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Abstract

We study the incentives of drug producers to develop predictive biomarkers, taking into
account strategic interaction between drug producers and health plans. For this purpose
we develop a two-dimensional spatial framework that allows us to capture the informational
role of biomarkers and their effects on price competition and treatment choices. Although
biomarkers increase the information available to prescribers, we identify an anticompetitive
effect on the prices set by producers of therapeutically substitutable drugs. We also find
that better information about each patient’s most therapeutically appropriate drug does not

necessarily lead to more efficient treatment outcomes.
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1 Introduction

Although the advancement of medicine offers new treatment opportunities for patients with
severe diseases, individual treatment responses often vary substantially. If the average treatment
effect of a drug, say measured by gained QALYs, is sufficiently high relative to incremental
treatment costs, the traditional approach by many health plans has been to allow physicians
to prescribe the drug based on a ‘trial and error’ basis. Consequently, many patients who
receive expensive treatment will not see the health improvements they could hope for, or even
experience more serious side-effects than others. According to Antonanzas et al. (2018), over
90% of drugs work for fewer than half of the patients they are prescribed for.

Improvements in the technology for sequencing the human genome have enabled more precise
tailoring of treatments within groups of patients sharing the same diagnosis. Increased preci-
sion of interventions is achieved by exploring predictive biomarkers, which ‘identify individuals
who are more likely than similar individuals without the biomarker to experience favourable or
unfavourable effects from exposure to a medical product’! Instead of treating many patients and
accepting lower response rates, biomarkers associated with molecular and genetic characteristics
are used to narrow down the number of patients that are given a specific treatment. Patients
without these biomarkers, can instead be offered other treatment alternatives or no treatment
at all, thus avoiding the burden of receiving ineffective treatment.

The potentially large benefit to patients and society of improved precision of medical treat-
ment has been recognised for several decades already, since the start of research efforts to deter-
mine the DNA sequence of the entire human genome (Langreth and Waldholz, 1999). Parallel
to the race between the two major sequencing projects, The Human Genome project and Celera
Genomics, the pharmaceutical industry started to invest in mapping variations in the human
genome, referred to as Single Nucleotide Polymorphisms (SNP) Consortium, already then aim-
ing for precision, or personalised medicine (The International SNP Map Working Group, 2001).
So far, predictive biomarkers have made most progress in oncology, but other therapeutic areas
are also experiencing progress in detecting biomarkers that can provide prescribing physicians
with better information about who are likely to respond to a given therapy (see Jgrgensen,
2021, for a recent review). Although initial excessive optimism was replaced with a period of

dissatisfaction about the progress of personalised medicine (Towse and Garrison, 2013), it is

1See the definition offered by the FDA-NIH Biomarker working group
(https://www.ncbi.nlm.nih.gov/books/NBK338449/).



expected that we will continue to see research effort into precision medicine, with development
of specific biomarkers to inform prescription choices (Stern et al., 2017).

Predictive biomarkers challenge economic regulation and coverage decisions of regulators
and health plans. By detecting biomarkers for new and existing therapies, drug producers run
the risk of reducing the size of the market since non-responding patients no longer are going
to be treated. Unless drug prices are sensitive to improved precision, the incentives to develop
biomarkers are weak (see for example Towse and Garrison, 2013, Scott Morton and Seabright,
2013, and Stern et al., 2018).

Despite regulatory challenges being identified and discussed in the literature, the effect of
biomarkers and precision medicine on competition in pharmaceutical markets remains under-
explored. On the one hand, patent-holding drug producers enjoy market power, giving rise
to price setting flexibility. Health plans, on the other hand, enjoy countervailing monopsony
power, first and foremost by controlling access to their plans (Lakdawalla, 2018). The decision
to develop a biomarker is clearly a strategic choice by drug producers that is likely to affect the
dynamics of competition. An illustrating example is the introduction of a biomarker for the
immuno-oncology drug Keytruda sold by Merck.? This drug faced competition from Opdivo
by Bristol-Myers Squibb for treating several types of cancer. While the biomarker reduced the
sales of Keytruda due to fewer patients, the efficacy of the drug improved relative to Opdivo not
using a biomarker and tested on a broader population. Merck’s launch of a biomarker turned
out to be a crucial and profitable strategy for the success of Keytruda.

Our paper aims at developing new knowledge about how predictive biomarkers affect the
strategic interaction between drug producers and health plans, and how this feeds back to the
incentives to develop biomarkers in the first place. By exploring the equilibrium impact of
biomarkers on prescription choices, drug prices, and health benefits, the analysis improves our
understanding of economic regulatory challenges of precision medicine by identifying potential
sources of inefficiency.

We consider a market for prescription drugs that is served either by a monopolist or by
two producers supplying different, but therapeutically substitutable drugs. A drug producer
can only gain access to the market if the health plan is willing to sign a contract with the

producer, and these contractual decisions determine which of the drugs can be prescribed by

?See for instance the article ‘A pharmaceutical firm bets big on a cancer drug’ in the Economist, February
24th 2018.



physicians affiliated with the health plan. Both producers can develop a predictive biomarker
that, if included in the plan, will inform prescribing physicians about the therapeutic match
between the specific drug and the patient. A drug without a biomarker can still be included in
the health plan, but physicians then need to rely on the average performance of the drug, as
learned from clinical trials and use, when making treatment choices.

We develop a spatial competition framework with up to two drugs available and a distrib-
ution of patients who differ with respect to their therapeutic match with each drug. The two
drugs represent alternative treatment options, with different active substances and pharmaco-
dynamics. Our model allows these drugs to have different maximum treatment effects (vertical
differentiation) and different treatment effects for given patient characteristics (horizontal dif-
ferentiation). The insurer decides which drugs to include in the plan, based on total costs and
expected health outcomes, and affiliated physicians are delegated the task of choosing among
the included drugs when receiving a patient. An important feature of our model is the ability
of drug producers to develop biomarkers that, in effect, will inform physicians about the thera-
peutic match between the drug and the patient. We derive the equilibrium drug prices, profits,
market shares and expected overall health outcomes with and without biomarkers, which inform
us about the incentives to develop predictive biomarkers in the first place. This is done both
for the monopoly case and for the therapeutic competition case with two producers.

Our monopoly case confirms an important mechanism already discussed in the literature by
showing that the drug producer will not develop a predictive biomarker if the average treatment
effect is sufficiently strong. In the absence of a biomarker, drug treatment is prescribed to all
patients if the perceived costs of drug treatment do not exceed the health benefit of the average
patient in the population. However, in the presence of such predictive biomarkers the drug
is prescribed to all patients only if the costs do not exceed the health benefit of the marginal
patient with the weakest response. In other words, the introduction of a predictive biomarker
test can cause a drop in demand that makes the development of such a test unprofitable for the
monopoly producer.

Assuming instead that the expected health benefit of drug treatment is negative, implying
that no patients will be prescribed the drug in the absence of patient-specific information about
mismatch costs, the only way for the monopolist to gain access to the health plan is to develop a
predictive biomarker test that identifies the patients who have a positive health benefit of drug

treatment. Although this represents a direct efficiency gain, by ensuring access for responding



patients, we also show that a monopolist with a biomarker will set a price that leads to under-
treatment of patients, implying that the efficiency gains of a biomarker test are partly offset by
the monopolist’s incentives to price the drug excessively high.

By introducing therapeutic competition, we derive two novel sets of results that expand our
understanding of the market effects of precision medicine. First, the introduction of biomarkers
affects the intensity of price competition between the producers of therapeutically substitutable
drugs. If the qualities of the drugs are sufficiently high to ensure a fully covered market,
we show that, perhaps surprisingly, biomarkers have an anti-competitive effect. With more
precise information about the therapeutic match between a drug and the patient, the competing
producer needs to offer a larger rebate to switch the physician’s prescription choice, thus making
drug demand less price elastic when individual mismatch costs for both drugs are observed by the
prescribing physician. However, this is no longer true if drug qualities are sufficiently low, such
that some patients are left untreated in equilibrium. In this case, we show (in an extension to
our main model) that biomarkers have instead a pro-competitive effect by making drug demand
more price elastic.

Second, we show that better information about each patient’s most therapeutically appro-
priate drug does not necessarily lead to more efficient treatment outcomes. The intuition for
this result can be traced back to the distortion in treatment choices caused by the drug produc-
ers’ incentives to set different prices with a higher price for the high-quality drug, which means
that, all else equal, too many patients will be prescribed the cheaper, less efficient drug. By
providing more information to prescribers, this distortion might be reinforced by biomarkers via
their equilibrium effects on price setting. We show that such an adverse effect of biomarkers on
treatment efficiency occurs if the difference in drug quality between the two competing drugs is
sufficiently large.

Overall, a key insight from our analysis is that drug producers’ incentives for developing
biomarker tests rely crucially on market characteristics, and the analysis allows us to identify
and explain several possible equilibrium configurations: (i) A biomarker test will never be
developed by a monopoly producer of a high-quality drug, since such a test would lead to a
drop in demand. (ii) Biomarker tests will always be developed by a monopoly producer of a low-
quality drug or by duopoly producers of drugs with relatively high qualities. In the former case,
a biomarker test will be introduced because it is the only way to access the market. In the latter

case, a biomarker is also necessary for the low-quality producer to gain access to the health plan,



given the presence of a therapeutically substitutable drug of higher quality. However, because of
the previously described dampening-of-competition effect, the best response of the high-quality
producer is also to develop a biomarker. (iii) Finally, because the effect of biomarkers turns
pro-competitive when the market is not fully covered, a biomarker test for only one of the drugs
can be an equilibrium outcome in a duopoly with relatively low drug qualities.

The rest of the paper is organised as follows. In the next section, we discuss the existing
literature. In Section 3, we present the model. In Section 4, we analyse the monopoly case,
characterising pricing, profit, and total health outcomes with and without a predictive bio-
marker. In Section 5, we characterise the effects of biomarkers under therapeutic competition.
In Section 6 we extend the main analysis to a case in which there are untreated patients in

equilibrium. Finally, in Section 7 we provide some concluding remarks.

