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Abstract

Drug developers must choose which candidates to advance before knowing whether they will reach the market.
We estimated expected financial value at Phase I entry for small-molecule drugs by combining chemical and
target novelty with US approval outcomes, clinical development time and costs, and subsequent revenue.
Structurally distinct candidates had estimated values of US$165 million, compared with US$126 million for
analogues and US$76 million for candidates based on previously approved structures. Greater revenue after
approval was partly offset by a lower probability of approval and longer development. Candidates acting on
targets with no earlier approved drugs also had higher estimated value than those with more predecessors,
although this association depended on model specification. Estimated values for several novelty groups were
higher when later revenue years were used, but differences in data coverage limit interpretation as a change in
development incentives.



Introduction

Whether scientific novelty is financially rewarded depends on the decisions drug developers face before they
know which candidates will succeed. A structurally distinct drug may earn more if it reaches the market, but
developing it can also involve a lower probability of approval, a longer development period, and higher costs.
The question is therefore not simply whether novel drugs generate greater revenue after approval, but whether
that revenue advantage translates into higher expected financial value when clinical development begins.

Existing research highlights this tension. Krieger et al. found that chemically novel drugs face greater
development risk but have higher estimated value!. In our earlier study, we used measures of chemical
similarity, biological targets, and delivery-related properties to examine revenues among approved small-
molecule drugs, finding that more novel products earned higher gross and net revenues, particularly in later
years?. Those findings establish a commercial advantage among successful drugs, but revenue conditional on
approval does not reveal the value of pursuing a candidate before the outcome is known. Evidence on clinical
attrition®*, R&D costs®’, uneven drug revenues®'°, and the consequences of long development periods!!
underscores that distinction. The returns to innovation also depend on market size and policy incentives!> 16,

competition and market exclusivity!’2°, and other dimensions of private innovation value?!.

Building on our previous study of the relationship between scientific novelty and revenues among approved
drugs, we examine whether pursuing novelty is financially attractive at the start of clinical development. We
assembled a cohort of small-molecule drugs entering Phase I and linked their chemical structures and biological
targets to subsequent regulatory outcomes, development timelines, clinical trial costs, and US revenues. By
integrating these components, we estimated expected financial value at Phase I entry and examined how it
varies with chemical and target novelty. We further assessed how these relationships differ across revenue
periods and whether the novelty measures are associated with independently assessed therapeutic benefit.

Methods

Study cohort and data sources

We identified 1,141 small-molecule drug candidates that entered Phase I between 1996 and 2008 in
Pharmaprojects, allowing at least 12 years of follow-up. We matched candidates to US Food and Drug
Administration (FDA) approval records using drug identities and regulatory histories. An approval counted only
if it occurred during or after the candidate's Phase I entry year; earlier approvals of the same molecule did not
count as a new success. Drugs marketed only outside the United States were not counted as US approvals.

We used the Medical Expenditure Panel Survey (MEPS) to estimate US outpatient prescription spending and
SSR Health to obtain branded-drug sales and discounts. MEPS data covered 2000-2019 and SSR Health
covered 2007-2019; our primary revenue window was 2007-2019. We linked sales information to approved
drugs using product and regulatory records, accounted for periods of market exclusivity, and expressed financial
amounts in 2020 US dollars. MEPS methods are described elsewhere??. Pharmaprojects and SSR Health data
were obtained under commercial licenses.

Measuring novelty and delivery properties

We measured chemical novelty by comparing each candidate's molecular structure at Phase I entry with those of
previously approved drugs. Extended-connectivity fingerprints (ECFP4) summarized molecular features, and a
Tanimoto similarity score identified the closest earlier structure on a scale from zero to one?*. We classified
candidates as structurally distinct (less than 0.4), analogues (0.4 to less than 1), or based on a previously
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approved structure (equal to 1). We obtained structures and targets from ChEMBL and DrugBank?*?> and
calculated molecular fingerprints using the Chemistry Development Kit?®.

Target novelty captured how many previously approved drugs acted on the same biological targets. We grouped
candidates as first in target, with one to nine predecessors, or with ten or more, and also examined novelty
relative to earlier drugs within the same therapeutic class using the World Health Organization's Anatomical
Therapeutic Chemical classification?’. Separately, we counted departures from five conventional molecular
properties: molecular weight, lipophilicity, hydrogen-bond acceptors, hydrogen-bond donors, and molecular
flexibility?®?*. We grouped drugs according to whether they had zero or one, two or three, or four or five
departures. This measure describes physicochemical properties, not a new delivery technology.

Estimating expected financial value

We estimated the expected net present value (ENPV) of each drug candidate at Phase I entry by combining its
probability of US approval with the revenue expected if approved, accounting for market exclusivity and the
delay before approval, and subtracting expected clinical-trial costs:

ENPV = P(US approval) X Rpet X AX D —C

Here, P(US approval) is the probability of receiving US approval, Rnet is expected annual US revenue after
rebates, A represents the discounted period of market exclusivity, D accounts for the time from Phase I entry to
approval, and C is the expected discounted cost of clinical trials. We discounted future revenue and costs at
10% annually. Because other drugs may reach the market during development, the revenue estimate reflects
each candidate’s projected relative novelty at approval.

