma
Breast Cancer
RCC
Thyroid Cancer
NSCLC
Colorectal Cancer
NSCLC
NSCLC
Ovarian Cancer
Multiple Myeloma
Ovarian Cancer
Colorectal Cancer
Melanoma
CLL
NSCLC
RCC
Multiple Myeloma
Multiple Myeloma
Multiple Myeloma
STS
Breast Cancer
Multiple Myeloma

0.72 (0.41-1.25)
0.72 (0.55-0.95)
0.72 (0.57-0.92)
0.73 (0.61-0.86)
0.73 (0.5-1.07)
0.73 (0.6-0.98)
0.73 (0.59-0.91)
0.73 (0.62-0.86)
0.73 (0.59-0.91)
0.73 (0.53-1)
0.73 (0.58-0.92)
0.73 (0.6-0.89)
0.73 (0.6-0.89)
0.74 (0.64-0.86)
0.74 (0.61-0.89)
0.74 (0.5-1.1)
0.74 (0.61-0.89)
0.74 (0.57-0.97)
0.75 (0.59-0.95)
0.75 (0.49-1.13)
0.75 (0.57-0.99)
0.76 (0.61-0.95)
0.76 (0.61-0.95)
0.76 (0.63-0.92)
0.76 (0.55-1.06)
0.7 (0.61-0.96)
0.77 (0.64-0.94)
0.77 (0.42-1.41)
0.77 (0.51-1.17)
0.77 (0.63-0.93)
0.77 (0.63-0.95)
0.77 (0.64-0.94)
0.77 (0.62-0.96)
0.78 (0.6-1)
0.78 (0.64-0.96)
0.78 (0.64-0.96)
0.78 (0.56-1.09)
0.78 (0.55-1.12)
0.79 (0.67-0.94)
0.79 (0.67-0.95)
0.79 (0.69-0.91)
0.79 (0.56-1.12)
0.79 (0.67-0.94)
0.79 (0.65-0.95)
0.79 (0.68-0.94)
0.79 (0.62-1)
0.79 (0.66-0.96)
0.8 (0.62-1.03)
0.8 (0.62-1.03)
0.8(0.53-1.21)
0.8 (0.58-1.09)
0.8 (0.64-0.99)
0.8(0.71-0.9)
0.8 (0.64-0.98)
0.8 (0.67-0.94)
0.81 (0.53-1.25)
0.81 (0.68-0.96)
0.81 (0.69-0.95)
0.81 (0.68-0.96)
0.81(0.71-0.93)
0.81(0.71-0.93)
0.81 (0.68-0.97)
0.81 (0.7-0.95)
0.81 (0.6-1.09)
0.81 (0.49-1.35)
0.82 (0.57-1.17)
0.83 (0.6-1.14)
0.83 (0.53-1.3)
0.83 (0.7-0.98)
0.84 (0.74-0.96)
0.84 (0.74-0.96)
0.84 (0.69-1.01)
0.84 (0.57-1.23)
0.85 (0.48-1.51)
0.85 (0.73-0.98)
0.85 (0.64-1.11)
0.85 (0.52-1.37)
0.86 (0.75-0.98)
0.86 (0.72-1.04)
0.86 (0.68-1.08)
0.87 (0.69-1.1)
0.87 (0.64-1.18)
0.87 (0.67-1.12)
0.87 (0.72-1.05)
0.87 (0.63-1.22)

0.14
0.49
0.59
0.88
0.28
0.53
0.66
0.91
0.66
0.38
0.61
0.75
0.75
0.99
0.78
0.26
0.78
0.49
0.58
0.23
0.45
0.61
0.61
0.75
0.34
0.59
0.72
0.10
0.22
0.72
0.65
0.72
0.61
0.50
0.66
0.66
0.31
0.28
0.81
0.78
0.99
0.29
0.81
0.72
0.84
0.53
0.71
0.47
0.47
0.21
0.34
0.59
1.12
0.61
0.81
0.19
0.78
0.84
0.78
0.99
0.99
0.75
0.88
0.36
0.14
0.26
0.30
0.16
0.78
0.99
0.99
0.66
0.22
0.10
0.88
0.38
0.14
0.95
0.66
0.49
0.47
0.31
0.41
0.64
0.27
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Afatinib 1stline NSCLC Yes

Neratinib 23rd line Breast Cancer No =
Pertuzumab Istline Breast Cancer No o
Everolimus 2nd line Breast Cancer No

Bevacizumab >3rd line Ovarian Cancer Yes i
Bevacizumab 1stline Ovarian Cancer Yes ——
Daratumumab 1stline Multiple Myeloma Yes o
Vandetanib 1stline Thyroid Cancer Yes =
Olaparib 2nd line Breast Cancer No

Ixabepilone 2nd line Breast Cancer No ——
Ofatumumab Istline CLL Yes

Lenvatinib 1stline HCC Yes —
Sorafenib Istline Thyroid Cancer Yes

Trabectedin 2nd line STS Yes

Mogamulizumab-kpkc 2nd line cTCL Yes &
Erlotinib Istline NSCLC No

Bendamustine 1stline CLL Yes >
Axitinib 2nd line RCC No ——
Daratumumab 1stline Multiple Myeloma Yes

Panitumumab 2nd line Colorectal Cancer No ——
Pemetrexed 2nd line NSCLC No ——
Daratumumab 1stline Multiple Myeloma Yes ——
Sunitinib 1stline RCC No