2 Related literature

Due to the heterogeneity of patients and differences in expected treatment effects between
available drugs, the spatial framework, combining horizontal and vertical differentiation, has
already shown useful in capturing important features of pharmaceutical markets, with respect to
both demand-side and supply-side characteristics (see for example Brekke et al., 2007, Miraldo,
2009, Bardey et al., 2010, Bardey et al., 2016, Brekke et al., 2016, Gonzales et al., 2016, and
Brekke et al., 2022). Among these, the general set-up in our paper relates most closely to the
spatial formulation in Miraldo (2009) and Brekke et al. (2022). Like Brekke et al. (2022), we
allow the health plan to decide on the market access of the drugs, implying that drug producers
compete both for the market and on the market. This assumption is of particular importance
for our analysis of biomarkers since improved precision affects both access decisions of health
plans and inter-brand competition.

In the standard Hotelling model, which has been extensively used in the above referenced
literature, the distribution of patients with respect to their matching with different treatment
alternatives is one-dimensional. To capture the informational role of predictive biomarkers, we
adapt the standard Hotelling model with a two-dimensional treatment preference structure.
This allow us to investigate the drug-specific role of predictive biomarkers. In most cases, a
biomarker will be verified for a specific treatment option only, without being able to predict

treatment outcomes for all other available drugs within the same therapeutic class. If a producer



succeeds in developing a predictive biomarker for its drug, this will not automatically reveal
patients’ therapeutic match to other treatment options.

The economic literature on biomarkers is still relatively new (see Towse and Garrison, 2013,
and Stern et al., 2017, for reviews of economic issues). One of the main questions addressed
concerns the regulatory implications of precision medicine. Scott Morton and Seabright (2013)
develop a stylised model in which a monopoly drug producer decides whether to include a
biomarker test in the early stages of clinical trial for a new drug. When making this choice,
the producer faces a trade-off between the increased likelihood of statistically significant trial
results and the reduced market size due to exclusion of non-responding patients. The price is
exogenous, and they conclude that a form of pay-for-performance contract is needed to stimulate
biomarkers.?

Antonanza et al. (2015) investigate the incentives of health authorities to use a predictive
biomarker to inform treatment choices. Like in our set-up, two treatments are available, and
patients differ with respect to which of these gives the best outcome. They show how the
incentives to adopt biomarkers depend on the uncertainty (specificity and sensitivity) of the
tests. In their model, treatment costs (drug prices) are exogenous, with no strategic market
interaction between producers. Antonanza et al. (2018) explore how a health authority should
design a pay-for-performance mechanism to provide incentives to develop biomarkers. The drug
price is still exogenous, but health authorities can commit to penalties for treated patients not
cured. As in our model, they assume that the drug producer has already received approval for
the drug (based on efficacy and risk assessment), and that post-approval predictive biomarkers
can be explored for increased precision.*

Differently from all of the above mentioned papers, our main contribution to a still un-
derdeveloped literature is that we analyse the strategic effects of biomarkers on drug pricing
and show how such effects determine the incentives to develop biomarkers in the first place.
We also investigate how the effects of biomarkers on overall treatment efficiency might be cru-
cially shaped by strategic effects via the drug producers’ pricing incentives, which is another

potentially important issue that has been hitherto ignored in the literature.

#See Antonanza et al. (2019) for an analysis of price policies to induce the development of biomarkers in the
clinical trials (pre-approval).

*A common assumption in the literature is that the individual physician is informed by biomarkers, if these
are available. In a recent study, Bardey et al. (2021) investigate physicians’ incentives to adopt personalised
medicine techniques that require costly effort in clinics. In a laboratory experiment conducted with prospective
physicians, they find that payment schemes influence the decision to buy diagnostic tests.



Our paper is also related to the wider 1O literature on the competitive effects of (supply-
side) information provision, including the literature on informative advertising in differentiated
markets. The seminal paper by Grossman and Shapiro (1984) show that firms’ provision of ads
with information about product characteristics improve the matching of products to consumers,
but can be excessive from a welfare perspective.” They also show that informative advertising
intensifies price competition, as it expands the competitive segment of consumers, implying that
the firms are better off with a more costly advertising technology. While there are parallels to
this literature, our study differs along several dimensions, including the information technology
of biomarkers and the presence of an insurer that decides on market access for the drugs based
on expected health benefits and costs. There is also a literature on market transparency in
differentiated markets (see, for instance, Schultz, 2004). Similarly to our paper, these studies
address the competitive effects of improved information. However, this literature is mainly
concerned with government-induced market transparency and many of the papers focus on the

trade-off between increased demand elasticity and risk of collusion.b

3 Model

Consider a therapeutic class with at most two patented drugs, indexed by ¢ = 1,2, and a unit
mass of potential patients. Clinical trials that led to the drugs’ approval revealed that they are
both vertically and horizontally differentiated, implying that health benefits vary both across
drugs and across patients. More specifically, we assume that the health benefit of a patient
who is treated with drug ¢ is given by v; — tx;, where v; is the quality of the drug and x;
is a measure of the therapeutic match between the patient and the drug, such that a lower
value of z; indicates a better therapeutic match between the drug and the patient. We assume
that z; is a patient-specific random draw from a uniform distribution on [0,1]. The relative
importance of the horizontal dimension is reflected by the mismatch cost parameter ¢ > 0, which
therefore measures (inversely) the degree of therapeutic substitutability between the two drugs.
We assume, without loss of generality, that v; > vs, and we will henceforth refer to drug 1 as

the high-quality drug.

"There is a long list of papers building on Grossman and Shapiro (1984), including Brekke and Kuhn (2006)
and Hamilton (2009).
6See for instance the early paper by Albak et al. (1997).



3.1 Physicians

Physicians prescribe what is considered the most appropriate treatment for the individual pa-
tient, which is either one unit of one of the available drugs, or no drug treatment at all. When
making the prescription decision, the physician takes into account both the patient’s health
benefit and the drug prices. More specifically, if one unit of drug 7 is prescribed to a patient
with a known mismatch value x;, the utility assigned to this choice by the prescribing physician
is

ui (z5) = v; — ta; — Bpi, (1)

where p; is the unit price of drug 7. For each patient, the physician will prescribe the drug that
yields the highest utility, as specified by (1), but only if this utility is non-negative. Otherwise,
no drug treatment is given. The parameter 5 € (0, 1] measures how sensitive the physician’s
prescription decision is to the drug price. In the special case of 5 = 1, the physician takes drug
prices fully into account and acts as a perfect agent for a third-party purchaser that maximises
total health benefits net of purchasing costs. However, in the more general case of § < 1,
health benefits are more important than drug prices for the prescribing physician. Notice that
our interpretation of 3 is sufficiently general to incorporate patient copayments, where a higher

copayment rate implies a higher value of 3.7

3.2 Predictive biomarkers

The information available to the prescribing physician depends on whether predictive biomarker
tests are developed. Without predictive biomarkers, the treatment choice can only be based
on drug specific information, as revealed by the clinical trials. We assume that the clinical
trials provide information about the quality of the drug, v;, and the distribution of patients
responses, x; ~ U [0,1]. In this case, the prescribing physician must base her treatment choice
on the expected mismatch cost, which is ¢/2 for all patients. Thus, in the absence of predictive
biomarkers, all patients get the same treatment, either drug 1 or drug 2, depending on quality
differences relative to price differences between the two drugs.

On the other hand, if predictive biomarkers are available, the treatment choice can be person-

"Consider a patient who is prescribed drug ¢ and pays op;, where o € (0,1) is the copayment rate. The utility
associated with this prescription choice is v; — op; — tz; from a patient perspective and v; — p; — tz; from a
third-party purchaser perspective. If the prescribing physician maximises a weighted average of patient utility
and purchaser utility, with a weight « given to the latter, the resulting physician payoff function is identical to
(1) for 8 := a(1 — o) + o, implying that 3 is increasing in the copayment rate (o) and in the weight given to
purchaser utility («).



alised, based on the patient-specific information revealed by the test results. More specifically,
we assume that a predictive biomarker test developed for drug ¢ reveals the mismatch value x;
for each patient, implying that the physician learns each patient’s exact therapeutic match with
drug .

3.3 The objectives of pharmaceutical firms and insurer

Fach drug is produced by a profit-maximising firm. The payment for drug ¢ includes the per-
unit price p;. Assuming a constant marginal cost of drug production, equal for both drugs and

normalised to 0, the profit of producer ¢ is given by
T = Dilis (2)

where y; is the demand for drug ¢, which is derived from drug prescription decisions that
maximise (1) for each patient.

The available number of drugs for prescribing physicians are determined by a monopoly
purchaser (health plan) who decides whether to include one or both (or potentially no) drugs
in its health plan. The objective of the health plan is to maximise its surplus, defined as total
health benefits net of drug payments.

The total health benefits and health plan surplus depend on the number of drugs included

in the plan. Generally, total health benefits are given by

1
. 0
7
where f; is the density of patients with mismatch value x; being prescribed drug ¢, such that
1
wi= [ gt s (®)
0
The health plan’s total surplus is then given by
S=H=> puy (5)
i

3.4 Timing

We consider a game with the following timing:

10



1. The drug producers simultaneously and non-cooperatively decide whether or not to de-

velop a biomarker test.
2. The drug producers simultaneously and non-cooperatively submit prices p;.

3. The insurer decides whether to include one or both drugs in the health plan (or none of

the drugs if a positive surplus cannot be achieved).

4. Each patient is prescribed a drug from the available choice set (or no prescription if drug

treatment does not yield a positive utility).

We assume that each producer commits to a price that is not renegotiable and that is
unconditional on the inclusion decisions by the purchaser. As usual, the game is solved by

backwards induction to find the subgame perfect Nash equilibrium.

4 Monopoly

We start out by considering the case of a monopoly market, where only one drug exists. Al-
ternatively, we can interpret this case as the quality difference between the two drugs being so
large that therapeutic competition is infeasible, effectively turning the market into a monopoly
for the high-quality drug. The monopoly producer’s problem is to maximise profits under the
constraint that the purchaser’s surplus is non-negative. The solution to this problem depends

on whether or not a predictive biomarker test is developed.

4.1 No biomarker test

Without a predictive biomarker test, the expected mismatch cost is ¢/2 for all patients, which
implies that the physician will make the same prescription choice for all patients; the drug is
either prescribed to everybody or to nobody. Demand for the drug, if it is included in the health

plan, is therefore given by®

0 if wv—L—-pBp<oO
yN = 2 : (6)
1 if wv—5-0p>0

8In monopoly, we use superscripts T and N to distinguish the cases where the drug comes with a biomarker
test or not, respectively. Furthermore, to save notation, we drop the drug indicator i on all variables in the
monopoly case.