We estimated approval, development time, trial costs, and revenue separately while accounting for drug type,
therapeutic area, and relevant time periods. Trial expenditures covered Phases I-III and drew on observed
enrollment and published per-patient costs*’. The primary revenue analysis used identifiable MEPS
prescriptions supplemented by selected SSR Health records for drugs that could have appeared in MEPS
without suppression of their identities. These 1,240 additional drug-years represented 312 drugs. We assigned
them weights reflecting their estimated chance of appearing in the survey and adjusted their revenue
accordingly. This approach approximates missing drug-level observations; it does not establish which drugs
were actually masked.

Results

Structural differentiation is associated with higher expected financial value

We examined 1,141 small-molecule drug candidates entering Phase I between 1996 and 2008, of which 130
(11.4%) subsequently received US approval. Among candidates with a chemical similarity score, 807 were
structurally distinct, 257 were analogues, and 76 involved a previously approved structure. We compared their
expected financial value at the start of clinical development, rather than considering only drugs that ultimately
reached the market.

Expected financial value declined as chemical similarity to previously approved drugs increased. For the 2007—
2019 revenue window, structurally distinct candidates had an estimated value of US$165 million, compared
with US$126 million for analogues and US$76 million for candidates based on a previously approved structure
(Fig. 1a). The reported difference between the extreme groups was US$88 million using unrounded estimates.
The same pattern appeared when similarity was measured only against drugs in the same therapeutic class
(US$164 million, US$126 million, and US$77 million, respectively; Fig. 1b). Structural differentiation
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therefore remained associated with higher expected value after accounting for approval risk, development time,
and clinical-trial costs.

Target novelty has a smaller, model-sensitive association with value

Target novelty showed a smaller association with expected financial value than chemical novelty. Among the
drug candidates, 313 were first in target, 370 had one to nine earlier drugs acting on the same targets, and 256
had at least ten. Their estimated values declined from US$186 million for first-in-target candidates to US$170
million and US$148 million for candidates with more predecessors (Fig. 1¢). The corresponding values within
therapeutic classes were US$181 million, US$156 million, and US$124 million (Fig. 1d), showing a similar
pattern within the same therapeutic area.

The size of the target-novelty association depended on how earlier approvals were represented in the models. A
continuous count of predecessors produced a smaller difference for first-in-target drugs than a model using
separate target groups. Thus, chemical structure and target novelty provided related but different information
about expected financial value, with the target results more sensitive to model specification.

Estimated financial value is higher in later revenue windows

Estimated financial value was higher for several drug groups when we used revenues from later years,
particularly among candidates with greater chemical or target novelty (Fig. 1). For structurally distinct
candidates, expected value was US$133 million using 2007-2012 revenues, US$205 million using 2013-2019
revenues, and US$232 million using 2015-2019 revenues; estimates for candidates based on previously
approved structures changed much less. First-in-target candidates showed a similar pattern (US$149 million,
US$233 million, and US$275 million, respectively), while drugs with at least ten target predecessors showed
smaller increases. These differences describe how the same development cohort is valued using different
revenue periods, not changes in returns to successive groups entering Phase I.

Post-approval revenue advantages narrow at Phase I entry

After approval, structurally distinct drugs were predicted to earn substantially more than drugs based on
previously approved structures. Estimated annual net revenue was US$539 million for structurally distinct
drugs, versus US$146 million for drugs using an earlier structure (Fig. 2a). Comparisons based on gross
revenue also favored structural novelty, with ratios of 3.52 and 2.08 across the two revenue specifications.
These comparisons capture commercial rewards among successful drugs, but not the financial risk taken when
clinical development begins.

The greater revenue potential of structurally distinct drugs was partly offset by a lower likelihood of approval
and slower development. Their estimated probability of US approval was 11.1%, compared with 14.1% for
candidates based on a previously approved structure (Fig. 2b). They also had a lower time-to-approval discount
factor (0.435 versus approximately 0.71; Fig. 2¢), reflecting the longer wait for potential revenue. The approval
and development-time factors were 0.78 and 0.61 in the component analysis. After allowing for these
differences, rebates, and trial costs, the estimated value ratios at Phase I entry were 1.96 and 1.11. Those final
ratios include adjustments beyond the gross-revenue, approval, and time factors shown here.

More departures from conventional physicochemical ranges are associated with lower expected value

Expected financial value also varied with the number of departures from conventional physicochemical-
property ranges. Drugs with zero or one departure from this Lipinski/Veber-type index?®? had an estimated
value of US$216 million, compared with US$148 million for two or three departures and US$103 million for
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four or five (Fig. 3). The index describes molecular properties rather than delivery technology or novelty
relative to previously approved drugs.