Everolimus Istline NET Yes

Brentuximab vedotin 2nd line Hodgkin Lymphoma Yes

Overall

Test for Overall Effect Size = 0: z=87.792, p<.001

Tests for Heterogeneity: 12=31.7% (95% Cl: 15.2-43.7), Q=281.01 (p<.001), tau?=0.0039

Intervention
better

Control
better

2.0

0.88 (0.66-1.17)
0.88 (0.72-1.07)
0.89 (0.66-1.21)
0.89 (0.73-1.1)
0.89 (0.69-1.14)
0.89 (0.76-1.05)
0.89 (0.69-1.13)
0.89 (0.49-1.63)
0.9 (0.66-1.23)
0.9 (0.77-1.05)
0.91 (0.51-1.43)
0.92 (0.79-1.06)
0.92 (0.71-1.21)
0.93 (0.75-1.15)
0.93 (0.61-1.43)
0.93 (0.64-1.35)
0.97 (0.47-2.01)
0.97 (0.8-1.17)
0.97 (0.75-1.24)
0.99 (0.77-1.27)
0.99 (0.82-1.2)
1(0.8-1.3)
1.01(0.72-1.44)
1.05 (0.71-1.55)
1.15 (0.67-1.97)

0.73 (0.72-0.75)

0.34
0.59
0.30
0.55
0.41
0.75
0.42
0.08
0.28
0.78
0.12
0.81
0.35
0.48
0.15
0.19
0.04
0.54
0.36
0.35
0.53
0.35
0.19
0.14
0.06

100.00

Figure 62: Meta-analysis of overall survival in randomized controlled trials supporting the

FDA approval of orphan and non-orphan cancer drugs, 2000-2022

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.
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Drug

Daratumumab
Obinutuzumab
Ibrutinib
Olaparib
Idelalisib
Daratumumab
Venetoclax
Ibrutinib
Ibrutinib
Acalabrutinib
Lenvatinib

Lutetium Lu 177 dotatate

Cabozantinib
Ibrutinib
Ibrutinib
Vemurafenib
Niraparib
Regorafenib
Brentuximab vedotin
Bendamustine
Cabozantinib
Lorlatinib
Apalutamide
Olaparib
Olaparib
Venetoclax
Dabrafenib
Sunitinib
Ibrutinib
Everolimus
Erlotinib
Everolimus
Pazopanib
Vandetanib
Rucaparib

Polatuzumab vedotin-piiq

Lenvatinib
Ivosidenib
Daratumumab
Lenvatinib
Pembrolizumab
Enzalutamide
Encorafenib
Nivolumab
Cetuximab
Sunitinib
Cabozantinib
Sorafenib
Ramucirumab
Inotuzumab ozogamicin
Everolimus
Osimertinib
Regorafenib
Pazopanib
Daratumumab
Palbociclib
Daratumumab
Trametinib
Afatinib

Fam-trastuzumab deruxtecan-nxki

Daratumumab
Cabozantinib
Trifluridine; Tipiracil
Obinutuzumab
Apalutamide
Everolimus
Bevacizumab
Bevacizumab
Ramucirumab
Palbociclib
Olaparib
Regorafenib
Brigatinib
Pembrolizumab
Pembrolizumab
Ofatumumab
Daratumumab
Cabozantinib
Nivolumab
Eribulin Mesylate
Pembrolizumab
Durvalumab
Olaparib

Indication
Treatment Line Disease Orphan
1st line Multiple Myeloma Yes
st line CLL Yes
1stline CLL Yes
>3rd line Ovarian Cancer Yes
2nd line CLL Yes
st line Multiple Myeloma Yes
2nd line CLL/SLL Yes
1st line CLL/SLL Yes
1st line Morbus Waldenstrom  Yes
st line CLL Yes
2nd line Thyroid Cancer Yes
st line NET Yes
2nd line Thyroid Cancer Yes
1st line CLL/SLL Yes
1st line CLL Yes
1st line Melanoma Yes
2nd line Ovarian Cancer Yes
2nd line GIST Yes
2nd line pTCL Yes
st line CLL Yes
2nd line Thyroid Cancer Yes
1st line NSCLC Yes
st line Prostate Cancer No
st line Ovarian Cancer Yes
1st line Ovarian Cancer Yes
1st line CLL/SLL Yes
st line Melanoma Yes
2nd line GIST No
1stline CLL Yes
2nd line RCC No
1st line NSCLC No
st line NET Yes
2nd line STS Yes
st line Thyroid Cancer Yes
2nd line Ovarian Cancer Yes
23rd line DLBCL Yes
2nd line RCC No
2nd line Cholangiocarcinoma Yes
2nd line Multiple Myeloma Yes
st line RCC No
st line RCC No
2nd line Prostate Cancer No
2nd line Colorectal Cancer No
1st line Melanoma Yes
2nd line Colorectal Cancer No
st line NET No
2nd line HCC Yes
st line RCC Yes
2nd line HCC Yes
2nd line ALL Yes
2nd line Breast Cancer No
1st line NSCLC Yes
2nd line HCC Yes
st line RCC No
st line Multiple Myeloma Yes
2nd line Breast Cancer No
1st line Multiple Myeloma Yes
st line Melanoma Yes
st line NSCLC Yes
1st line Gastric Cancer Yes
1st line Multiple Myeloma Yes
st line RCC No
2nd line Colorectal Cancer No
2nd line Follicular Lymphoma Yes
1st line Prostate Cancer No
st line NET Yes
1st line Breast Cancer No
>3rd line Ovarian Cancer Yes
2nd line Gastric Cancer Yes
st line Breast Cancer No
2nd line Prostate Cancer No
>3rd line Colorectal Cancer No
1st line NSCLC Yes
st line Melanoma Yes
1st line NSCLC No
23rd line CLL Yes
st line Multiple Myeloma Yes
1st line RCC No
st line RCC No
2nd line Liposarcoma Yes
1st line NSCLC No
2nd line NSCLC No
2nd line Pancreatic Cancer Yes