11



If the drug is prescribed to all patients, the total health benefits are given by

t

1
HN:/O (vftx)dm:vfa (7)

The health plan’s surplus is therefore

0 if v—Li-Bp<0

v—g-p if v—45-pfp>0

(8)

Suppose that v > t/2, so that HY > 0. When solving its profit-maximisation problem,
the producer is constrained by the condition that the offered price must give the health plan
a non-negative surplus (i.e., SV > 0). Since 8 < 1, it is straightforward to conclude that the
producer can extract the entire surplus of the health plan and still have non-negative demand
for the drug. Thus, the condition SY > 0 binds at the optimum and the profit-maximising

monopoly price is given by

t
¥ =y - . (10)

If instead v < /2, so that HY = 0, the drug will not be included in the health plan in the
absence of a predictive biomarker test. But regardless of whether the drug is included (v > ¢/2)
or not (v < t/2), the health plan is left with zero surplus, i.e., S = 0.

Whether or not the absence of a biomarker test leads to efficient treatment decisions depend
on the quality of the drug. For sufficiently high drug quality, v > t, the efficient outcome is that
all patients are treated, which is indeed the outcome for v > t in the absence of a biomarker
test. However, if drug quality is lower, v < ¢, the efficient outcome is that some patients (those
with higher mismatch costs) are left untreated, since the treatment effect, v — tz, is negative for
patients with mismatch values sufficiently close to one. In this case, the absence of a predictive
biomarker test implies that either too many or too few patients are treated. All patients are
treated if v € [%, t), which implies overtreatment, while no patients are treated if v < t/2, which

implies undertreatment.

12



We summarise the possible outcomes, and their efficiency properties, as follows:”

Proposition 1 Consider a monopoly producer of a drug without a predictive biomarker test.
(i) If v < t/2, this drug will not be included in the health plan, which implies that patients
are undertreated.
(ii) If v > t/2, the drug will be included in the health plan, and the physicians’ prescription

choices lead to overtreatment if t/2 < v <t and efficient treatment if v > t.

4.2 Biomarker test

If a predictive biomarker test is developed, the physician will be able to personalise the treatment
choice to each individual patient, depending on the therapeutic match revealed by the test, and
drug treatment will be offered if the value of the patient’s treatment effect (v — tx) exceeds the
perceived treatment cost (Sp). Since x is uniformly distributed on [0, 1], total drug demand is

given by

yT:min{v_th,l}, (11)
which yields a total health benefit of

yT (v—0p)(v+Bp) i < vt
HT = / (v — tz)dz = 2t fr<7 , (12)
. .

v —

D[+
~
~
&S]

[
S
]
-

and a total surplus for the health plan of

(v=(2=8)p)(v—Bp) ; v—t
ST = 2 oop<7 . (13)
v—5—p if  p>t

The profit-maximising price is either an interior solution where the price is so high that some
patients are not treated (y? < 1) or a corner solution in which physicians prescribe the drug to
all patients (y” = 1). In addition to the physicians’ prescription choices, the monopoly producer
must also take into account the participation constraint of the health plan, ST > 0, when setting
the drug price. When considering both types of potential corner solutions, stemming from the

prescription decisions and from the participation constraint of the purchaser, it can be shown

9The results in Proposition 1 follow directly from the previous analysis and a formal proof is thus omitted.
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(see Appendix A for details) that the optimal price is given by

5 if v<2tand B> 2
. 2v—
T — 236 if v <2t and%<ﬁ§%, (14)
% if v > 2t and 8 > 22(5:?,
v—% if < %,
The corresponding demand for the drug is given by
o if v<2tand 8> 2,
T _ . _
Yy = 2((21_5)): if v < 2t and 2537? <pB < %, (15)
1 if v>2tor < %

We see that a corner solution, in which all patients are prescribed the drug, requires either
that drug quality is sufficiently high (v > 2t) or that physicians’ prescription choices are suf-
ficiently insensitive to changes in the drug price (5 < 2(v —1t)/(2v —t)). In the former case,
the profit-maximising price is set such that physicians are indifferent between prescribing the
drug or not to the patients with highest mismatch costs (x = 1). In the latter case, the optimal
price is set such that the purchaser is indifferent between including the drug or not in the health
plan.

The producer’s profits and health plan’s surplus in the monopoly solution are given by,

respectively,
(
% if v<2tand 3> 2
2112(1_5) . 2(v—t) 2
i v<2tand 5 — < f <%
r_) e Y 2ot ’ (16)
vt if v > 2t and g > 20
vt if S
and
v2(gfﬂf2) if v<2tand 8> 2
. 2(v—t) 2
o 0 if  v<2and 5 <B<3 (17)
SR (CLT v> 2t and B > 2=
. 2(v—t)
\ 0 if B< 5=

When a biomarker test is available, the profit-maximising price is always set such that
drug prescription decisions are characterised by either efficient treatment or undertreatment of

patients. If v > t, the efficient outcome is that all patients are treated, which happens only

14



in a corner solution with y? = 1, but this requires that the drug quality is sufficiently high or
that the price sensitivity of drug prescription choices is sufficiently low. Otherwise, y* < 1 and
too few patients are treated. On the other hand, if v < ¢, the efficient outcome is that some
patients are left untreated. From (15) it is indeed evident that y < 1 if v < ¢t. However, it is
easily confirmed that the price is always set such that too few patients are treated. Thus, in
contrast to the case of no biomarker test, overtreatment never occurs.

We summarise the outcome and its efficiency properties as follows:'?

Proposition 2 Consider a monopoly producer of a drug with a predictive biomarker test.
(i) The drug will be included in the health plan for all v > 0.
(i) If v < t, too few patients are treated.
(iii) If v > t, treatment decisions are efficient if v > 2t or if B < 2(v—1t)/(2v—1t);

otherwise, too few patients are treated.

4.3 Incentives to develop a biomarker test

At the first stage of the game, the monopoly drug producer decides whether or not to launch the
drug along with a predictive biomarker test, anticipating how the presence or absence of such a
test affects physicians’ treatment decisions. Abstracting from development costs, suppose, for
simplicity, that such a test will be developed as long as profits are strictly higher with than
without a biomarker test. The subgame perfect Nash equilibrium outcome, and its efficiency

properties, are then characterised as follows:!!

Proposition 3 Consider a monopoly producer of a patented drug.

(i) If v < t/2, the monopoly producer develops a predictive biomarker test and the drug is
included in the health plan, but the drug price is such that too few patients are treated.

(ii) If v > t/2, the monopoly producer chooses not to develop a predictive biomarker test but
the drug is still included in the health plan. Too many patients are treated if t/2 < v < t, while

treatment decisions are efficient if v > t.

In order to understand the intuition behind this equilibrium outcome, consider first the case
of v > t/2. In this case, the key effect of a predictive biomarker test is that it makes prescription

choices more sensitive to drug prices, all else equal. In the absence of such a test, and for a

0The proof of Proposition 2 is given in Appendix B.
"' The proof of Proposition 3 is given in Appendix B.
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given drug price, drug treatment is prescribed to all patients as long as the perceived costs of
drug treatment, 8p, do not exceed the health benefit of the average patient in the population,
given by v — ¢/2. However, in the presence of such a test, the drug is prescribed to all patients
only if the costs do not exceed the health benefit of the marginal patient, which is lower and
given by v — t. As long as [ is sufficiently high, the profit-maximising price in the absence of
a predictive biomarker test is too high to yield full market coverage in the presence of such a
test. In other words, the introduction of a predictive biomarker test causes a drop in demand
that makes the development of such a test unprofitable for the monopoly producer. On the
other hand, if 5 is so low that the monopoly price is set such that the participation constraint
of the health plan binds, demand is the same with and without a predictive biomarker test and
developing such a test yields no additional profits. Thus, for v > t/2, the producer chooses not
to develop a biomarker test and the resulting treatment efficiency is given by Proposition 1.
The monopoly producer’s incentives are very different if v < ¢/2. In this case, the expected
health benefit of drug treatment for a randomly chosen patient is negative, implying that no
patients will be prescribed the drug in the absence of patient-specific information about mis-
match costs. Thus, the only way for the monopolist to gain access to the market is to develop
a predictive biomarker test that can identify the patients who have a positive health benefit
of drug treatment. Thus, for v < t/2, the producer chooses to develop a biomarker test and
the resulting treatment efficiency is given by Proposition 2. Notice that the availability of a
biomarker test in this case constitutes a Pareto improvement. The producer benefits from such
a test since it helps gaining access to the market, treatment inefficiency is reduced, and the
health plan also benefits if drug prescription choices are sufficiently price sensitive, as seen by

(17).

5 Therapeutic competition

Suppose now that the health plan has the possibility of including two therapeutically substi-
tutable drugs, with drug 1 being the high-quality drug (i.e., Av := vy — vy > 0), and where
each patient is characterised by a pair of mismatch costs for the two drugs, tx; and txs, where
x1 and zo are independent draws from a uniform distribution on [0, 1]. In this setting, drug
pricing involves two types of competition: (i) competition for access to the health plan, and (ii)

competition for patients in case both drugs are included in the plan.
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In order to facilitate the analysis, we henceforth make the following two assumptions:

Al v; >t i=1,2.

A2 Av < t.

The first assumption is that drug quality is sufficiently high (for both drugs) such that all
patients are given drug treatment in equilibrium. Formally, this requires that v; — 8p; —t > 0,
i = 1,2, which holds in equilibrium if v; is sufficiently high. The second assumption is that
the drug quality difference is sufficiently low such that the efficient treatment outcome is that
each drug has positive prescription volumes. Taken together, these assumptions mean that the
question of treatment efficiency is not about whether patients are treated or not, but rather a
question of whether each patient is prescribed the most appropriate drug. The first assumption
also means that we are now considering the case in which drug producers have no incentives to
develop a predictive biomarker test if they are in a monopoly position (cf. Proposition 3). As
the subsequent analysis will reveal, these incentives are changed in the presence of therapeutic

competition.

