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Abstract

Abstract: We study intertemporal trade-offs that health authorities (HAs) face when con-
sidering the control of an epidemy using innovative curative medical treatments. We set up a
dynamically controlled Susceptibles-Infected-Recovered (SIR) model for an epidemy in which pa-
tients can be asymptomatic, and we analyze in a simple model, the optimality conditions of the
sequence of cure expenses decided by HAs at the onset of the drug innovation. We show that
analytical conclusions are ambiguous because of their dependence on parameter values. As an
application, we focus on the case-study of Hepatitis C whose treatment underwent a major up-
heaval when curative drugs were introduced in 2014. We calibrate our controlled SIR model using
French data and simulate optimal policies. We show that the optimal policy entails some front
loading of the intertemporal budget compared to fixed annual ones. The analysis demonstrates
how beneficial the intertemporal budgeting can be compared to non forward looking constant
budget allocation.
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1 Introduction

The prices of drugs that are negotiated by healthcare authorities (HAs hereafter) typically depend
on the expected demand for the treatment and the value it brings for the particular medical
condition being treated. In a world where chronic diseases are being treated by regular treatments,
the trade-offs faced by healthcare authorities do not change much over time. However, new and
innovative treatments can change these trade-offs, especially when they have the potential to
cure chronic conditions. This can present a challenge for healthcare authorities when it comes
to setting budgets, as the cost of treating a large number of patients may be out of reach. This
problem is likely to become more frequent in the future as gene and cell therapies can bring drastic
innovations in medical treatment, and potentially provide a cure to otherwise incurable diseases
with long term chronic treatments.

These potentially valuable innovations shed light on the difficulty faced by health authorities
to optimally allocate their budget intertemporally when a large stock of patients becomes curable.
Even absent credit market imperfections, the health authority problem of optimal intertemporal
allocation of an initial budget depends on the decreasing efficiency of treatment with the number of
patients to be treated but also on the rate of transmission and infection in the untreated population
in the case of communicable diseases. While a myopic budget allocation decision seems suboptimal,
value based pricing which justifies high prices for pharmaceuticals with life saving curative values
can challenge the short term “affordability” of health care budgets (Danzon, 2018).

The question on how to allocate an intertemporal budget when innovative curative medical
treatments become available against a communicable disease has not been addressed in the liter-
ature even if the smoothing of payments over time based on performance may be useful (Danzon,
2018, Brennan and Wilson, 2014). The literature on pharmaceutical pricing and spending con-
centrates on the role of price regulation and price setting (Lakdawalla, 2018) in terms of access
and incentives for innovation. Little is known about the intertemporal allocation of curative drug
treatments when treatments affect future needs.

In this paper, we set up a Susceptibles-Infected-Recovered (SIR) model for an epidemy, and we
analyze in a simple set-up, the optimality conditions of the sequence of cure expenses decided by
healthcare authorities when the curative drug treatment appears in the market. In most European

countries, bargaining over drug prices between health authorities and pharmaceutical firms are



annual without long-run commitment. However, long-run optimal planning could generate benefits
for all parties (see Alvarez, Argente and Lippi, 2021 or Assenza, al., 2020, for a recent application
to Covid).

These gains admittedly depend on diseases and drugs characteristics. We focus in this paper on
the case of a grave sickness, Hepatitis C, whose treatment underwent a major upheaval when deci-
sive curative drugs were introduced in 2014. Hepatitis C is informative because the management
of the introduction on the market of therapeutic innovations illustrates well the intertemporal
trade-off between expending money for treating patients with new drugs in the present or waiting
and treating them in the future. These new drugs however were quite expensive, and set off the
question of the optimal policies to be chosen over time to master the epidemy in a cost efficient
way. HAs usually manage the budget impact of treating the accumulated patient stock by pri-
oritizing patients at high risk and delaying treatment of stable patients as was done in France
(Dessauce et al., 2019). Mouterde et al. (2016) describes how France restricted access to the new
drugs called Direct Acting Antiviral agents (DAAs) based on a selection of patients depending
on virus genotypes, disease stages and comorbidities in spite of all these treatments obtaining a
European Union marketing authorization regardless of the patient’s profile. Berdud et al. (2018)
show how the in-class competition for DAAs had a positive impact on uptake and adoption of
DAAs in the top-5 European countries.

The SIR model we consider is standard although it allows for undetected and asymptomatic
infected patients, a quite common occurrence with Hepatitis C. Furthermore, we assume that
the transmission rate is low so that the long-run equilibrium is disease-free as was the case for
Hepatitis C in France after the 2000s. The inheritance of a stock of infected in 2010 had built
up from the uncontrolled usage of syringes before the 2000s among drug-addicts, from unsafe
blood transfusion, and from any contact, among medical professions, between blood of infected
and susceptibles. Those causes of infection were at least partly under control in 2010.

We further assume that the new drug policy cures the disease with decreasing returns to scale,
that is, an additional euro per patient is less and less likely to be effective on the rate at which
patients are cured. It has various justifications given either by biological or economic reasons that
we develop in the text. We also assume that the function describing the impact of new drugs
remain constant over time or at least, this is what is anticipated by the HAs. We indeed mainly

focus on what HAs decide at the onset of the new drug introduction on the market.