brpbettfttet
lul++H¢+L++L+++++L+¥HH+++++++H++HHHHW*HWHW*”H”*U* i

Hazard Ratio (95% Cl)
Progression-Free Survival

0.15 (0.09-0.25)
0.16 (0.11-0.24)
0.16 (0.09-0.28)
0.17 (0.09-0.32)
0.18 (0.1-0.31)
0.18 (0.12-0.29)
0.19 (0.13-0.28)
0.2 (0.15-0.28)
0.2 (0.11-0.38)
0.2 (0.13-0.3)
0.21 (0.16-0.28)
0.21(0.13-0.32)
0.22 (0.15-0.31)
0.23 (0.15-0.37)
0.25 (0.14-0.45)
0.25(0.2-0.32)
0.26 (0.17-0.41)
0.27 (0.19-0.39)
0.27 (0.17-0.43)
0.27 (0.17-0.43)
0.28 (0.19-0.4)
0.28 (0.19-0.41)
0.29 (0.24-0.36)
0.3 (0.23-0.41)
0.33 (0.25-0.45)
0.33 (0.22-0.51)
0.33 (0.2-0.55)
0.33 (0.24-0.47)
0.34(0.22-0.52)
0.34 (0.26-0.44)
0.34 (0.23-0.49)
0.35 (0.27-0.45)
0.35 (0.26-0.48)
0.35 (0.24-0.53)
0.36 (0.3-0.45)
0.36 (0.21-0.63)
0.37 (0.22-0.62)
0.37 (0.25-0.54)
0.37 (0.27-0.52)
0.39 (0.32-0.49)
0.39 (0.32-0.49)
0.4 (0.32-0.5)
0.4 (0.31-0.52)
0.4 (0.22-0.71)
0.4 (0.31-0.52)
0.43 (0.27-0.67)
0.44 (0.36-0.52)
0.44 (0.35-0.55)
0.45 (0.34-0.6)
0.45 (0.34-0.61)
0.45 (0.38-0.54)
0.46 (0.37-0.57)
0.46 (0.37-0.56)
0.46 (0.34-0.62)
0.46 (0.35-0.6)
0.46 (0.36-0.59)
0.46 (0.36-0.59)
0.47 (0.34-0.65)
0.47 (0.34-0.65)
0.47 (0.31-0.71)
0.47 (0.33-0.67)
0.48 (0.31-0.74)
0.48 (0.41-0.57)
0.48 (0.34-0.68)
0.48 (0.39-0.6)
0.48 (0.35-0.67)
0.48 (0.39-0.61)
0.48 (0.38-0.6)
0.48 (0.38-0.62)
0.49 (0.32-0.75)
0.49 (0.38-0.63)
0.49 (0.42-0.58)
0.49 (0.35-0.68)
0.5 (0.39-0.64)
0.5 (0.37-0.68)
0.5 (0.38-0.66)
0.5 (0.38-0.65)
0.51 (0.41-0.64)
0.51 (0.41-0.64)
0.52 (0.35-0.78)
0.52 (0.43-0.64)
0.52 (0.42-0.65)
0.53 (0.35-0.81)

Weight (%)

0.50
0.51
0.49
0.48
0.49
0.50
0.50
0.51
0.47
0.50
0.51
0.49
0.50
0.48
0.45
0.51
0.48
0.49
0.47
0.47
0.49
0.48
0.51
0.50
0.49
0.46
0.43
0.48
0.45
0.50
0.47
0.50
0.48
0.46
0.50
0.40
0.41
0.46
0.47
0.50
0.50
0.50
0.49
0.37
0.49
0.41
0.50
0.49
0.47
0.47
0.50
0.49
0.49
0.46
0.47
0.48
0.48
0.45
0.45
0.41
0.44
0.40
0.50
0.44
0.49
0.45
0.48
0.48
0.48
0.40
0.47
0.50
0.44
0.47
0.45
0.46
0.47
0.48
0.48
0.40
0.49
0.48
0.39
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Alectinib
Pembrolizumab
Mogamulizumab-kpkc
Elotuzumab
Abemaciclib
Encorafenib
Talazoparib
Daratumumab
Daratumumab
Panitumumab
Bevacizumab
Daratumumab
Ceritinib
Trabectedin
Lapatinib
Bortezomib
Abemaciclib
Daratumumab
Ribociclib
Trifluridine; Tipiracil
Daratumumab
Brentuximab vedotin
Ofatumumab
Cetuximab
Cobimetinib
Palbociclib
Afatinib
Olaparib
Cabozantinib
Sorafenib
Daratumumab
Ramucirumab
Atezolizumab
Dacomitinib
Cemiplimab-rwlc
Sorafenib
Erlotinib
Bevacizumab
Ribociclib
Daratumumab
Daratumumab
Pembrolizumab
Pemetrexed
Bevacizumab
Bevacizumab
Bortezomib
Pertuzumab
Atezolizumab
Pembrolizumab
Avelumab
Niraparib
Nivolumab
Bevacizumab
Panobinostat
Carfilzomib
Atezolizumab
Lenvatinib
Ipilimumab
Ramucirumab
Trastuzumab Emtansine
Pembrolizumab
Pembrolizumab
Pembrolizumab
Alpelisib
Pembrolizumab
Temsirolimus
Bevacizumab
Axitinib
Olaratumab
Ofatumumab
Bevacizumab
Abiraterone
Pemetrexed
Axitinib
Axitinib
Carfilzomib
Pembrolizumab
Avelumab
Ixabepilone
Elotuzumab
Nivolumab
Cetuximab
Cetuximab
Selinexor
Brentuximab vedotin