5.1 Pricing subgame

There are three different versions of the pricing subgame, depending on whether a predictive
biomarker test has been developed by both producers, by only one producer, or by none of the

producers. We will consider each case in turn.

5.1.1 No biomarker test

If none of the two drugs come with predictive biomarkers, the expected mismatch cost of each
patient, for each drug, is ¢/2. The physician’s prescription choice can then only be based on
quality levels and prices. Suppose that both drugs are included in the health plan, and define the
price difference between the high- and low-quality drugs by Ap := p; — pa. Since the expected
health benefit of prescribing drug i is the same for all patients, and given by v; —(¢/2), the physi-
cian will prescribe drug 1 (drug 2) to all patients if Av > (<) SAp. This dichotomous nature
of the optimal prescription choices implies that the availability of therapeutic substitutes does

not enlarge the health plan’s surplus if predictive biomarkers are not available. Consequently,
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the health plan will only include one drug and chooses drug i if

Because of drug quality differences, the producer of the high-quality drug can always ensure
that it wins the competition for access by setting a sufficiently low price (that still yields positive
profits for the producer). From (18), a price equal to the quality difference between the two
drugs is sufficient to win the competition for access. However, the optimal price is constrained
by a price ceiling determined by the health plan’s break-even price at v; — (¢/2). The Nash

equilibrium at the price bidding stage is thus given by'?
t
p{VN:min{Av,vl—2} and pyN =0, (19)

and only drug 1 is included in the health plan. Since the winning bid is a price less than the
expected health benefit of drug treatment for each patient, the high-quality drug’s demand is

given by yV¥ = 1, and equilibrium profits are given by
t
W{VN:min{Av,vl—Q} and 7N =0. (20)
The total expected health benefit in this equilibrium is given by

t
HNN=v1—§, (21)

and total expected surplus of the health plan is
NN t : t
S :vl—g—mln Av,vl—g >0 (22)

Although the absence of biomarker tests leads to a de facto monopoly outcome where only
the high-quality drug gains access to the market, this equilibrium is different from the previously
derived monopoly equilibrium in two different dimensions. First, the presence of two therapeutic
substitutes creates competition for access to the health plan, which leads to lower drug prices

and thus a positive surplus for the health plan, as long as the quality difference between the

12Under therapeutic competition, we use superscripts NN, TN, NT and TT to distinguish cases in which a
biomarker test is developed by, respectively, no firm, firm 1, firm 2, or both firms.
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two drugs is sufficiently low. In contrast, a monopoly producer of a drug without therapeutic
substitutes is always able to extract the entire surplus from the health plan in the absence of a
biomarker test.

Second, the existence of a therapeutic substitute means that total health benefits can be
increased if the two drugs are optimally allocated across the patient population. More precisely,
under assumption A2, total health benefits are maximised by giving the high-quality drug
to some patients and the low-quality drug to others, depending on relative mismatch costs.
Consider patients with a mismatch value z; for drug ¢. Among these patients, optimal drug
allocation implies that the ones with mismatch values for drug j given by z; > x; — (v; — v;) /t
should be prescribed drug ¢, whereas the remaining ones should be prescribed drug j. Thus,
maximum total health benefits, denoted by H* and induced by optimal drug allocation, are

given by

av 1
H* = / (Ul — t:Cl) dxl +/ (
0 Av

Tt
1—Av

/
0

By comparing (21) and (23), it is easily confirmed that H* > HV. In other words, including
only the high-quality drug in the health plan implies a suboptimal drug allocation across pa-
tients, since some patients with high mismatch costs for drug ¢ would have been better off with
drug j, if they had access to this drug.

We summarise the equilibrium outcome in case of no biomarkers as follows:'?

Proposition 4 Suppose that a biomarker test does not exist for any of the two drugs.
(i) Only the high-quality drug will be included in the health plan.
(ii) The allocation of drugs across patients leads to higher treatment mismatch costs than

what is socially efficient.

5.1.2 Only one drug with a biomarker test

If producer ¢ develops a biomarker test, the physician learns the therapeutic match between

drug i and the patient. Suppose that both drugs are included in the health plan (the condition

3The results in Proposition 4 follow directly from the previous analysis and a formal proof is thus omitted.
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for this to be an equilibrium outcome will be derived later). The utility from prescribing drug
i, with a certain treatment effect, must then be compared with expected treatment outcome
from prescribing drug j. Consider a patient whose mismatch value with respect to drug i is
found to be z;. This patient will be prescribed drug ¢ if v; — Bp; — tx; > vj — Bp; — (t/2). Let
Z; denote the mismatch value for the patient whose physician is indifferent between prescribing

drug 7 and drug j, given by

ij=1,2, i+#]. (24)

Since x; is uniformly distributed on [0, 1], demand for drugs 7 and j are given by y; = Z; and
y; = 1 — T, respectively. An intriguing implication of this is that demand for the two drugs is
the same, regardless of whether the biomarker test applies to the high-quality or the low-quality
drug. In either case, demand for the two drugs are given by
1 Av—[Ap 1 Av — BAp
m' =y =g+ ——— and szN=y§VT=2—<t : (25)

When each producer chooses its price to maximise profits, the Nash equilibrium prices are

given by
NT t A'U

Y =35 38

t Av
p{N NT _ b av

=D —25 33 (26)

and pgN =p

As expected, the high-quality drug is more expensive than the low-quality drug, and the equilib-
rium price difference is increasing in the quality difference between the two drugs. The resulting

equilibrium profits for the two producers are given by

2Av)? — 2Av)?
TF{N = W{VT = 7(% +24v) and WQTN = WéVT = 7<3t v) . (27)
3613 3613

If the biomarker test applies to drug ¢, notice that all patients with a mismatch value for
drug ¢ such that z; < Z; will be prescribed drug ¢, where Z; is given by (24). The remaining
1 —z; patients will be prescribed drug j. Since x; and z; are independent draws from a uniform
distribution, this means that the value of x; for the 1 —; patients who are prescribed drug j is
a random draw from U ~ [0,1]. Thus, if the biomarker applies to drug i, total health benefits
are given by

T; 1
HTN — pNT _ /O (vr — t5)ds + /O (v — ts) (1 — ) ds (28)
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Furthermore, since Z; = 1 — Z;, the health benefits are the same, regardless of which drug that

comes with a biomarker. Evaluated at the equilibrium prices, these health benefits are given by

5(Av)?
18t

3t
HTN:HNT:®—§+ (29)

where U := (v; + v2) /2 is the average drug quality. The total surplus of the health plan, when

both drugs are included and one of them comes with a predictive biomarker test, is given by

(4+38)¢t  (Av)* (58— 4)
83 180t '

STN — SNT

=7 —

(30)

The next proposition provides the condition for the above derived outcome to constitute a
subgame perfect Nash equilibrium in the subgame that starts at the pricing stage, as well as a

characterisation of its efficiency properties.

Proposition 5 Suppose that a biomarker test exists for one of the two drugs.

(i) Both drugs will be included in the health plan, with equilibrium drug prices given by (26),
if the average drug quality is sufficiently high and if B > (8Av) / (3t + 10Awv).

(ii) Compared to the case of no biomarkers, this outcome leads to more (less) efficient

treatment choices if Av < (>)(3/10)t.

The most noteworthy feature of this equilibrium is that the additional patient information
obtained through a biomarker test for one of the drugs does not necessarily translate into more
efficient treatment choices, compared with the case where no such information is available.
There are two counteracting effects here. The additional patient information obtained through
a biomarker test implies that both drugs are included in the health plan. Suppose that Av = 0,
which implies Ap = 0 in equilibrium. In this case, prescription choices would be purely based
on quality differences and expected differences in mismatch costs. Inclusion of a second drug
would then unambiguously lead an overall improvement in the therapeutic match between drugs
and patients, thus bringing the treatment outcome closer to the efficient solution. Comparing
(21) and (29), we see that, for Av = 0, inclusion of the second drug would increase total
health benefits from T — (¢/2) to v — (3t/8). Since patient information is not perfect (since only
one biomarker test is available), the total health benefits are in this case still lower than the
maximum level, which from (23) is given by v — (¢/3).

However, if Av > 0, prescription choices would also depend on relative drug prices when
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both drugs are included in prescription choice set. All else equal, this creates a distortion in the
prescription choices where too many patients are prescribed the low-quality drug because it is
cheaper. Since Ap is monotonically increasing in Awv, this price distortion effect increases with
the quality difference between the two drugs. Thus, if Av is above a threshold level, given by
(3/10) ¢, the price distortion effect dominates the effect of improved patient information, leading

to an overall reduction in total health benefits.

5.1.3 Both drugs with biomarker tests

Suppose now that both drugs come with a predictive biomarker test, which implies that each
patient’s pair of mismatch values, x1 and x2, can be observed by the prescribing physician. In
order to derive drug demand in this case of perfect patient information, consider a patient with
a mismatch value for drug 1 equal to ;. This patient will be prescribed drug 1 if the same
patient’s mismatch value for drug 2 satisfies the inequality zo > 1 — (Av — SAp) /t. Thus, the

probability that a patient with a mismatch value x; will be prescribed drug 1 is

1 —_
min / dxa, 1 :min{<1+AvﬁAp—m1> ,1}. (31)
1 —(Av—BAp)/t t

Suppose that Av— SAp > 0 (which we will subsequently confirm holds in the Nash equilibrium
of the pricing game). The density of patients being prescribed drug 1, as a function of z, is

then given by
1 if  ap < BupAR

fi(xy) = N . (32)

14 80880 gy f gy > AUBR

By a similar logic, the density of patients being prescribed drug 2, as a function of xs, is given

by
1— (A”U—tﬁAP) — X9 ’lf 9 S 1— AvftﬁAP

fa(@2) = : (33)

0 if @y >1- 8vfAr

Total demand for each of the two drugs is then given by

1 _ _ 2
T = [ Aendn =+ (SUPR0) - (S02PA) (34)

and

(Bt ! (A—Mp) (3)

1
T
= d = — —
Ya /0f2(332) 2 =3 " 5 ;
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Notice that positive demand for both drugs requires Av — SAp < t, which always holds in
equilibrium under assumption A2.
By maximising the profit of each producer with respect to its drug price, and solving the

corresponding set of first-order conditions, we derive the following Nash equilibrium prices:

rr_ 3¢ —5(t— Av) and 7 _ ¢+t —Av

P1 83 b2 83 ) (36)

where

b= /92 — Av (2t — Av) € (2\@& 3t> for Av € (0,1). (37)