Our first contribution is to derive analytical results that characterize optimal policies using the
calculus of variations in the dynamic problem. We show that indeed moving backward expenses
in new drugs holding constant the intertemporal budget of HAs, reduces infection in the short-run
although there are rebound effects of the epidemy in the medium run. This rebound effect seems
particularly important in the case in which there are many asymptomatic patients who could not
be administered the new treatment since they remain undetected.

Our second contribution is to simulate optimal policies using parameters that are calibrated
to the epidemiologic and economic characteristics of Hepatitis C in France. We confirm the
conclusions we set out above about the short-run gains as well as the rebound effects. The latter
effect questions the intertemporal credibility of giving to HAs an endowment they are free to
expend in the short run if additional resources can be renegotiated in the medium run.

Section 2 sets up the model, states our assumptions and describes how we calibrate parameters
in our policy simulations. Section 3 develops analytical results and show that most are indicative,
and remain generally inconclusive. Section 4 characterizes optimal policies obtained by simulations

of a dynamically controlled SIR model and the last section concludes.

2 The set up

We start with setting up a Susceptible-Infected-Recovered (SIR) model with linear incidence (Het-
hecote, 2000) that allows for the existence of asymptomatic or undetected infected persons as is the
case for some patients with Hepatitis C. We then turn to the description of an exogenous innova-
tion process of drugs curing this disease with some probability. We discuss our main assumption
that expenses in the current period are less and less effective when the treatment is scaled up.
We end up presenting our specification for welfare as well as the calibrated values for parameters

that we retain from the literature.

2.1 The SIR model

In a population whose size is independent of time and normalized to 1, we denote s; the share of
susceptibles, i, is the share of identified infected referred to infected, and u, the share of undetected
infected referred to undetected. We set up the model in discrete time and write the laws of motion
of shares as follows.

First, susceptibles can get infected in a way proportional to the infected rate in the population



or can die and be replaced by newborns:
A8t+1 = —B(Zt -+ Ut)St —+ V(l — St>~ (1)

in which  is the strength of infection due to both infected groups, assumed equal across those
groups, and v is the natural death rate in this population.

Infection is first undetected and thus the share of undetected infected behaves as:

Augq = Biy + ug)se — (C+ v)uy, (2)

in which ( is the rate at which the undetected infected are identified. The share of detected
infected thus behaves as:

Aigpr = Quy — (py + V)i, (3)
in which the healing rate p, < 1 — v, is the channel through which the health authorities aim
at controlling the spread of infection by the administration of available drugs. We define more
thoroughly below the impact of policies. Moreover, we do not report the evolution of the share of
recovered individuals which is obtained by deduction, i.e. 1 — sy — u; — ;.

As an approximation, the mortality rate, v, is assumed to be the same in all sub-populations
because there exists a standard drug that does not fully cure the disease although it maintains
patients in life (as was the case with interferon-based treatments before the arrival of direct-acting
antivirals for Hepatitis C). The state variables are not only the SIR variables (s, i, u;), but also
the endowment of public funds aimed at financing a policy of expenses that affect the healing rate
p;. Given a specification of social welfare, the issue of optimal control can then be set up as the
choice of an optimal policy among any infinite sequence of expenses over time.

In the following, we will assume that the only stable stationary equilibrium, without any in-
tervention, is the disease-free one, s; = 1, u; = i; = 0, because this seems a reasonable assumption
for the epidemy of Hepatitis C at least in western European countries, and even if in-migrations
which are not modelled here might delay the process. A sufficient condition is that § < v, as
shown in Appendix A following Hethcote (2000). In addition, the domain of variation of the state

variables is the set: s; > v, u; > 0, iy > 0 and s; + 7; + uy < 1.

2.2 Policies and intertemporal budgets

The policy implemented by health authorities (HAs) is described by the average expenses per

(detected) infected patient at period t, b;, and full expenses are denoted B, = bi;. As i; is
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observed, setting policies in terms of b; or B; is equivalent. In this section, we do not include in b,
the incompressible costs of traditional drugs used to support the infected that health authorities
expend, and we assume that b, refers to expenses of the new generation of effective drugs only.
Traditional drug expenses just add a passive element to b; e.g. b, + cg, and have no impact on our
analysis until the empirical simulation of Section 4. We also describe those expenses and their
relationship with the costs of the new drugs in the descriptive Section 2.4.

Those average expenses, b;, affect the healing rate of the infected through the remission rate,
pr = plby) only. !

Overall, this function satisfies the following characterization:

Assumption D(ecreasing Returns to Scale)

1. p(0) = p9, p(+00) =1 —v
2. p(.) is C' and increasing,

3. p(.) is concave.

In Assumption D.1, the natural remission rate is denoted p(®) and defines the healing rate in
the case health authorities do not use new drugs. The upper limit of their intervention is given
by the fraction of non-deceased, 1 — v. Assumption D.2 posits the existence of new and effective

drugs and their continuous and regular impact. Assumption D.3 implies that for any fixed full

expenses B; but different shares of infected, iﬁl) < i§2)

b = B> B — b\ is larger in the second case, p'(b{") < p/(b

, the effectiveness of average expenses,
).