st line
1st line
2nd line
>3rd line
st line
1st line
st line
st line
st line
2nd line
1st line
1st line
st line
2nd line
2nd line
2nd line
2nd line
st line
1st line
23rd line
st line
2nd line
1st line
2nd line
st line
1st line
1st line
2nd line
2nd line
1st line
st line
1st line
st line
st line
st line
1st line
2nd line
st line
st line
1st line
1st line
st line
2nd line
1st line
2nd line
st line
st line
1st line
1st line
1st line
st line
2nd line
1st line
>3rd line
2nd line
1st line
1st line
1st line
2nd line
2nd line
>3rd line
2nd line
1st line
st line
2nd line
1st line
st line
2nd line
st line
2nd line
1st line
2nd line
st line
st line
1st line
2nd line
st line
1st line
2nd line
2nd line
st line
2nd line
1st line
2nd line
st line

NSCLC
NSCLC
cTCL
Multiple Myeloma
Breast Cancer
Melanoma
Breast Cancer
Multiple Myeloma
Multiple Myeloma
Colorectal Cancer
Colorectal Cancer
Multiple Myeloma
NSCLC
STS
Breast Cancer
Multiple Myeloma
Breast Cancer
Multiple Myeloma
Breast Cancer
metastatic GEJ cancer
Multiple Myeloma
Hodgkin Lymphoma
CLL
HNSCC
Melanoma
Breast Cancer
NSCLC
Breast Cancer
RCC
HCC
Multiple Myeloma
NSCLC
HCC
NSCLC
NSCLC
Thyroid Cancer
NSCLC
HCC
Breast Cancer
Multiple Myeloma
Multiple Myeloma
Colorectal Cancer
NSCLC
RCC
Ovarian Cancer
Multiple Myeloma
Breast Cancer
Breast Cancer
Cervical Cancer
Urothelial Cancer
Ovarian Cancer
NSCLC
Ovarian Cancer
Multiple Myeloma
Multiple Myeloma
NSCLC
HCC
Melanoma
Gastric Cancer
Breast Cancer
Hodgkin Lymphoma
Breast Cancer
Esophageal Cancer
Breast Cancer
Esophageal Cancer
RCC
NSCLC
RCC
STS
CLL
Cervical Cancer
Prostate Cancer
Pleura Mesothelioma
RCC
RCC
Multiple Myeloma
RCC
RCC
Breast Cancer
Multiple Myeloma
NSCLC
HNSCC
Colorectal Cancer
Multiple Myeloma
pTCL

0.53 (0.38-0.73)
0.53 (0.31-0.91)
0.53 (0.41-0.69)
0.54 (0.34-0.86)
0.54 (0.42-0.7)
0.54 (0.41-0.71)
0.54 (0.41-0.71)
0.54 (0.42-0.71)
0.54 (0.41-0.71)
0.54 (0.45-0.67)
0.54 (0.45-0.66)
0.55 (0.37-0.82)
0.55 (0.42-0.73)
0.55 (0.44-0.7)
0.55 (0.41-0.74)
0.55 (0.44-0.69)
0.55 (0.45-0.68)
0.55 (0.45-0.68)
0.56 (0.43-0.72)
0.56 (0.46-0.68)
0.56 (0.43-0.73)
0.57 (0.4-0.81)
0.57 (0.45-0.72)
0.57 (0.46-0.72)
0.58 (0.46-0.72)
0.58 (0.46-0.72)
0.58 (0.43-0.78)
0.58 (0.43-0.8)
0.58 (0.45-0.74)
0.58 (0.45-0.74)
0.58 (0.43-0.77)
0.59 (0.46-0.76)
0.59 (0.47-0.76)
0.59 (0.48-0.74)
0.59 (0.49-0.72)
0.59 (0.46-0.76)
0.59 (0.5-0.7)
0.59 (0.47-0.76)
0.59 (0.48-0.73)
0.59 (0.48-0.73)
0.6 (0.44-0.81)
0.6 (0.45-0.8)
0.6 (0.49-0.73)
0.6 (0.49-0.72)
0.61 (0.51-0.72)
0.61 (0.49-0.76)
0.62 (0.51-0.75)
0.62 (0.49-0.78)
0.62 (0.5-0.77)
0.62 (0.52-0.75)
0.62 (0.5-0.76)
0.62 (0.47-0.81)
0.62 (0.52-0.75)
0.63 (0.52-0.76)
0.63 (0.46-0.85)
0.63 (0.45-0.88)
0.64 (0.55-0.75)
0.64 (0.5-0.83)
0.64 (0.54-0.75)
0.65 (0.55-0.77)
0.65 (0.48-0.88)
0.65 (0.49-0.86)
0.65 (0.55-0.76)
0.65 (0.5-0.85)
0.66 (0.48-0.92)
0.66 (0.53-0.81)
0.66 (0.57-0.77)
0.67 (0.55-0.81)
0.67 (0.44-1.02)
0.67 (0.51-0.88)
0.67 (0.54-0.82)
0.67 (0.59-0.78)
0.68 (0.59-0.87)
0.69 (0.57-0.84)
0.69 (0.56-0.84)
0.69 (0.57-0.83)
(
(
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0.69 (0.57-0.84)
0.69 (0.56-0.84)
0.69 (0.58-0.83)
0.7 (0.57-0.85)
0.7 (0.57-0.86)
0.7 (0.54-0.9)
0.7 (0.57-0.86)
0.7 (0.53-0.93)
0.71 (0.54-0.93)