This equilibrium is derived under the assumption that Av — SAp > 0, which, when evaluated
at the candidate equilibrium prices, translates to

3t+ Av— ¢

Av — ﬁApTT = 1

> 0. (38)

Since ¢ < 3t, this condition always holds for Av > 0. We can also easily confirm that, as

expected, the drug with higher quality has the higher price in equilibrium:

rr_ ¢ —3(t—Av)

Ap 15

> 0 for Av € (0,1). (39)

The profits of each producer are given by, respectively,

T (22t + 2 (2t — Av) Av — 2 (t — Av) ¢) (3¢ — 5 (t — Av))

L= 25632 (40)
and ,
pgr = (=20 o) ;?&; ¢ (41)
The total health benefits are given by
2 1
HTT = z; /O (v; — tx;) fi () das, (42)

where f; (x;) is given by (32)-(33) for ¢ = 1,2. Evaluated at the equilibrium prices, the health

benefits are given by

Av (3t + Av — @) (Tt — Av + ¢)
48¢2

. (43)
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Finally, total surplus for the health plan, in equilibrium, is given by

CAv (4B - 3) (t (29 — 3Av) — Av (¢ — Av)) + % (33¢ — (51 — 328) t + 3 (15 — 853) Av)

STT
96123

=0
(44)
Existence conditions and key properties of the above derived Nash equilibrium are given by

the following proposition:

Proposition 6 Suppose that each of the two drugs has a predictive biomarker test.

(i) Both drugs will be included in the health plan, with equilibrium drug prices given by (36),
if the average drug quality is sufficiently high and 5 is above some threshold level.

(ii) Compared to the case where only one of the two drugs has a biomarker test, drug prices
are higher while treatment choices are more (less) efficient if the drug quality difference is

sufficiently low (high).

When we compare the effect of introducing a second biomarker test on the equilibrium
outcome, two striking results appear. First, equilibrium drug prices are higher when both
drugs have predictive biomarker tests, as long as Av > 0. This means, perhaps surprisingly,
that increased information about the therapeutic match between patients and drugs has a
dampening effect on price competition. This result is caused by the fact that drug demand is
less price elastic when individual mismatch costs for both drugs are observed by the prescribing
physician. In the case where only one of the drugs, say drug ¢, has a biomarker test, every
patient with an observed mismatch value for drug ¢ given by

+Uz‘—vj—ﬁ(pi—pj)

1
T < =
2 t

will be prescribed drug ¢, while the remaining patients will be prescribed drug j. In other words,
for a certain value of x;, the density of patients being prescribed drug i is either zero ore one.
A marginal increase in the price of drug i will reduce the prescription threshold value of z; by
B/t, and since this threshold is the same for all patients, and the patient distribution of x; has
density equal to one, the corresponding demand reduction for drug ¢ is 5/¢t. On the other hand,
if the prescribing physician can observe both z; and z;, two different patients with the same
value of x; might be prescribed different drugs. More precisely, there is a range of z;-values
defined by (z;,%;) where, for each x; € (z;,T;), a share of patients is prescribed drug ¢ while the

remaining share is prescribed drug j. In this case, the effect of a marginal increase in the price
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of drug 7 is that, for each z; € (z;,7;), the share of patients being prescribed drug i reduces by
B/t, and the corresponding reduction in total demand for drug ¢ is this share reduction, §/t,
summed over all z; € (z;,T;). If the two drugs have equal quality, Av = 0, then z; = 0 and
T; = 1, as can be seen from the density functions in (32)-(33). In this case, the total demand
reduction caused by a marginal price increase is /t, which is similar to the case of only one
biomarker. However, as long as Av > 0, then 7; — z; < 0 and the demand reduction caused
by a marginal price increase is strictly less than §/¢. Thus, the demand of each drug is less
price responsive when both drugs have biomarker tests, which in turn leads to higher prices in
equilibrium.

The other eye-catching result is that better information about each patient’s most thera-
peutically appropriate drug does not necessarily lead to a more efficient treatment outcome.
More specifically, the improved patient information gained by a second biomarker test reduces
total health benefits if the quality difference between the two drugs is sufficiently large. This
result is similar to the one obtained when comparing the equilibrium outcome under no and one
biomarker test, respectively (cf. Proposition 5), and is once more caused by the presence of two
different distortionary effects. First, if only one of the drugs in the health plan has a biomarker
test, drug allocation is suboptimal because of a lack of information about patients’ mismatch
costs for the drug without a biomarker test. More precisely, if only drug ¢ has a biomarker test,
and both drugs are equally expensive, too many (few) patients with low (high) values of z; are
being prescribed drug ¢, leading to suboptimally high mismatch costs. Second, a distortion in
drug allocation is also caused by the drug producers’ incentives to set different prices, with a
higher price for the high-quality drug, which means that, all else equal, too many patients will
be prescribed the cheaper low-quality drug. Although the first distortionary effect is removed
by going from one to two biomarker tests, the second distortion related to drug price differences
is reinforced. This can be seen by comparing the equilibrium price differences in the two cases,

which, from (26) and (39), yields

A -9t
AptT — Ap™N = 1}%—12;29 > 0 for Av € (0,1). (45)

" Using (34)-(35), the price responsiveness of demand for drug i is

;T _ (B B C
Tpi—f ?7§|A’U7BAP‘ s 7,—172.

25



Thus, a second biomarker test increases the equilibrium price difference between the drugs,
and more so the larger the difference in drug quality. If Av is sufficiently large, the increased
distortion caused by a larger drug price difference more than outweighs the effect of improved

patient information, causing an overall reduction in patients’ health benefits.

5.2 Incentives to develop biomarker tests

What are the incentives to develop biomarker tests when each producer faces competition from
a producer of a therapeutic substitute? Once more ignoring the cost of developing a biomarker
test, a comparison of producer profits across the previously analysed cases yields the following

result:

Proposition 7 Consider a game between the producers of two therapeutically substitutable
drugs. If the average drug quality is sufficiently high, and if demand responds sufficiently
strongly to drug prices, the unique subgame perfect Nash equilibrium is that both producers
develop a predictive biomarker test, with drug prices and total health benefits given by (36) and

(43), respectively.

The key insight from this analysis is that, in contrast to the case of a monopoly drug pro-
ducer, therapeutic competition yields strong incentives for the competing producers to develop
predictive biomarker tests. The producer of the high-quality drug might prefer a scenario with-
out any biomarkers, since this will help gaining the producer monopoly access to the health
plan. However, this is never an equilibrium outcome, since the producer of the low-quality drug
has an incentive to develop a biomarker test in order to gain access to the health plan. And
given that one of the producers develops a test, the best response of the other producer is also to
develop a test. The reason for this is that increased information about patients’ mismatch costs
(going from one to two biomarkers) makes prescription decisions less price sensitive and thus
enables the producers to charge higher drug prices, as previously explained. In other words,
biomarker tests work as instruments to dampen price competition between producers of ther-
apeutically substitutable drugs, and the producers’ incentives to develop such tests are driven
by this dampening-of-competition effect.

Notice, however, that these incentives do no necessarily lead to more efficient treatment
outcomes, as shown by Propositions 5 and 6. If the difference in drug quality is sufficiently

large, the introduction of biomarker tests leads not only to higher drug prices, but also to lower
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total health benefits due to the prescription distortions created by an increased price difference

between the two drugs, where too many patients are prescribed the low-quality drug.

6 Extension: Untreated patients in equilibrium

The above analysis of therapeutic competition relies on the underlying assumption (A2) that
drug quality is high enough for all patients to be treated in equilibrium; i.e., we have assumed
that

vi — Bpi —t >0 (46)

in equilibrium for ¢ = 1, 2. In this section we investigate how our main result might be affected
if this condition does not hold. More specifically, suppose that the parameters of the model are
such that the following condition holds in all equilibria where at least one drug has a biomarker
test:

t
§<Ui—ﬁpi<t,i=1,2. (47)

This means that, for each drug, the net utility of drug prescription is positive for the patients
with average mismatch costs (equal to t/2) but negative for the patients with highest mismatch
costs (equal to t). If this condition holds in equilibrium, the previously derived equilibria are
the same as long as at least one drug comes without a predictive biomarker test. In these cases
(with either zero or one test), the market is fully covered in equilibrium and each patient gets
drug treatment. However, in the perfect information case where both drugs have a biomarker
test, the Nash equilibrium outcome is different and has a partially covered market, where some
patients (with high mismatch costs for both drugs) are being left untreated.

If both drugs have a biomarker test, and drug qualities and drug prices are such that some

patients are left untreated, demand for drug ¢ is given by

v —Bp;

~ t .
T = / fi(z) dwi, i=1,2, (48)
0
where f; (z;) is given by (32) and (33) for ¢ = 1 and i = 2, respectively. More explicitly, the
demand functions for the two drugs are
T = LT Bpi (va — fBp2)’

_ 49
1 t 242 (49)
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and

~rr _ v2—Bp2 (v2— Bp2) (2(v1 — Bp1) — (v2 — Bp2))
o= 212

. (50)

The profits of producer ¢ are thus given by %?T = pig];T T i =1,2. In the pricing subgame, the

candidate Nash equilibrium is given by pair of prices, (ﬁ{ T ﬁg T), that solve the following set

of first-order conditions:

8]91 2t2

7T - — (v1 — vy — vy —
5;;2 _ (02 =28py) 2(t — (01 ﬁl;lt)Q))Jr( 2 — [p2) (va 35292):0. (52)

This system is analytically solvable for the special case of equal drug qualities, v1 = v9, in which

case

5TT:ﬂVt(2t_g)_(2t_W) i=1,2. (53)

(2 Y

To see the effect of biomarkers on the intensity of price competition in the case of a partially
covered market, it is instructive to compare these equilibrium prices with the equilibrium prices
in the case of only one biomarker test, given by (26). Due to continuity, we can establish the

following price ranking in the neighbourhood of the symmetric equilibrium:

Proposition 8 Suppose that drug qualities are so low that some patients are being left untreated
if the prescribing physician has perfect information about patients’ mismatch costs. In this case,
and if the quality difference between the two drugs is sufficiently small, equilibrium drug prices

are lower if both drugs have biomarker tests than if such a test exists only for one of the drugs.