This can be justified by medical and economic reasons. The first medical reason is coming
from the heterogeneity of treatment effects. As different genotypes of the virus react differently to
the new drugs (Berdud et al. 2018), spending more and more on average makes the treatment less
and less effective. Second, better targeting of heterogenous patients makes the treatment more
effective but organizational costs of administering the new drugs are likely to be convex in the
number of infected, since some are more difficult to approach or convince than others. Mouterde
et al. (2016) explain the organizational constraints involved by the treatment of sick individuals.
These medical reasons can be argued to be stable over time at least at the first order since the

infected population is continuously renewed as undetected patients are detected.

!The function p() is assumed time independent. Taking into account the expected drug innovation process by
competing drug producers is left for future research. All trade-offs over time are here summarized by the marginal
impacts of moving expenses across time periods.



Among economic reasons, the presence of multiple drugs on the market produced by different
firms whose prices are bargained over with the health authorities leads to such a decreasing return
function of drug usage. We leave for future work how this mechanism precisely works.

The intertemporal budget is given by a sequence of budgets (By, ., By, ...) such that their sum

discounted by the interest rate, r, is

o0 Bt oo btit
L = =4 4
Zt:l (14 r)t Zt:l (1+r)t 1 (4)

the total endowment received by the health authorities in the first period, and affected to drug

expenses.? We do not take a stance on how A; is decided by the political authorities, and health
authorities take it as a given. What interests us is the choice by the health authorities among
different sequences of expenses e.g. between front-loaded, constant or back-loaded sequences

among many others, which all have the same discounted total value equal to A;.

2.3 Social welfare and optimal policy

In order to select a policy optimally, we have to evaluate whether a sequence (by, ., by, ...) is better
in some sense than another sequence (by,.,b,...) when $7°°, lbjr—’;)t =y 2 (1%—@;)1& = A;. This
evaluation is derived taking as given a social welfare function, W, that depends on state variables
(A1, $1,41,u1) in the first period as well as on the sequence of a given policy followed over time,
b = (b1,.,b,...). We assume that social welfare, W, is additively separable over time in each
period instantaneous welfare, v(.), which depends only on the end-of-the-period share of infected,
lg1:

WA s inusd) =Y 8 0(ing). (5)

=t

In this expression, § is the discount rate used by health authorities. We normalize v(0) = 0 and
assume that v(z) is decreasing and concave for © > 0. It expresses that HAs dislike infection
and the more so, the higher it is, and the simplest example of such a specification is a quadratic
function, v(igy1) = —(is41)%/2.

The optimal policy is then obtained by solving the intertemporal program:
W*<A1, S1, il, ul) = II]EJX W(Al, S1, il, Uy, b) = mgmx Z’T:l (5T_1U(i7+1),

subject to p, = p(bt>> (1)7 (2)7 (3)

and At+1 = (1 —+ T)At — btit7 fOI' a,ll t.

2Let us mention again that traditional drugs supporting the infected are not yet counted in those expenses.
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Because all objects are stationary, this is equivalent by the Bellman principle to solving:

W*(Al,sl,il,ul) = H})aX(U(Z'Q) +5W*(A2,82,i2,U2)) (6)
1
subject to p; = p(b1), (1), (2), (3) at time t = 1,
and AQ = (1 + T)Al — blil-

In this formulation, notice that all parameters are known by HAs and that for instance, the
rate of undetected u; is supposed to have been learned in the past.

Alternatives to this setting could first entertain the idea that HAs also care about the unde-
tected, and not only the infected who were detected although it is not clear why the undetected,
if affected by the disease, would not seek medical advice and be detected. The HAs however could
internalize the fact that the undetected are going to induce more infections in the future. Second,
it could be more realistic to assume that the infection rate § evolves over time in a probabilistic
way, agents becoming aware of the danger of the disease, and thirdly that u; is unknown with

some prior distribution. We leave these alternatives for further research.

2.4 Descriptive statistics and calibrated parameters

We gathered various statistics from different sources that allow us to calibrate the values of para-
meters of interest using data from France. We start with parameters related to the epidemiological

model, and next turn to the calibration of the efficiency of the new drugs.

Parameters of the SIR model A recent review of characteristics of the infection in Europe and
the world can be found in Roudot-Thoraval (2021). Figures we extract from this paper are related
to the French population aged 18-75 or 18-80. In 2004, the prevalence of anti-HCV antibodies
was estimated at 0.53% with a confidence interval of [0.40-0.70] (Meffre et al., 2010) but the sero-
prevalence was 0.84% (Roudot-Thoraval, 2021, p5). According to Roudot-Thoraval (2021), the
respective estimates for 1994 are 1.1% for the anti-HCV prevalence and the sero-prevalence was
0.86%.3 The HCV antibodies prevalence had decreased in 2011 to 0.42% with a 95% confidence
interval of [0,33-0,53] and in 2016, was estimated at 0.30% with a confidence interval of [0.13-0.70]
(Brouard et al., 2019). The decrease after 2004 was brought about by a much better control of the

blood transfusion channel while transmissions through intravenous drug use and mother-to-infant

3A survey by Bruggmann et al. (2004) roughly reports the same numbers.



remained important (Roudot-Thoraval, 2021) while the decrease after 2014 was caused by the
adoption of direct acting antiviral (DAA) drugs.