0.43
0.33
0.46
0.36
0.46
0.45
0.45
0.46
0.45
0.48
0.49
0.39
0.45
0.47
0.44
0.47
0.48
0.48
0.46
0.48
0.45
0.41
0.47
0.47
0.47
0.47
0.43
0.43
0.46
0.46
0.44
0.45
0.46
0.47
0.48
0.45
0.49
0.46
0.47
0.47
0.43
0.43
0.48
0.48
0.49
0.47
0.48
0.46
0.47
0.48
0.47
0.44
0.48
0.48
0.42
0.40
0.49
0.44
0.49
0.48
0.41
0.43
0.49
0.43
0.40
0.46
0.49
0.47
0.33
0.43
0.46
0.49
0.46
0.47
0.46
0.47
0.47
0.46
0.47
0.46
0.46
0.43
0.46
0.41
0.42
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Appendix

Atezolizumab
Lapatinib
Erlotinib
Obinutuzumab
Panitumumab
Dinutuximab
Daratumumab
Cabazitaxel
Daratumumab
Atezolizumab
Aflibercept
Ramucirumab
Neratinib
Sunitinib
Erlotinib
Daratumumab
Daratumumab
Brentuximab vedotin
Atezolizumab
Nivolumab
Atezolizumab
Midostaurin
Durvalumab
Ipilimumab
Ramucirumab
Gilteritinib
Daratumumab
Ruxolitinib
Ixazomib
Ipilimumab
Ipilimumab
Afatinib
Nivolumab
Nivolumab
Necitumumab
Eribulin Mesylate
Nivolumab
Nivolumab
Panitumumab
Pemetrexed
Pembrolizumab
Nivolumab
Atezolizumab
Pemetrexed
Pembrolizumab
Ipilimumab
Nivolumab
Daratumumab
Pembrolizumab
Nivolumab
Pembrolizumab

Overall

st line
1st line
2nd line
st line
st line
2nd line
1st line
2nd line
st line
1st line
2nd line
2nd line
>3rd line
1st line
1st line
st line
1st line
1st line
1st line
2nd line
1st line
1st line
1st line
st line
2nd line
2nd line
1st line
st line
2nd line
st line
1st line
2nd line
st line
st line
1st line
23rd line
2nd line
st line
1st line
st line
st line
2nd line
2nd line
2nd line
2nd line
st line
st line
1st line
st line
2nd line
st line

Test for Overall Effect Size = 0: z=39.698, p<.001

Tests for Heterogeneity: 12=90.7% (95% Cl: 88.2-92.4), Q=2337.14 (p<.001), tau=0.0390

NSCLC
Breast Cancer
NSCLC
Follicular Lymphoma
Colorectal Cancer
Neuroblastoma
Multiple Myeloma
Prostate Cancer
Multiple Myeloma
NSCLC
Colorectal Cancer
NSCLC
Breast Cancer
RCC
Pancreatic Cancer
Multiple Myeloma
Multiple Myeloma
Hodgkin Lymphoma
SCLC
metastatic GEJ cancer
Melanoma
AML
SCLC
NSCLC
Colorectal Cancer
AML
Multiple Myeloma
Myelofibrosis
Multiple Myeloma
RCC
NSCLC
SCLC
RCC
NSCLC
NSCLC
Breast Cancer
RCC
HNSCC
Colorectal Cancer
NSCLC
HNSCC
NSCLC
NSCLC
NSCLC
Urothelial Cancer
Pleura Mesothelioma
Pleura Mesothelioma
Multiple Myeloma
NSCLC
Esophageal Cancer
HNSCC

Yes

Yes

HT\IIH"" NI

0.0

0.5

Intervention

Control
better

15

0.71 (0.59-0.85)
0.71 (0.53-0.96)
0.71 (0.62-0.82)
0.72 (0.56-0.93)
0.72 (0.58-0.9)
0.73 (0.5-1.06)
0.73 (0.56-0.95)
0.74 (0.64-0.86)
0.74 (0.61-0.89)
0.75 (0.63-0.91)
0.76 (0.66-0.88)
0.76 (0.68-0.86)
0.76 (0.63-0.93)
0.76 (0.59-0.98)
0.76 (0.64-0.92)
0.76 (0.59-0.98)
0.76 (0.65-0.9)
0.77 (0.6-0.98)
0.77 (0.62-0.96)
0.77 (0.68-0.87)
0.78 (0.63-0.97)
0.78 (0.66-0.93)
0.78 (0.65-0.94)
0.79 (0.57-0.86)
0.79 (0.7-0.9)
0.79 (0.58-1.09)
0.8 (0.64-1)
0.81 (0.47-1.39)
0.82 (0.67-1)
0.82 (0.64-1.05)
0.82 (0.69-0.97)
0.82 (0.68-1)
0.82 (0.64-1.05)
0.82 (0.69-0.97)
0.85 (0.74-0.98)
0.87 (0.71-1.05)
0.88 (0.75-1.03)
0.89 (0.7-1.13)
0.9 (0.66-0.97)
0.9 (0.79-1.02)
0.92 (0.77-1.1)
0.92 (0.77-1.11)
0.95 (0.82-1.1)
0.97 (0.82-1.17)
0.98 (0.81-1.19)
1(0.82-1.21)
1(0.82-1.21)
1(0.8-1.26)
1.07 (0.94-1.21)
1.1(0.9-1.3)
1.15 (0.95-1.38)