If we compare this result with the equivalent price comparison made in the main analysis
(cf. Proposition 6), it is evident that the answer to the question of whether biomarker tests are
pro-competitive or anti-competitive depends crucially on whether the market is fully or partially
covered in the perfect information equilibrium. If drug qualities are sufficiently high, such that
the market is fully covered in equilibrium, our analysis in Section 4 revealed that additional
biomarker tests make demand less price-elastic (as long as drug qualities are different), thus
leading to higher drug prices. On the other hand, Proposition 8 shows that if drug qualities are
sufficiently low, so that the market is only partially covered in equilibrium, the opposite result
occurs, at least if the quality difference between the drugs is sufficiently small. In this case,

additional biomarker tests make demand more price-elastic and thus have a pro-competitive
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effect on drug prices.

In order to explain this result, notice first that 9yl 7 /0p; = —B3/t when evaluated at the
symmetric equilibrium, as can easily be verified from (49)-(50). This is the same price sensitivity
of demand as under full market coverage with either one or two biomarker tests when v; = v,
as can be seen from (25) and (34)-(35), respectively. The result in Proposition 8 is therefore
explained by the demand drop resulting from more precise information about patients’ mismatch
costs. If only one drug has a biomarker test, all patients are given one of the drugs as long as the
net utility of drug prescription for the average patient is non-negative, which is true when (47)
holds. However, biomarker tests for both drugs allow for the identification of patients whose
mismatch costs for both drugs are so high that they will no longer be given drug treatment. As
long as the drug quality difference is sufficiently small, this implies a demand drop for both drug
producers, which makes demand more price-elastic and therefore leads to lower drug prices.

In order to make a more complete comparison of the cases of full versus partial market
coverage under perfect information, we resort to numerical simulations. In Table 1 we present
two different numerical examples where we vary the quality difference between the two drugs.
Whereas the average drug quality remains constant, the difference in drug quality is relatively
small in Panel A (Av = ¢/10) and relatively large in Panel B (Av = ¢/2). The parameter
configurations are chosen such that the condition in (46) is violated for the equilibrium prices
given by (36), while the condition in (47) holds for the equilibrium prices implicitly given by
(53), thus ensuring the existence of the latter equilibrium. We have also confirmed that the
inclusion of both drugs in the health plan (in the presence of biomarkers) is an equilibrium

outcome. See Appendix C for further details.
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Table 1: Partially covered market under perfect information

Panel A: Small quality difference (v1 = 2.6, vy = 2.4; Av = t/10)

D1 D2 Y1 Y2 T T H S

Two biomarkers 1.28 1.14 0.51 0.44 0.65 049 1.80 0.65
One biomarker 1.33 1.17 0.53 0.47 0.71 0.54 1.76 0.50
No biomarkers 0.2  0.00 1.00 0.00 0.20 0.00 1.60 1.40

Panel B: Large quality difference (v1 = 3, va = 2; Av =t/2)

D1 D2 Y1 Y2 m T H S

Two biomarkers 1.63 094 0.65 0.29 1.06 0.27 1.93 0.59
One biomarker 1.67 0.83 0.67 033 1.11 0.28 1.89 0.50
No biomarkers 1.00 0.00 1.00 0.00 1.00 0.00 2.00 1.00

Other parameter values: t =2, 5 =0.8

In the case of small quality differences (Panel A), we see that going from one to two biomarker
tests reduces the price of both drugs, thus confirming the result stated in Proposition 8. The
price drop is also larger for the high-quality drug, thus contributing to a smaller drug price
difference, which all else equal improves the allocational efficiency of drug prescriptions and
which contributes to the observed increase in total health benefits.

If the quality difference between the two drugs is larger (Panel B), we see that the price
effects of introducing a second biomarker test are heterogeneous across the two drugs. The
price of the high-quality drug decreases, while the price of the low-quality drug goes up. This
leads to an unambiguous decrease in the drug price difference, which once more is beneficial for
allocational efficiency.

Regarding the drug producers’ incentives to develop biomarker tests, it is easily verified that
the unique Nash equilibrium outcome in each of the two examples in Table 1 is that only one
of the producers develop a test. If quality differences are small, none of the producers have
incentives to develop a second test because of the resulting price reduction. In the case of larger

quality differences, if the high-quality drug already has a biomarker test, the producer of the
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low-quality drug will be able to enjoy a price increase by also developing test. However, the
corresponding drop in demand (since more precise patient information shifts demand in direction
of the high-quality drug) is large enough to make this unprofitable. Thus, compared with the
main analysis, we see that the drug producers have weaker incentives to develop biomarker tests
when drug qualities are so low that the market is only partially covered under perfect patient
information.

As in the main analysis, notice that the presence of biomarker tests does not necessarily
improve efficiency in drug prescriptions. In the case of small quality differences (Panel A), the
most efficient outcome is that both drugs have a biomarker test. However, if quality differences
are larger (Panel B), the most efficient outcome is achieved in the absence of biomarker tests.
As in the main analysis, this is explained by the allocative distortion caused by larger drug
price differences in the presence of biomarker tests. Since Av < t, the optimal drug allocation
in both of our examples would be to prescribe the low-quality drug to some patients. But in
the equilibrium with either one or two biomarker tests, too many patients are prescribed the
low-quality drug because of the price difference between the two drugs, and a larger quality
difference aggravates this problem. Thus, in our example in Panel B, total health benefits are
higher if every patient is prescribed the high-quality drug, which is the equilibrium outcome in
the absence of biomarker tests.

Notice also that, in both of our examples in Table 1, the private incentives to develop
biomarker tests fail to produce the most efficient outcome, as measured by the total health
benefits. When quality differences are small, the producers have insufficient incentives to develop

biomarker tests, while in the case of larger quality differences, these incentives are too strong.

7 Concluding remarks

This paper is a first study of the impact of biomarkers on the dynamics of competition in
pharmaceutical markets. A key focus is on the strategic incentive for drug producers to develop
a (predictive) biomarker for a given drug therapy and the corresponding effects on market
outcomes and social welfare. The set-up is a four-stage game where drug producers decide on
the development of biomarkers at stage 1 and submit price bids at stage 2, a purchaser decides
whether to include the drugs in the health plan at stage 3, and affiliated physicians select which

of the approved drugs to prescribe to patients in the plan at stage 4. Since patients respond
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differently to alternative drug treatments, the physicians’ prescription choices can only be based
on the expected (average) treatment effect in the patient population in absence of a biomarker.
However, a biomarker provides information about how individual patients respond to the drug
therapy, enabling the physicians to personalise prescriptions of the drugs to their patients.

We study the impact of biomarkers under two different market structures, namely monopoly
and imperfect competition (duopoly). A key lesson from our analysis is that more information
(via biomarkers) does not necessarily improve market outcomes or social welfare due to the
strategic responses from rival drug producers and/or the purchaser. Under monopoly, the drug
producer has an incentive to develop a biomarker only if drug quality is so low that the expected
treatment effect is negative and the insurer rejects access to the health plan. In this case, a
biomarker facilitates access to the health plan by identifying patients with a good therapeutic
match and is thus welfare improving. However, due to monopoly pricing by the drug producer,
too few patients are treated even when the insurer includes the drug in the health plan. However,
if the drug quality is so high that the expected treatment effect is positive, the drug is always
included in the health plan, and the monopoly drug producer has no incentive to develop a
biomarker test due to the demand-reducing effect of such a test.

Competition changes incentives and outcomes radically. Indeed, drug producers have stronger
incentives to develop a biomarker when facing competition than under monopoly. For a low-
quality drug producer it is always a dominant strategy to develop a biomarker. Otherwise, the
insurer will not include the drug in the health plan due to the expected treatment effect being
negative. A high-quality drug producer prefers no biomarkers on the market, as this implies a
de facto monopoly position, but this is never an equilibrium since the low-quality drug producer
develops a biomarker. In this case, the best response for the high-quality drug producer is to
also develop a biomarker as demand becomes less price sensitive and thus dampens competition.
In an extension, we show that this result can be reversed if the drug quality is sufficiently low
so that some patients remain untreated in equilibrium (uncovered market).

The development of a biomarker by the low-quality drug is welfare improving as this switches
the market from monopoly to duopoly by facilitating access for the low-quality drug to the
health plan. This is not necessarily true with a biomarker for the high-quality drug due to the
dampening-of-competition effect described above. Indeed, we show that there is generally not
an efficient treatment outcome even though there is perfect information about treatment effects

with both drug producers developing a biomarker. This is due to the strategic price responses
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induced by the biomarkers that distorts the physicians’ prescription decisions away from the
socially optimal allocation.

By way of conclusion, let us point at some limitations and scope for future research. First,
our study focuses on the incentive for drug producers to develop a biomarker. An alternative
could be to consider development of biomarkers by third parties (e.g., universities, research
institutes, biotech companies, etc.) for commercial reasons or subsidised by insurers to facilitate
improved treatment and/or cost savings. While the incentives of third-parties and insurers to
introduce biomarkers are different than for drug producers, our study has investigated in detail
the effects of biomarkers (for one or more drugs) on the competition among drug producers.
This analysis is valid irrespective of who (the producers, third parties or purchasers) is making
the decision to develop a biomarker.

Second, in order to focus on the competitive effects of biomarkers on drug producers’ pricing
decisions, we assumed that there is one health plan with a given set of patients and thus
abstracted from modelling the insurance market. An insurer that limits the availability of
drugs in its plan may risk losing individuals to another insurer with a more generous plan if
the premia are not fully accounting for such differences. While modelling an insurance market
would certainly make the analysis richer, we do think such an extension has limited relevance
partly because individuals choose a health plan based on the whole portfolio of drugs in the
plan and not single therapies (where biomarkers may be relevant). The choice of health plan
is also usually an ex ante decision that is taken before individuals know which drug treatments
they would need in the future.