This is why our main scenario retains pre-2014 initial values of uy+1i9 = 0.8%, and sy = 98.8%
so that the recovered rate is 0.4% of the population. Furthermore, in Brouard et al., (2019), it was
estimated that the share of people knowing their current infection was equal to 80.6% although
with a large confidence interval [44.2-95.6]. In other surveys, this figure can be much lower (57%
on Bruggman et al., 2014) and as low as 50% (Bottero et al., 2016). This is why we calibrate
¢ = 0.03 in order to obtain a ratio of ig/(ug + i9) equal to roughly 60% and thus choose to have
up = 0.3% and iy = 0.5%.

The incidence rate, and the strength of the infection 3, are more difficult to nail down. As
the prevalence is decreasing over the years before the introduction of the new drugs, we assume
that the SIR model that we consider has a single stable equilibrium which is disease-free. It is
shown in the Appendix, adapting Hethcote (2000) to our specific SIR model, that the condition on
parameters is that § < v. Given that the reference population is above 19 years old and assuming
that at 19, life expectancy is 60, it gives to v a value approximately equal to 1/60 = 0.017. If we
assume that the newly infected are observed, the incidence rate in Western Europe is estimated
in Hill et al. (2017, Table 1) to be equal to 5 ~ 35,440/2, 364,430 = 0.015 in agreement with the
decrease between 1994 and 2011.* The fact that this is a combination of two transitions, from
susceptibles to undetected and then to infected is not important in the absence of treatment of
the infected since we can aggregate the two states in this case.

As for interest rates, we adopt the average value of long-run rates in 2014 which was around

2%°.

Parameters of the efficiency of new drugs We calibrate parameters governing function p(b)
as follows:

p(b) = p@ + (1 —v = p)[1 —exp(=Ab")], (7)

which satisfies Assumption D when a < 1, because it is concave, p(0) = p(® and p(cc) = 1 — v
but parameters A\ and « should be calibrated.

We first retain a value for the natural remission rate of p(® = 0.03, slightly less than what

4This also agrees with rough figures gathered on French websites of 5,000 newly infected for a stock of 350,000
infectives.

®See https://data.oecd.org/fr/interest /taux-d-interet-a-long-terme. htm#indicator-chart.
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Roudot-Thoraval (2021) reports for severe developments of the disease.® In this paper, the share
of the treated by new drugs is roughly estimated to constitute 7% of the infected in 2014 and 19%
in 2017 which means that strong restrictions are in place.

In the simulation exercises below, we also consider expenses related to traditional interferon
treatments. We here start by assessing the costs of the new drugs (Direct-Acting Antivirals, DA As)
vs. the traditional ones. The share of infected that are not treated by new drugs are assumed
to receive the interferon-based treatments that allow to maintain patients with chronic Hepatitis
C alive. Denote ¢,y the per period cost of the latter treatment and c,e, (p;) the cost of the
innovative one, which is increasing and convex in p, as assumed in Section 2.2. The full treatment
per infected is the sum of the costs cpey (p;) for the treated with the new drug, (p, — p*)), and of
the costs, ¢4, of the treated with the old one, (1 — v — p,):

Crew (P¢) (P — p(o)) + (1= v = p;)cotd = (Cnew (Pr) — Cota) (P — p(o)) +(1—-v— p(0)>cold-

In our model, the budget per infected patient treated with the new drug, b;, is the additional cost

over (1 — v — p©)c,q4, that is

b(py) = (Cnew (pr) = Cata) (0, — p?).

Note that the traditional treatment, whose costs are (1 —v — p(o))cold, does not affect the remission
rate p,.
Inverting equation (7) should match the last equation so that we obtain:
1/a
1 Pt — P(O) (0)
blpr) = | =5 log(1 = m) = (Cnew (Pt) = Cotd) (py — P*); (8)
which delivers function ¢,y (p;):

1/

=P )

9)

Cnew \Pt) — Cold =
( t) pt . p(g)

We now calibrate (cnew (,0(0)) - Cold) which leads to the calibration of A given a. The ratio
of differential cost and outcome in terms of quality of life which evaluated by health authorities

writes =G4 (called in French, RDCR - "ratio différentiel cotit-résultat"). In our model

a cured patient is like a non-infected person, and thus enjoys a value of one QALY, while a sick

When experimenting different values with simulation, we found that larger values are driving the epidemy more
quickly to zero than what seems to be.



patient has a QALY evaluated at around 0.5 on average (HAS 2014, Avis d’Efficience Sovaldi
(Sofosbuvir)) implying that QALY,,e., — QALYyq = 0.5. The ratio RDCR is around 20 000 euros
per QALY for Sofosbuvir, the cheapest for most genotypes. This leads to an average differential
cost of treatment of c,e.(p(?)) — coq = 20000 x 0.5 = 10 000 euros. By equation (9), we can derive

when p, — p® and using that log(1 — z) ~ —z when z is small:

1 1
(0)y _ o _ - (s 0)1-a
(Cnew<p ) Cold) Nl — oy — p(o) (pt P ) )
that leads to:
1 10000
e (1= —p0y
AR AN Y TN

using the previous calibrated parameters, and a small level of treatment p, — p(®) = 0.001.

Another important budget parameter is the cost of the old treatment. Indeed b;+ (1 —v— ,0(0)) Cold
is the average budget per infected that allows to cure p(b;) patients while treating other infected
patients with the old treatment. According to Bronowicki et al. (2003) page 204, we can approx-
imate ¢, with 9,000 €. Given the other calibrated parameters of the epidemic, the budgetary
discounted cost of the traditional treatment is slightly less than 1,000 € per inhabitant. The
initial endowment that we consider is set to around 5,000 € and we shall assess the sensitivity of

our results to some of those budget parameters.