Both novelty measures are associated with assessed therapeutic benefit

Both novelty measures were also associated with assessed therapeutic benefit among approved drugs. In French
ASMR assessments, greater chemical similarity to earlier drugs was associated with lower odds of receiving a
more favorable rating (adjusted odds ratio, 0.53; 95% confidence interval, 0.38—0.73, per interquartile-range
increase). Greater target crowding showed a similar association (odds ratio, 0.59; 95% confidence interval,
0.43-0.81). Because these assessments include only approved drugs, they do not establish that novelty itself
causes better therapeutic outcomes.

Discussion

The financial rewards to scientific novelty look different when assessed at the start of clinical development
rather than after a drug reaches the market. Structurally distinct candidates retained higher expected value at
Phase I entry, although their larger potential revenues were partly offset by lower approval rates and longer
development. This result extends earlier work linking chemical novelty to development risk and commercial
value!, as well as our analysis of revenues among marketed drugs?, by considering the costs and uncertainty
faced before approval. It shows why the performance of successful drugs alone cannot fully describe the
financial choices developers face.

Chemical and target novelty capture different aspects of drug innovation. A new chemical structure may act on
an established target, while a drug directed at a less-explored target need not have a markedly different
structure. Their different associations with expected value suggest that scientific novelty cannot be treated as a
single economic characteristic. The more model-sensitive target results do not rule out substantial rewards for
first-in-target drugs, but they provide less clear evidence about the size of that reward. Similarly, drugs based on
established structures should not automatically be viewed as imitations: competing drugs are often developed in
parallel, before the commercial success of a class leader is known?2,

Estimated values were higher for several drug groups when later revenue years were used, raising the possibility
that the commercial opportunities available to developers have changed. However, the comparisons concern the
same cohort of drug candidates, while revenue coverage and the contribution of reconstructed observations
differ across periods. The estimates therefore should not be read as proof that incentives for newly developed
drugs increased over time. The broader importance of development time is consistent with earlier research on
how delayed returns can discourage pharmaceutical investment!'!.

For drug developers, the findings suggest that potential sales should be weighed against the likelihood, duration,
and costs of reaching approval. A drug with substantial commercial potential may also face considerable
uncertainty, whereas a more familiar structure may offer a smaller but more predictable return. Policymakers
face a related distinction when considering incentives for exploratory and follow-on research. Our estimates
describe patterns in private financial value; they do not establish whether industry investment is socially optimal
or whether one type of drug should receive greater policy support.

Several limitations affect these interpretations. This observational study cannot determine whether novelty itself
causes differences in revenue or approval. The estimated financial values use US revenue and clinical-trial costs
but exclude discovery, preclinical development, manufacturing, marketing, and other expenses, so they are not
complete estimates of manufacturer profit. MEPS and SSR Health cover different groups of marketed drugs,
and reconstructing unidentified MEPS drugs requires assumptions about survey inclusion and spending. The
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preferred weighting method performed worse than simpler approaches in a historical validation exercise,
limiting confidence in the precise dollar differences. The cohort also represents one period of small-molecule
development, and uncertainty around the full financial-value estimates has not been quantified.

In conclusion, evaluating drug innovation at the start of clinical development provides a different picture from
comparing sales among approved medicines. Structural novelty was associated with higher expected financial
value despite greater development risk, while target novelty showed a smaller and less certain association.
These findings indicate that the financial rewards to drug innovation depend on what is novel, the risks required
to bring it to market, and the period used to value future sales. This decision-stage perspective can inform how
drug developers and policymakers think about incentives for different approaches to pharmaceutical research.
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Figure legends

Fig. 1 | Expected financial value at Phase I entry by novelty group. Chemical similarity to previously approved
drugs is shown across all therapeutic classes (a) and within therapeutic class (b); target novelty is measured by
the number of earlier approved drugs acting on the same targets across classes (c) and within class (d). Lines
show estimates based on revenues from 2007-2019, 2007-2012, 2013-2019, and 2015-2019. The primary
revenue model supplements identifiable MEPS observations with estimates for potentially unidentified drug-
years based on SSR Health (Methods). Values are point estimates in 2020 US$ millions per drug candidate at
Phase I entry; the same development cohort is used in every period.
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Fig. 2 | Revenue and clinical development by chemical novelty. The panels compare structurally distinct drug
candidates with candidates based on a previously approved structure. (a) Predicted annual US net revenue
conditional on approval. (b) Estimated probability of US approval. (c) Discount factor reflecting time from
Phase I entry to approval. Revenue estimates in panel a come from the identifiable-MEPS model rather than the
supplemented primary model, and the gross-revenue ratios in the text refer to a different measure of revenue.
The complete valuation also accounts for rebates and expected clinical-trial costs.
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Fig. 3 | Delivery-related physicochemical properties and expected financial value. The index counts departures
from five study-defined molecular-property ranges and groups drug candidates by zero or one, two or three, or
four or five departures. Lines show estimates based on 2007-2019, 2007-2012, 2013-2019, and 2015-2019
revenue. Values are point estimates in 2020 US$ millions per drug candidate at Phase I entry. The index does
not measure delivery technology or novelty relative to earlier approved drugs.
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