Finally, our study has not investigated the impact of biomarkers on the incentives for drug
innovation. Instead we have focused on drugs that are already discovered. While it is beyond
the scope of this paper to include an innovation stage to the game, let us make one remark
before concluding. Innovation incentives are usually increasing in the (expected) profits from a
drug discovery. In the paper we show that a biomarker is generally improving the profitability of
low-quality drugs, while the high-quality drug producer is generally better off in a market with
no biomarkers. A speculative conjecture is thus that biomarkers may distort the drug producers
to expend relatively more effort on me-too (low-quality) drug therapies and relatively less effort
on radical (high-quality) drug therapies. However, a more comprehensive analysis of the effect

of biomarkers on innovation incentives is left for future research.
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Appendix

A. Monopoly pricing in the presence of a biomarker test

If the drug is included in the health plan and has a biomarker test, demand is given by (11). If
the health plan’s participation constraint does not bind, the profit-maximising monopoly price

is given by

no
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where yT < (=)1ifv < (>)2t.
The next step is to check what is required for the purchaser’s participation constraint to

hold. As a function of p”', this constraint is given by

T

ST:(vatZ;) yT > 0. (A2)

Consider first the case of v < 2t, for which the unconstrained monopoly price satisfies the health
plan’s participation constraint if

v (38 —2)0?
L] (A3)

It follows that S” > 0if 3 > 2/3. On the other hand, if 3 < 2/3, the monopoly producer’s price
setting is constrained by the condition that the health plan’s surplus must be non-negative. In

this case, the optimal (constrained) price solves
T
<v—pT—y >yT:O, (A4)

where y” is either an interior solution given by y? = (v — 3p) /t, or a corner solution given by
y? = 1. The optimal (constrained) price that implements an interior solution is therefore given
by

=55 (A5)

whereas the price that implements a corner solution is
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By a simple comparison of profits, we find that the optimal price is given by (A5) if g >
2(v—1t)/(2v—t)and by (A6)if B<2(v—1t)/(2v—1t).

Consider next the case of v > 2t, which implies a fully covered market in the profit-
maximising solution. Setting p = (v —t) /3 and y7 =1 in (A2), the purchaser’s participation

constraint is given by
gr_te-m-20-mv_,
2p

which holds if 8 > 2 (v —t)/(2v — t). On the contrary, if 5 <2 (v —t)/(2v —t), the producer

(A9)

must offer the purchaser a lower price. In this case, we have already found that the highest

price that the purchaser is willing to accept is the price given by (A6).

B. Proofs
Proof of Proposition 2

(i) The result follows directly from (17)

(ii) The health benefit of drug treatment is positive for patients with mismatch costs that
satisfy v — tz > 0. Thus, if v < t, efficiency requires that v/t patients are treated with the
drug, while 1 — (v/t) patients are left untreated. If a predictive biomarker test is available and
v < t, it follows from (15) that the number of patients treated is given by v/2t if 5 > 2/3 and
2(1-p)v/(2—-p)tif B < 2/3. It is straightforward to verify that

v 2(1=p)v t
max{%,w} <3 (B1)

implying undertreatment.

(iii) If v > ¢, the health benefit of drug treatment is positive for the patients with highest
mismatch costs (v — ¢t > 0) and thus positive for all patients, which implies that treating all
patients is the efficient outcome. By (15), the equilibrium outcome in the presence of a biomarker
test i y7 = 1 only if v is sufficiently large or j3 is sufficiently small. Otherwise, y* < 1, which

implies undertreatment.

Proof of Proposition 3

(i) If v < t/2, the drug is not included in the health plan in the absence of a biomarker test, thus

yielding zero profits for the producer, while in the presence of such a test, profits are strictly
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positive for all v > 0, as evidenced by (16). Thus, the producer develops a biomarker test and
the results regarding health plan inclusion and treatment efficiency are given by Proposition 2.
(ii) If v > ¢/2, monopoly profits with and without a biomarker test are different in three out
of four parameter sets, as defined by (16):
(1) In the parameter set characterised by v < 2t and 5 > %, the profit change resulting from
the development of a biomarker test is given by

T N_’UQ_ ot v =248 (2v —t)
T -7 T <v 2>— 103 . (B2)

It is easily confirmed that this expression is convex in v and reaches a minimum at v = 25t < 2t.
Thus, in the relevant interval of v, given by [¢,2t], the maximum value of the profit change is
either at v = ¢ or at v = 2¢t. At the lower bound, v = ¢, the numerator is t? (1 — 23) < 0 for
B > 2/3, while at the upper bound, v = 2¢, the numerator is 2t? (2 — 33) < 0 for 8 > 2/3.
Thus, 77 — 7 < 0 in the relevant parameter set.

(2) In the parameter set characterised by v < 2t and 2(v—1t)/(2v —t) < B < 2/3, the

profit change resulting from a predictive biomarker test is

) (L R T U T D

T - =
t(2-H)* 2 2t (2~ f)*
The sign of this expression is determined by the sign of 2 (1 — ) v — (2 — /3) t, which is negative
for B> 2 (v —t)/(2v —t), implying that 77 — 7 < 0 in the relevant parameter set.
(3) In the parameter set characterised by v > 2t and 8 > 2 (v —1t)/(2v —t), the profit
change resulting from a biomarker test is

o (05 (e £) 2 2O g 200y

Thus, the monopoly producer does not develop a predictive biomarker test if v > ¢/2, and the
results regarding health plan inclusion and treatment efficiency are given by Proposition 1.
Proof of Proposition 5

(i) If both drugs are included, the health plan’s surplus is given by (30), and this surplus is
the same regardless of which drug that comes with a biomarker test. From (30) we see that

STN — SNT > ( if 7 is sufficiently high. Given that STV = SNT > 0, the alternative is to
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include only one of the drugs. If only drug 1 is included, total health benefits are v; — (¢/2) and

total surplus at the candidate equilibrium price chosen by the producer of drug 1 is given by

(1+8)t Av
T

STN = SNT — 4 — (B5)

and this surplus is non-negative if v; is sufficiently high. Given that drug 1 is included, the
additional surplus from also including drug 2 is given by

STN—SITN:(%_?;AU)(3—2<55;ﬁ4)m>>0f0rm6(0,t). (B6)

Thus, if it is profitable to include drug 1, it is also profitable to include drug 2.
Alternatively, the health plan could include only drug 2. The health plan’s net benefit of

including only drug 2 instead of only drug 1 is given by

SQTN—S{NZ(Q_;)’?M>(<)0§5<(>) : (B7)

W N

Thus, if 8 < 2/3, including only drug 2 gives the health plan a higher surplus than if only drug
1 is included. If only drug 2 is included, the additional inclusion of drug 1 increases the health

plan’s surplus by

S S5 = 3+ i3 (B8)
This expression is positive if
8> 8Aw (B9)
3t + 10Av

Notice that this threshold value of § is less than 2/3 for Av < t. Thus, if the condition in (B9)
is satisfied, the inclusion of both drugs is the optimal decision of the health plan.
(ii) The change in total health benefits, compared with the equilibrium outcome when no

biomarker exists, is given by:

2

HTN —gNN —5 - = = . (B10)

3t | 5(Av)? oot (3t — 10Aw) (3t — 2A0)
8 18t 72t

It is straightforward to verify that HTN — HNN > 0 if Av < (3¢/10) and AH < 0 for Av €

(3t/10, ).
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Proof of Proposition 6

(i) If both drugs are included, the health plan’s surplus is given by (44), which is non-negative
if 7 is sufficiently high. Given that ST > 0, the alternative for the health plan is to include
only one of the drugs. If only drug 1 is included, the health plan’s surplus, evaluated at the

candidate equilibrium price of drug 1, is given by

t 3¢—5(t— Av
Sg"T:vl_i_ 8(/8 )

. (B11)

The additional surplus obtained by also including drug 2 is then given by

§TT_gTT _ Av? (48 —3) (Bt + ¢ — A) — 983 —tA (2¢§45 —3) + (248 — 15)) + 2 (3¢ + 16t3)
96123
(B12)

The sign of this expression is given by the sign of the numerator, which we denote p, and which

depends on the parameter 5 as follows:

gg = 4 (48 + (A0)? (6 — Av) — tAw (6t + 26 — 3A0) ). (B13)

The sign of this expression is a prior: indeterminate, but notice that it does not depend on 3.
Thus, p is either monotonically increasing or monotonically decreasing in 3, depending on the

values of ¢t and Av. Evaluating u at the lower and upper bounds of 3, respectively, yields
éimo =3t (¢ — 3t) + 3tAv (5t + 2¢ — 3Av) — 3 (Av)? (¢ — Av) > 0 for Av € (0,1), (Bl4)

éiml p=t2 (Tt 4 3¢) — tAv (9t + 26 — 3Av) + (Av)? (¢ — Av) > 0 for Av € (0,¢).  (B15)

This implies that g > 0 and therefore that ST7 — STT > 0 for all Av € (0,¢). In other words,
it is always more beneficial for the health plan to include both drugs rather then only drug 1.
However, although drug 1 has higher quality than drug 2, the latter drug is cheaper in the
candidate equilibrium. Thus, the health plan might potentially benefit from including only drug
2. If drug 1 is replaced by drug 2 as the only drug in the health plan, the increase in the health

plan’s total surplus is given by

3t— ¢+ (46 —3) Av
_ 1 .

SIT _ oTT — (B16)
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It is easy to see that SgT — S%FT > 0if § < By, where

_ ¢ —3(t— Av)

Bo : Ao . (B17)

If 8 < By, the health plan prefers to select drug 2 if only one drug is included. In this case, the
increase in the health plan’s surplus from also including drug 1, is given by

Av (48 — 3) (Av (¢ — Av) — t (2¢ — 3Av)) + 2 (63t + 16t3 — 21¢) — 3t2Av (19 — 2413)

TT _oTT _
ST =5y 96123

(B18)
The sign of this expression is given by the sign of the numerator, which we denote by 7, and

which depends on [ in the following way:

gg =4 (tAv (18t — 2¢ + 3A0) + 483 + (Av)? (¢ — Av)) > 0 for Av € (0,t). (B19)

Thus, 1 is monotonically increasing in 5. It is also relatively straightforward to verify that
n = 0 for a value of 3 that lies strictly between 0 and 1. This threshold value, denoted by 53,

is given by
_ 12(21¢ — 63t) + 3 (Av)? (3t + ¢ — Av) + tAv (5Tt — 6¢)

T (o) (Bt + 6 — Av) + 166 + 1A (72 —80) (B20)

Thus, ST > (<) SIT if B > (<) B;. Furthermore, by comparing (B17) and (B20) we can verify
that

413 (¢ — 3t) + (Av)2 6 (¢ — Av) + tAv (m? + 3t (6 — 4A0) + 3 (Av)? — 2¢2)
>0

50—51:

dv (4t3 + tAw (18t — 26 + 3A0) + (Av)? (6 — Av))
(B21)

This implies that the equilibrium described in Proposition 6, in which both drugs are included
in the health plan, exists if 3 > ;. Notice that the scope for this condition to hold is larger
when drug quality differences are smaller, with lima,—0 3; = 0.