3 Analytical results

Before turning to simulations that allow to go deeper in the understanding of the principles under-
lying the setting of optimal policies, we first provide some analytical results based on variational
calculus. We first disentangle the effect of varying the sequence of budgets on the shares of

susceptibles and infected. We then turn to the effects on welfare.

3.1 Controlling the infection

Fix a benchmark policy b and consider an alternative which is in the neighborhood of b, and such
that the budget constraint (4) is satisfied. We investigate the consequences of a change of policy
b into the alternative policy in terms of susceptibles, s;, and infected, u; and i;. Formally, let
By = byiy (resp. By + dB) and By (resp. Bii1 — (14 r)dB) implying the same intertemporal
budget




and consider the sequences (B, ..., B;_1, By, Bi11, Biyo...) and (By, ..., By_1, B + dB, Byyy — (1 +
r)dB, By, ...) which are intertemporally equivalent in terms of endowments.

To study the differential effect of the two sequences we fix state (s, us, ;). Histories diverge
afterwards; and we denote dX the variation in a variable X with respect to the benchmark given

by policy b holding fixed (A, s¢,us, ;). Specifically, in terms of expenses per patient b; we can

write:
dBt - dB = dbtit,
dBt+1 = —(1 + T)dB = dbt+1it+1 + bt+1dit+1,
For k> 1, dBiyx = 0= dbyypisir + bigrdipyr.
so that:

dBt = dB = dbtit,
dbt+1it+1 = —(1 + T’)dB - bt+1dit+17 (]_O)
dby ke = —bi sk diy g

We now look at the effect that this change has on infected in the short-run at ¢ + 1 and ¢ + 2

and next turn to the effects on other subpopulations at later periods.

The short-run effects Without loss of generality, suppose dB > 0. At period t + 1, we have
by equation (3) :

digyr = —(dp,)is, (11)
The share of infected decreases at period ¢ when the budget is larger. Moreover, by equations (1)
and (2), susceptibles and undetected are not affected, duyy1 = ds;11 = 0 and therefore w1 = uy

and s;11 = S;.

At period t + 2, things are different. Differentiating exactly equation (3) gives:

divyr — digry = —=(dpyyy)ivsr — (pyy + V) digs,
which implies
diys = —ppprdbigripir + (1 = pyy — v)dig
= Pp1((L+7)dB + byjadipir) + (1 = pyy — v)digg

= (P11 +71) = (bgapiyy + 1= py —v)p;)dB

= [Pty =)+ 1)+ (r + v + Py — besipl)pi] dB. (12)
using equations (10) and (11) between lines 1, 2 and 3.

11



Equation (12) delivers a clear interpretation. First, if b, ~ b,y1, implying p},; >~ p), we can

show that there is a rebound effect of the share of infected at ¢ + 2:
ditro = (1 + v+ priq — bepapy1)pydB > 0,

and the infection is strengthened by moving expenses from the future to the present when expenses
at the two periods are roughly equal. This has three sources. First, a positive interest rate makes
expenses larger if earlier. Second, a later higher mortality affects the efficiency of the cure. The
third term, p,,; — b1, > 0 because p(.) is concave and the larger the budget, the less efficient
the cure.

This positive rebound effect is also true if b, > b,,1. This is not necessarily the case, however,
if b, < b1 because p;; < p; and the rebound effect, di, o, could be negative. It is only in this
case that moving expenses to the present is always favorable since a lower infected rate at ¢ + 2 is
reinforced by the dynamic effects going through the infection of susceptibles.

Before looking at these dynamic effects, it is interesting to look into the impact under a different
angle that makes the share of infected return to the benchmark path, di;; o = 0, notwithstanding

further impacts at ¢ + 3, and beyond. Considering equation (12), we get:

digyo = P;;_H(l +r) = (1 —v—(p1 — bt+1p;+1))p;, (13)

thus
1+7r

V= (Pt+1 - bt+1p:€+1>.

digyo = 0= p} = P:t+11 — (14)

By Assumption D, p,,; < 1—v, p, .1 — b11p,,, is positive and increasing from p© to a limit
strictly lower than 1 — v, and the denominator is positive and lower than 1 — v — p(®©). A budgeting
rule that would make di; 2 = 0 — so that infection returns to its previous level in period t+2 — sets
py to a larger value than p) , and therefore a b, lower than b,,;. Nonetheless, this rule neglects
the dynamic returns to the change of policy, and further values di; ), for h > 2 are remaining

constant.

The infection channel The infection channel through infections delivers more complex dy-

namics. Equation (1) yields that the population is less infected because:

dsio = —P(dig1)s, = BsiprdB > 0,
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since ds;;1 = 0 as seen above. This also affects u; 5 by the opposite amount:
dut+2 = ﬂ(ditﬂ)st = —Bstp;dB < 0.
Through this channel, the shock propagates further down. Indeed, we how have:

ditr3 — dipys = Cdurso — (pryn + v)diy2 — dpyipiera.

Recomposing, using the equations above, and line 3 in equation (10) yields:

ditys = Cduges + (1= pypo — V)dirys + pjiaberadivea,
= —(BspydB + (1 = pryp — V + pliobria)divio.