0.57 (0.54-0.6)

0.47
0.40
0.49
0.43
0.45
0.34
0.42
0.48
0.46
0.46
0.48
0.50
0.45
0.42
0.46
0.42
0.47
0.42
0.44
0.49
0.44
0.47
0.46
0.46
0.49
0.36
0.43
0.22
0.44
0.41
0.46
0.45
0.41
0.46
0.48
0.44
0.46
0.40
0.45
0.48
0.44
0.44
0.46
0.43
0.42
0.42
0.42
0.39
0.47
0.41
0.40

100.00

Figure 63: Meta-analysis of progression-free survival in randomized controlled trials support-
ing the FDA approval of orphan and non-orphan cancer drugs, 2000-2022

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.
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Drug

Pembrolizumab
Ipilimumab
Nivolumab
Atezolizumab
Nivolumab
Zanubrutinib
Pembrolizumab
Pembrolizumab
Degarelix
Atezolizumab
Atezolizumab
Ramucirumab
Daratumumab
Daratumumab
Obinutuzumab
Brentuximab vedotin
Osimertinib
Dacomitinib
Erlotinib
Daratumumab
Obinutuzumab
Pemetrexed
Daratumumab
Necitumumab
Acalabrutinib
Alectinib
Ixazomib
Pemetrexed
Panobinostat
Carfilzomib
Daratumumab
Panitumumab
Brentuximab vedotin
Pertuzumab
Cetuximab
Durvalumab
Venetoclax
Brigatinib
Elotuzumab
Ofatumumab
Nivolumab
Ibrutinib
Ibrutinib
Pembrolizumab
Daratumumab
Selinexor
Ruxolitinib
Neratinib
Daratumumab
Palbociclib
Nivolumab
Everolimus
Enzalutamide
Venetoclax
Bosutinib
Panitumumab
Bevacizumab
Atezolizumab
Carfilzomib
Ramucirumab
Lorlatinib
Pembrolizumab
Atezolizumab
Bevacizumab
Pembrolizumab
Gilteritinib
Pembrolizumab
Bevacizumab
Daratumumab
Abemaciclib
Daratumumab
Daratumumab
Atezolizumab
Trastuzumab Emtansine
Ribociclib
Pembrolizumab
Trabectedin
Afatinib
Daratumumab
Ribociclib
Daratumumab
Cetuximab
Ipilimumab

Indication

Treatment Line
Istline
1st line
Istline
1stline
2nd line
1stline
Istline
1stline
1stline
2nd line
Istline
1stline
Istline
1stline
Istline
Istline
Istline
Istline
1stline
Istline
2nd line
2nd line
1stline
Istline
1stline
Istline
2nd line
1stline
23rd line
2nd line
Istline
Istline
1stline
Istline
2nd line
1st line
Istline
1st line
2nd line
1st line
Istline
1st line
Istline
23rd line
2nd line
2nd line
2nd line
23rd line
Istline
Istline
2nd line
1stline
Istline
2nd line
1stline
Istline
Istline
Istline
2nd line
2nd line
1stline
Istline
1stline
2nd line
2nd line
2nd line
1stline
Istline
Istline
1stline
Istline
1stline
1stline
2nd line
1stline
1st line
2nd line
2nd line
Istline
1stline
Istline
1stline
Istline

Disease
HNSCC
Pleura Mesothelioma
Pleura Mesothelioma
SCLC
Esophageal Cancer
Morbus Waldenstrém
HNSCC
NSCLC
Prostate Cancer
NSCLC
Melanoma
NSCLC
Multiple Myeloma
Multiple Myeloma
Follicular Lymphoma
Hodgkin Lymphoma
NSCLC
NSCLC
Pancreatic Cancer
Multiple Myeloma
Follicular Lymphoma
NSCLC
Multiple Myeloma
NSCLC
CLL
NSCLC
Multiple Myeloma
NSCLC
Multiple Myeloma
Multiple Myeloma
Multiple Myeloma
Colorectal Cancer
pTCL
Breast Cancer
HNSCC
SCLC
CLL/SLL
NSCLC
Multiple Myeloma
CLL
NSCLC
CLL/SLL
CLL/SLL
Hodgkin Lymphoma
Multiple Myeloma
Multiple Myeloma
GVHD
Breast Cancer
Multiple Myeloma
Breast Cancer
metastatic GEJ cancer
NET
Prostate Cancer
CLL/SLL
CML
Colorectal Cancer
Colorectal Cancer
NSCLC
Multiple Myeloma
Gastric Cancer
NSCLC
Colorectal Cancer
NSCLC
Ovarian Cancer
Breast Cancer
AML
Cervical Cancer
Cervical Cancer
Multiple Myeloma
Breast Cancer
Multiple Myeloma
Multiple Myeloma
NSCLC
Breast Cancer
Breast Cancer
Gastric Cancer
STS
SCLC
Multiple Myeloma
Breast Cancer
Multiple Myeloma
Colorectal Cancer
NSCLC

Orphan
No
Yes
Yes
Yes
Yes
Yes
No
No
No
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
No
Yes
Yes
No
No
No
Yes
Yes
Yes
No
No
Yes
No
Yes
No
No
Yes
No
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
Yes
No
No