(ii) Comparing (26) and (36), the equilibrium change in the price of drug 1 when both drugs
(instead of only one) has predictive biomarker test, is given by

P —P1 =
245

> 0 for Av € (0,1), (B22)
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and

rr N _ DAv+3(¢—3t)

Do Do 246 > 0 for Av € (0, t) . (823)

The corresponding effect on total health benefits is given by a comparison of (29) and (43),

yielding
t (6t + Av (63t — 12¢ — 28A0)) — 3Av (¢ — Av)?

HTT _ gTN _
144¢2

(B24)

The sign of this expression is a priori indeterminate. Notice however that

1088 +3 (¢ — Ao) (6 (0 + Av) +6 (Av)?)

0 (HTT — HTN) B —t (¢ (63t — 50Av) + 18Av (8t — 3Av))
dAv T 144t2¢

< 0 for Av € (0,t).
(B25)
Thus, HTT — HTN is monotonically decreasing in Av. Evaluating the health benefits difference

at the lower and upper limits of Av yields, respectively,

t
: T TN
A11120(111 - H ):ﬂ>0 (B26)
and
lim (H™" — H™) = T la)i<o (B27)
Av—1 72 12 '

Thus, H'T > (<) HTV if Av is sufficiently small (large).

Proof of Proposition 7

If the conditions stated in Proposition 5 are satisfied, we know from Propositions 4 and 5 that
only the high-quality drug will be included in the health plan in the case of no biomarkers, while
both drugs will be included if one of the drugs has a biomarker test. Thus, if the high-quality
drug does not have a biomarker test, the best response of the producer of the low-quality drug
is to develop a biomarker test. This means that an outcome with no biomarker test for any of
the drugs cannot be a Nash equilibrium.

The only possible Nash equilibria are therefore that either one or both firms develop a test.
To confirm whether such equilibria exist, we need to compare the equilibrium profits of each

firm in the cases of one and two biomarker tests. Define Amy := 717 — 7T = 7IT _ 7TV,
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Using (27) and (40), we find that

9t (¢ (38t — 3¢ — 4Av) — 8T7t%) + TtAv (3t + Av) + 9Av (¢ — Av) (5Av + 3¢)

Amy = B2
i 1152623 (B28)
We can determine the sign of this expression by first deriving
t(A 11t — 8Av) t + 4 (Av)?
TAAMY) _ g1 (MMEZBAV) ETA(A0)]T (B29)
0 (Av) 1152t28¢
which implies that
P (Ary) 3 (77755 + 65 — (Av)® — tAv (30t (Av)? — T02Av + 1213 — 5 (AU)S))
__ (B30)

8 (Av)? 32t28¢°
is monotonically increasing in Av. Evaluating this expression at the upper bound of Awv yields

03 (Amy) 3

li = 0, B31
Aot d(Av)? (B31)

~ 7323 ©
which implies that 9% (A7) /0 (Av)® < 0 for all Av € (0,t), which in turn implies that

9 (Amy) (15756 = 879%) — 278w (6% — 20w (9t — 280) + 2888 — (Av)°)
0 (Av)2 - 288t25¢3

(B32)

is monotonically decreasing in Av. Evaluating this expression at the lower and upper bounds

of Av yields, respectively,
0% (Amy) 2
li = >
Avmo d(Av)?  2Ttp

0 (B33)

and
. 0%(Am)  153vV2 —256
lim 5 =
Av—t 9 (Av) 1152t

<0, (B34)

which, together with the fact that 8% (A7) /8 (Av)* < 0 for Av € (0,t), means that d (Axy) /0 (Av)
is a concave function of Av on the interval Av € (0,¢) and reaches a maximum on this interval
for a value of Av that lies strictly between 0 and ¢. Evaluating 9 (Amy) /0 (Av) at the lower

and upper bounds of Av yields, respectively,

. G(Am) . 1
A B Ay 128 0 (B35)
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and

lim 0 (Amy) 29

_ , B
A 5 (Av) 2885 0 (B36)

This implies that 9 (Amq) /0 (Av) > 0 for all Av € (0,t). In other words, Am; is monotonically

increasing in Av. Evaluating Am; at the lower bound of Av yields

Alilgo Amy =0, (B37)

which implies that A7y > 0 for Av € (0, ).

Now define Ay := 737 — 7T = 71T — TN Using (27) and (41) we find

9(¢ — Av) (¢ (Av+ ) +4 (Av)2) +1 (270 (t — 2A0) + 1480 (3 — Av) — 324¢2)

A =
2 2304123

(B38)
The sign of Ams can be determined by a similar procedure as we determined the sign of Amry.

We start out by deriving
d* (Amy) 90t
d(Av)t By

>0, (B39)
which means that 9% (A7y) /0 (Av)® is monotonically increasing in Av, and since

. 0% (Am) 3
lim 3 =
Av—t O (AU)

= 3273 <0, (B40)

we can conclude that 9% (Amy) /0 (Av)® < 0 for all Av € (0,t). Since

O (Ama)  3Tt(3t — @) (¢ (3t + ¢) + 9t2) — 27Aw (¢° + 2813 — Av (1812 — Av (4t — Av)))

d (Av)? 288t23¢°>
(B41)
is monotonically decreasing in Av and
2 (A
lim Lﬂ? =0, (B42)
Av—0 O (Ay)
we can conclude that 92 (Amy) /0 (Av)? < 0 for all Av € (0,1). Furthermore, since
9 (Ama) 32 (37¢ — 63t) + Av (t (243t — T4d) — 2TAv (3t — Av + ¢)) (B43)

d(Av) 576t%5¢

42



is monotonically decreasing in Av and

. 6 (A']TQ) . 5
A S (Ae) 288 (B44)

we conclude that 9 (Amy) /0 (Av) > 0 for all Av € (0,t), which in turn means that Ams
is monotonically increasing in Awv. Since lima, g Amy = 0, it follows that Amy > 0 for all
Av e (0,1).

Since 71T > 7N = 7N and 7d7T > 70T = 7N this means that, if one of the firm
develops a test, the best response of the other firm is to develop a test as well. Thus, the unique

subgame perfect Nash equilibrium is that both firms develop a test.

Proof of Proposition 8

From (36), the equilibrium prices for equal drug qualities, and where only one of the drugs has

a biomarker test, are given by

t
== (B45)
A comparison with (53) yields

- ot — 2v; — 242/t (2t — v .
pN =T = = Q T (B46)

The sign of this expression depends on the sign of the numerator. The first- and second-order

derivatives of the numerator with respect to v; are, respectively,

9 (5t — 20— 2ﬂm) _ (1 _1 (W» (B47)

a’UZ‘

and
9% (5t — 2u; — 242/t (2t — v;
(> 8\2[ o) - tv2 > 0. (B4S)
Uy 2(2t—117;) f,(2t—1}i)

Thus, the numerator in (B46) is convex in v; and reaches a minimum at the value of v; for which
the first-order derivative in (B47) is zero. It is easily confirmed that the first-order derivative
is zero for v; = (3/2)t, and that the numerator is also zero at this value of v;. Since this is a
minimum, it follows directly that (B46) is positive, thus p)¥7 > pI? for the entire parameter
set that ensures existence of the symmetric Nash equilibrium given by (53), i.e., v; < (3/2)¢t.

Due to continuity, this price difference must remain positive also in the neighbourhood of the
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symmetric equilibrium; i.e., when the difference in drug quality is sufficiently small.

C. Supplementary analysis for the numerical examples in Table 1.

Suppose that v; and ¢ are such that (47) holds in all equilibria where at least one drug has a
biomarker test.

In the case where no drug has a biomarker test, the equilibrium outcome is given by (19)-
(22), and the parameter values in Table 1 are such that Av < v; — (¢/2), implying SV > 0.

In the case where only one drug has a biomarker test, the equilibrium outcome is given
by (26)-(30), regardless of which drug the biomarker test applies to. The only difference from
the main analysis is that the condition (47) changes the outside option of the health plan.
Given that STV > 0, both drugs will be included if STV > max {SfN, SQTN}, evaluated at the
prices given by (26). Now given the condition in (47), if the health plan includes only the drug
without a biomarker test, the surplus is the total health benefit net of purchasing costs from
a fully covered market. On the other hand, if the health plan includes only the drug with a
biomarker test, the surplus is the total health benefit net of purchasing costs from a partially
covered market. Thus, if drug ¢ comes with a biomarker test and drug j does not, the outside

options are

vzt TN
Sz‘TN - / t (vi — tx;) dz; — pz‘TN <vz—tﬁpz> (C1)
0
and
1
S]TN = / (v1 — txj) do; —p;‘-FN. (C2)
0

It is straightforward to verify that STV >0 and STV > max {S{", STV}, and that (47) holds,
in each of the numerical examples in Table 1.

In the case where both drugs have a biomarker test, the Nash equilibrium prices, denoted
pIT | are implicitly given by (51)-(52), with equilibrium demand given by (49) and (50). Profits

are given by %iTT = f)ZT T@Jf T while total health benefits are

av—p(5 T 55T vy —BP1 A 81— )
oTT ¢ _ E B v—pp1—p2)
H = /0 (’Ul t:Ul) dx1 + /A/Uﬁ(fiﬁz) (1}1 t.%'1> <1 + P x1> drq
v2—BP2 ~ ~
t Av — _
0
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and the total surplus of the health plan is

2
STT — HTT . ZﬁTTﬂZTT (04)

)
=1

Both drugs are included in the health plan if S77 > 0 and S77 > max {§1T T §"2r T}, where

v; —BP;

§Z-TT—/ t (Ui—txi)dxi—ﬁi<w>v =12 (C5)
0

It is straightforward to verify that S77 > 0 and S77 > max {giFT, §2TT}, and that (47) holds,

for each of the numerical examples in Table 1.
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