Note that the first term is negative while the second term is positive if di;yo > 0 under the
conditions stated above and in particular if pj,, ~ p;. If we set di;2 = 0, as at the end of the
previous development leading to equation (14) then there is an additional decrease of di;, 3 because
of the dynamic term in dB that affects u;.o.

Nonetheless if we proceed in a similar way, and instead of setting di;. o to zero, we set di; 3 =0

to return to the original path at ¢ + 3, we get:
CBsip}

1= v = (P2 = Pirabrra)

digs = dB > 0,

so that using equation (13):

Cﬁstp;t
(1 —(1—-v— —b f N = . 15
(Pryr (L +7) = ( V= (prs1 t+1P141))P1) 1= — (pea — Phogbise) (15)
Denote
alpriy) = 1= v = (prog — bawpiys) € (0,1 — v — p), (16)

where by, is such that p,,, = p(bi+x) and note that a(p,, ) is decreasing with p,,, because of the
concavity of p(.) and a(0) = 1 — v — p© and a(o0) > 0.

Rewrite equation (15) as:

CBsep;
p;—l—l(]' + T) - a(thrl)p:f = a(p t)?
2
so that:
pl B ,0/ 1+7r
t — Mt+1 St
a(py1) + a(c,iH)

Note in this case, the effect that we found at the end of the previous subsection is attenuated,

depending on the value of b, and thus p,,,. It can even be the case that a(p,, )+ a(iff:g) > 1+r
so that the recommendation at the end of the previous section, and derived from incomplete

premises, that the optimal schedule of b; is increasing with time can be no longer true.
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Further dynamics We can continue down the line by writing:

dsirs = —PB(dipro + dugya)siro — Bire + Wpa)dSipe — vdsiyo,

and this also affects u;,3:

dugrg = —B(digyo + dugya)sipa — Blisre + Urr2)dsiro — (dugys.
In consequence,
digya — digys = Cdugyz — (prys + V) diys — dpy3ices,
= Cdurys — (pys + V)dirys + piysbiadipgs,
or:
digya = Cdugyz — (ppys + V)diys — dpy3ices,

= (dupyz + (1 = v = pyis + piysbeys)dipys,

= (Qdugys + alpys)dipys.

and we can proceed as before. Thus, the structure of the optimal expenses over time depends on
the parameters of the model in a very complex way, and we should build up realistic simulations

to go further.
3.2 Welfare evaluation
Turning to welfare, as defined in equation (5), its variation is given by:
[e.e]
dW = ZT:t (STitUI(Z'T+1)dZ'T+1.

Given results in Section 3.1 and equation (16) defining function a(.), we have:

ditJrl = _p;dB7

divyy = (pha(1+7) = alpyya)p)dB,

digys = —(Bs:pidB + a(pyo)ditya,

digry = (dugs+ a(py,s)dips, .

Even if dB is infinitesimal and rates (r, (, ) are small, the attenuation of effects over time is

slow if a(p,, ;) is not small.
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Short run welfare gains In the following, we assume that 6 = 1/(1 + r) so that the interest
rate reflects preferences for the present of health authorities.

Consider the impact in the short-run as defined by:

t+1
T—t, 1} .
th,t+1 = E Titfs U(2r+1)dlr+17

= (=Pt (ir41) + V' (ie42) (i1 — 6a(per1)pt))dB.

Assuming that the instantaneous utility is v(i;y1) = —M, we have v/(iy41) = —i;41 and:

AWi1 = (piver — irya(pir — 0alpyii)py))dB,
= [P;(itﬂ — o) + G20y — pip) + 5it+2(1(ﬂt+1)ﬂé] dB.

We can distinguish different cases according to conditions 441 2 440 and p; 2 pi,, (e.g.

bisr = by).
e If i,y = i;,9: the observed infection is stable

— if by = by and thus p; = pj ., : there is a gain in short-term welfare if dB > 0 i.e. if we
reallocate budget from the future to the present. This gain is due to the term da(p,,;)p,

and is decreasing with the value of p,,, since a(p,,,) and p; are both decreasing.
— by > byyq and thus p) < p,, : the previous gain is attenuated and disappears eventually

— by < b4y and thus p; > pj,; : the previous gain is amplified
In conclusion, in this case, a solution b; > b;,; is optimal in the short-run.

o If 4,11 > 7;49: the observed infection is in a decreasing swing

— by = byy1 and thus pi = pj,, : there is a gain in welfare if dB > 0 i.e. we reallocate

budget from the future to the present. This gain is due to two terms p}(i;1 —i;12) and
6a(py11)pi-

— by > byyq and thus p; < pj,, : the previous gain is attenuated and disappears eventually
— by < byyq and thus p) > pj,; : the previous gain is amplified
Here also, a solution b; > b, is optimal in the short-run.

o If 4,1 < i;49: the observed infection is in an increasing swing
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— by = byy1 and thus p; = pj,, : there is a gain in welfare if dB > 0 depending on the two

terms pj(is41 — det2) and 6a(pyq)pi-

It is the only case in which a solution b; > b;,; might not be optimal in the short-run.