Tumor Response (95% CI)
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0.55 (0.4-0.74)
0.93(0.77-1.12)
0.93(0.77-1.12)
0.94 (0.8-1.09)
0.97 (0.62-1.5)
1(0.86-1.16)
1(0.8-1.25)
1(0.84-1.2)
1.01 (0.98-1.05)
1.02 (0.72-1.43)
1.02 (0.9-1.16)
1.02 (0.92-1.14)
1.03 (0.84-1.26)
1.03 (0.99-1.07)
1.03 (1-1.08)
1.04 (0.99-1.09)
1.04 (0.95-1.13)
1.04 (0.93-1.16)
1.04 (0.59-1.85)
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1.05
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0.34
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0.19
0.75
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Appendix

Daratumumab
Nivolumab
Cobimetinib
Olaratumab
Nivolumab
Pembrolizumab
Ipilimumab
Nivolumab
Encorafenib
Daratumumab
Cabozantinib
Pembrolizumab
Atezolizumab
Ramucirumab
Axitinib
Pembrolizumab
Lapatinib
Daratumumab
Daratumumab
Ramucirumab
Bevacizumab
Cemiplimab-rwic
Aflibercept
Daratumumab
Temsirolimus
Cetuximab
Pertuzumab
Durvalumab
Lapatinib
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Pembrolizumab
Pembrolizumab
Lenvatinib
Pembrolizumab
Axitinib
Avelumab
Nilotinib
Duvelisib
Olaparib
Elotuzumab
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Nivolumab
Axitinib
Bevacizumab
Trifluridine; Tipiracil
Bortezomib
Alpelisib
Erlotinib
Ibrutinib
Abemaciclib
Daratumumab
Nivolumab
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Olaparib
Nivolumab
Trametinib
Ibrutinib
Bevacizumab
Obinutuzumab
Bevacizumab
Atezolizumab
Bevacizumab
Ixabepilone
Everolimus
Regorafenib
Pembrolizumab
Polatuzumab vedotin-piiq
Trametinib
Afatinib
Everolimus
Regorafenib
Ceritinib
Talazoparib
Inotuzumab ozogamicin
Afatinib
Eribulin Mesylate
Pemetrexed
Lutetium Lu 177 dotatate
Dabrafenib
Regorafenib
Eribulin Mesylate
Pembrolizumab
Cabazitaxel
Lenvatinib

Istline
1stline
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2nd line
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Istline
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2nd line
2nd line
2nd line
2nd line
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Multiple Myeloma
NSCLC
Melanoma
STS
NSCLC
Esophageal Cancer
RCC
RCC
Melanoma
Multiple Myeloma
RCC
NSCLC
Breast Cancer
NSCLC
RCC
RCC
Breast Cancer
Multiple Myeloma
Multiple Myeloma
Gastric Cancer
Breast Cancer
NSCLC
Colorectal Cancer
Multiple Myeloma
RCC
HNSCC
Breast Cancer
NSCLC
Breast Cancer
Multiple Myeloma
Urothelial Cancer
NSCLC
RCC
RCC
RCC
RCC
CML
CLL/SLL
Pancreatic Cancer
Multiple Myeloma
RCC
RCC
RCC
Ovarian Cancer
metastatic GEJ cancer
Multiple Myeloma
Breast Cancer
NSCLC
Morbus Waldenstrém
Breast Cancer
Multiple Myeloma
NSCLC
Multiple Myeloma
CLL
Breast Cancer
HNSCC
NSCLC
CLL
NSCLC
CLL
RCC
HCC
HCC
Breast Cancer
NET
Colorectal Cancer
NSCLC
DLBCL
Melanoma
NSCLC
TSC
HCC
NSCLC
Breast Cancer
ALL
NSCLC
Breast Cancer
Pleura Mesothelioma
NET
Melanoma
GIST
Liposarcoma
Esophageal Cancer
Prostate Cancer
HCC
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1.5 (1.28-1.77)
1.51(1.21-1.89)
1.51(1.28-1.78)
1.52 (0.67-3.48)
1.55 (1.05-2.27)
1.55 (1.28-1.89)
1.57(1.29-1.91)
157 (1.29-1.91)
1.58 (1.29-1.95)
1.58 (1.29-1.95)
1.6 (1.24-2.04)
1.61(1.18-2.2)
1.63 (1.27-2.08)
1.63 (1.28-2.07)
1.64 (1.42-1.91)
1.64 (1.42-1.91)
1.7 (1.11-2.61)
1.71(1.33-2.2)
1.73 (1.6-1.87)
1.73 (1.28-2.33)
1.74 (1.37-2.22)
1.77 (1.39-2.26)
1.78 (1.32-2.39)
1.78 (1.31-2.41)
1.78(0.84-3.77)
1.82 (1.32-2.51)
1.83 (1.19-2.81)
1.87 (1.32-2.66)
1.89 (1.1-3.24)
1.89 (1-3.58)
1.91(1.27-2.88)
1.93 (1.22-3.03)
1.96 (1.69-2.29)
1.96 (1.69-2.29)
2(1.67-2.4)
2(1.67-2.4)
2.01 (1.55-2.59)
2.02 (1.54-2.64)
2.02 (0.92-4.47)
2.03(1.24-3.32)
2.05 (1.68-2.51)
2.05 (1.68-2.51)
2.07 (1.41-3.03)
2.12 (1.36-3.29)
2.17(0.63-7.48)
2.18 (1.65-2.88)
2.21 (1.41-3.46)
2.23 (1.4-3.55)
2.25(1.57-3.22)
2.25 (1.65-3.09)
2.25 (1.65-3.09)
2.28(1.21-4.32)
2.29(1.26-4.13)
2.29(1.69-3.11)
2.3(1.56-3.4)
2.31(1.05-5.07)
2.32 (1.56-3.45)
2.33(1.83-2.97)
2.33(1.8-3.02)
2.37(1.78-3.16)
2.37(1.71-3.28)
2.4(1.52-3.8)
2.4(1.52-3.8)
2.42(1.82-3.21)
2.45 (0.78-7.69)
2.53(0.3-21.5)
2.54 (1.88-3.43)
2.6 (1.45-4.66)
2.64 (1.34-5.17)
2.64 (1.77-3.92)
2.64 (1.65-4.25)
2.69 (1.29-5.61)
2.71(2.11-3.49)
2.73 (1.81-4.1)
2.75(2.03-3.73)
2.8 (1.84-4.26)
2.85 (1.48-5.49)
2.91(2.02-4.2)
2.92 (1.1-7.77)
2.97 (1.71-5.17)
2.98(0.37-24.23)
3.04 (0.13-73.44)
3.06 (1.29-7.27)
3.27 (1.59-6.73)
3.27 (2.52-4.26)