Medium-term welfare gains Consider the impact in the medium-run as defined by:

AWity2 = Z:Z 6" (1) dip i1,
= (=0 (ir31) + V' (ir42) (i1 — 0a(pyyr)p))dB,
+0" (it43) (—C(BspdB + a(pyyo)dirs2),
= (=p'(ier1) + (V' (ier2) + V' (ies3)alpyy2)) (014r — 0a(peia)py))dB,

—0'(1443)(BspydB.

With v/(i441) = —ig1 we get:

dWiiio = (Pgitﬂ — (g2 + it+3a(pt+2))(p;+l - 5a(ﬂt+1)ﬂg))d37

+it+3C58tp2dB.

The last term contributes as a positive effect due to the retroaction of a decrease in infection
among susceptibles. There is however also a negative effect due to the decrease in treatment
at period ¢ + 1 and contributing through the term i, 3a(p,,,). Overall, it seems intractable to
assess the relative magnitude of these effects and we now turn to the formal description of optimal

policies.

3.3 Optimal policies: Formal Characterization

We now characterize the conditions under which the sequence of expenses is optimal. In other
words, we provide the first order condition derived from the Bellman equation that is necessary
for optimality.

As described by equation (6), HAs maximize social welfare with respect to a sequence of

expenses b("):

Zit 6Titv<i7+1)7

under the constraints of a SIR model, equations (1), (2) and (3) and a budget constraint:
Appr = (L+1) Ay = byiy — coa(1 = v — p V)i,
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in which cyq(1 — v — p®) are the incompressible drug expenses. For simplicity, we assume that

0= ﬁ and we denote z; = (Ay, sy, ug, 7;) the vector of state variables and xy 11 = Fy(x;) their law
of motion.

The Bellman equation writes as:

Wi(x:) = max {w(ier1) + OWipa(ze41) } (17)

s.t. L1 = Ft(xt).

If Wyi1(x41) is a concave function in A, the necessary and sufficient first order condition of this

program writes:

dii4q driq

U/(’it+1) dbt + 5VWt+1d—bt = O,
as a function of the gradient VW, = (g‘gfﬁ, %‘;VTT:, ..) yielding:
‘ . Wi, . OWii1 .
_ / / 5 _ _ / — 0
V' (i) pyie + [3At+1 (—i¢) + Dives (—prit) ;
since df;Tf = % = 0. The first order condition thus writes:
. Wiy Wi
o I 5 + / 18
v (Zt+1)pt |:aAt+1 + ait+1 Pt ( )
in which the LHS is positive. Assuming that v'(i;11) = —i;;1 and rearranging yields:
, Wi Wi
-0 =0 )
(it Digy1 )7 OAi11

This expresses that the sum of the marginal benefits of investing one additional euro per

OWip1 o

patient, in the current period, i;11p}, and in the future periods, —4 dicy Pt (positive since OWis1

Oitq1

0) is equal to the marginal value of an additional euro next period.

Unfortunately, this equation, as well as the backward induction equations relating future and
current marginal values of the state variables, do not lead to a tractable characterization through
an Euler condition relating current and next period observables. The Euler equation involves four
periods of observations and we let these developments for Appendix C. Furthermore, the second
order condition is more involved and we will assume that it holds to ensure that the previous

program has a unique solution. Further developments are relegated to Appendix C.

4 Counterfactual Empirical Analysis: Simulations

Because it is difficult to draw unambiguous formal conclusions from the dynamic model that

we analyzed above despite its simplicity, we proceed now by simulation. We first capture the
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diffusion of the epidemy by simulating the SIR model forward using the calibrated parameters
that we presented in Section 2.4. In subsection 4.1, we describe the impact of a policy of expenses
and illustrate the principle of variational calculus that underpinned Section 3.1. We then turn in

subsection 4.2 to the simulation of the value function and the optimal policy.

4.1 Forward simulation: Controlling the epidemy

In those simulations, we mimic what has happened in 2014 for hepatitis C when a new generation
of drugs, that was curing some patients for good, was introduced, while previous drugs were not
leading to a significant remission rate before 2014.

Over a time span of 20 years, we simulate a trajectory such that a traditional drug (based
on interferon based treatments), is used until ¢ = 5, when a new drug family (DAAs) is intro-
duced. Parameters are calibrated as presented in Section 2.4 and the original profile of the budget
(Bs, ., By, .) is increasing at rate r. Results are presented in Figure 1. The infection (observed and
unobserved) is decreasing slowly over the time span. The policy intervention at ¢ = 5 strongly
affects the share of infected. Nonetheless, the evolution of undetected, and more generally non-
susceptibles, is more muted because the impact is only indirect. This means that the channel of
infection through undetected remains widely open.

We next analyze the effect of a change in the budget between time t + 1 and time ¢, when
t = 8, keeping the total budget constant to illustrate the analytical results developed in Section
3.1. In this example presented in Figure 2, the reallocation is full so that the budget at time
t + 1 is set to 0, and feeds in the budget at time ¢ at the appropriate discounted value. In other
words, the discounted value of the intertemporal budget remains constant. The impact at time ¢
on the share of infected is strong and negative as expected while the rebound effect upwards at
time t + 1 is also marked. Infection afterwards starts to slowly decrease, and asymptotically gets
almost back to the value given by the initial budget sequence. The impact on the share of the
undetected is similar with the difference that the decrease towards the asymptote is much slower
than the infected. Overall, the effect on the share of non-susceptibles is as expected the exact
opposite of the two previous impulse function responses.