0.85
0.68
0.85
0.09
0.36
0.74
0.74
0.74
0.70
0.70
0.59
0.45
0.58
0.59
0.85
0.85
0.27
0.54
1.04
0.43
0.55
0.54
0.43
0.41
0.08
0.37
0.23
0.31
0.15
0.10
0.24
0.20
0.75
0.75
0.64
0.64
0.44
0.41
0.06
0.15
0.56
0.56
0.23
0.18
0.02
0.35
0.16
0.14
0.23
0.28
0.28
0.07
0.09
0.29
0.19
0.05
0.18
0.39
0.35
0.30
0.25
0.13
0.13
0.30
0.02
0.00
0.25
0.07
0.05
0.15
0.10
0.04
0.30
0.13
0.21
0.12
0.05
0.14
0.02
0.06
0.00
0.00
0.02
0.03
0.21
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Ivosidenib
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Test for Overall Effect Size = 0: z=62.123, p<.001

Tests for Heterogeneity: 1=81.3% (95% Cl: 65.5-88.3), Q=1158.76 (p<.001), tau?=0.0431

pTCL
Cholangiocarcinoma
HCC
Gastric Cancer
CLL
Colorectal Cancer
NSCLC
RCC
HCC
Prostate Cancer
CLL
Melanoma
RCC
RCC
RCC
cTCL
RCC
Melanoma
Urothelial Cancer
AML
Melanoma
Breast Cancer
Multiple Myeloma
Prostate Cancer
Multiple Myeloma
RCC
Melanoma
NSCLC
HCC
Castleman's disease
Multiple Myeloma
CLL
STS
Colorectal Cancer
Colorectal Cancer
Prostate Cancer
GIST
NET
Polycythemia Vera
Thyroid Cancer
Multiple Myeloma
MDS
MDS
Thyroid Cancer
SEGA
Colorectal Cancer
Thyroid Cancer
Thyroid Cancer
Thyroid Cancer
Giant cell tumor

0.1

10.0

Control
better

Intervention
better

100.0

3.31(1.98-5.53)
3.46 (0.18-65.9)
3.55 (0.74-16.94)
3.59(1.73-7.43)
3.75 (2.11-6.67)
3.99(0.5-31.7)
4.09 (2.47-6.78)
4.29(2.54-7.22)
4.34(0.56-33.76)
5.07 (2.06-12.44)
5.13 (3.22-8.17)
5.38 (2.09-13.8)
5.51(3.3-9.23)
5.53(0.31-99.3)
5.53 (2.65-11.57)
5.78 (2.93-11.38)
6.21(1.96-19.68)
6.36 (2.95-13.72)
6.8 (2.69-17.18)
6.91(0.94-50.61)
7.45 (1.74-31.94)
7.52 (2.77-20.42)
7.65 (2.42-24.13)
7.99 (3.99-15.98)
8.35 (4.68-14.9)
8.8(3.66-21.19)
8.87 (5.03-15.64)
9.39(2.29-38.55)
9.4 (1.27-69.8)
9.81 (1.39-69.15)
9.89 (0.59-166.02)
10.16 (3.27-31.6)
10.34 (0.62-171.99)
11.05 (4.04-30.23)
11.05 (4.04-30.23)
11.82 (8.69-16.07)
14.75 (0.89-244.78)
16.8 (0.99-286.6)
23.42 (3.22-170.43)
24.35 (3.32-178.33)
27.71 (1.66-462.03)
28.23 (1.72-464.3)
30.68 (1.87-504.13)
32.7 (2.03-528.13)
35.73 (2.25-567.3)
39.17 (2.38-644.93)
42.41 (10.69-168.28)
44.59 (6.31-315.12)
60.45 (3.77-968.67)
74.5 (4.68-1185.22)

1.39 (1.34-1.43)

0.06
0.00
0.00
0.02
0.04
0.00
0.04
0.03
0.00
0.01
0.03
0.01
0.02
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00

100.00

Figure 64: Meta-analysis of tumor response (relative risk) in randomized controlled trials sup-

porting the FDA approval of orphan and non-orphan cancer drugs, 2000-2022

Abbreviations: Cl, confidence interval; FDA, US Food and Drug Administration.
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