The conclusion of this analysis is that front loading expenses is improving a lot the infection
rate in the short run although a rebound effect exists in the medium run. This analysis remains

partial since we are looking at changes in policies that are not what an optimal planner would
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have chosen. To extend this variational analysis, we use simulations of the optimal policy and

compare it to other policies.

4.2 Value functions and optimal policies

We now turn to the simulation of value functions and the derivation of optimal policies. We start
by explaining how the simulation proceeds and then describe results of these simulations. Note
that we now take into account the cost of curing patients who do not get access to the new drugs
(DAAs) using traditional drugs. We assume that the cost per patient of this cure is constant and
equal to cyq = 9000 € (see Section 2.4 for calibration details). The accumulation rule for the
budget is now written as:

Ay = (1 +1)Ar — (bt + Cota) i (19)

Nonetheless, this modification to the decision program is not enough because of constraints 4; > 0
for all ¢ since provisions should be made for expenses on traditional drugs after period t. Since
the new drug cure is effective, it is enough to compute the provisions assuming that no expenses
on new drugs are made after period ¢ and that only the cost of traditional drugs matter. Denote

those provisions:

(2 —Coldzn . 1—1—7’” T An—il (20)

in which z; = (s, uy,7;), and replace the constraint A, > 0 by the constraint A; > k;(z;) for all ¢
in the decision program.

Because the environment is asymptotically stationary, we adopt the strategy of iterating over
the value function until it converges to the unique fixed point of the dynamic Bellman operator.
Imposing that HAs prefer the present to the future e.g. 6(1 + ) < 1 is a sufficient condition for
the existence and uniqueness of the fixed point as the Bellman equation is a contraction.” The

algorithm used is detailed in appendix B.
4.2.1 Results

Using those simulations, we compare three budgetary policies:

e the (very) conservative policy of spending the interest revenues of the endowment, e.g. for

all t, By = r(A; — coqir), subtracting the cost of the traditional treatment. This policy is

" Additional conditions are required for the contractive property when §(1 +r) = 1 (Stachursky, 2009).
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called the interest-only policy in the following. Given that it necessarily covers the cure by

traditional drugs, it yields a decreasing endowment that is however not fully used up.

e the optimal policy given the social welfare function we have posited, and called the optimal

policy from now on.

e an ad-hoc fized budget policy whose expenses are constant over time and such that after 40
periods the level of assets is the same as with the optimal policy. It is meant to replicate

what HAs are currently able to do under strict one-period budgets.

Figure 3 reports the trajectories of assets under these three different policies. By construction,
the interest-only policy is conservative and does not fully use up the endowment in contrast with
the two other policies. Figure 3 shows that the optimal policy front-loads expenses with respect
to the fixed budget policy. In other words, it is optimal to spend more in the first time periods
while optimal expenses are much lower when approaching the 40-period horizon.

Front-loading is caused by the short-run effect that it has on the infected rate. The evolution of
this infected rate is reported under the three different policies by Figure 4. The interest-only and
the fixed budget policies are much less efficient at least until period 25 (fixed budget policy) or 33
(interest-only policy) in terms of lowering the rate of infected. All benefits of the optimal policy
with respect to a fixed budget come before period 25 when the two curves of rates of infection
cross. Costs of the optimal policy come afterwards. This means that the eradication of the disease
is taking longer than the other policies in order to minimize the rate of infection in the short-run.

As optimality is geared towards infected, it is not surprising that the gains in terms of un-
detected patients are much less impressive as they appear in Figure 5. This is also true for
susceptibles a graph that is not displayed here. Differences are minor in the former comparison
while in the latter, the curve of susceptibles when the optimal policy is implemented is below the
curve when the fixed budget policy is, and they intersect after period 40. Here also, the main gains
appear at the beginning. Overall, these small effects on undetected means that the epidemy is
continuously fueled in by new comers from this subpopulation, and this prevents a better control
of the epidemy.

It illustrates what we have found in previous sections: it is optimal to front-load expenses

because there are short-run advantages to do so. There exists however a rebound effect in the
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medium-run which postpones the time of eradication of the disease and this rebound is due to the

presence of undetected infected persons who cannot be treated.
4.2.2 Robustness

In Tables 1 to 5, we report sensitivity to changes in some parameters of interest: the preference
for the present of HAs, ¢, the differential cost of the new treatment with respect to the old one (as
defined in equation (9)), the cost of the old treatment (c,4), the Weibull coefficient « of the p(.)
function affecting its concavity and its calibration (see equation (7)) and finally the initial level
of the endowment, aqg.

In every Table, the baseline evaluation is reported in the middle column which is the same in
all Tables. In rows, we report the evolution of the endowment over time (at period 5, 15 and 40)
under the optimal policy when compared to the fixed budget and interest-only policy. We also
report in these Tables the relative welfare and relative cost of the traditional treatment under the
three policies of interest. We end up comparing the relative impacts of these policies in terms of
infected and undetected rates in the population.

Table 1 compare these statistics when preference for the present of HAs increases: we set
9 =1/(1+r+is) in which 75 varies between 0.005 and 0.07. As expected, it is optimal to increase
the front-loading of expenses, and period-0 welfare also increases. This increase of early expenses
has the expected negative impact on infected and undetected, especially in the short-run. It is
to be noted that the relative cost of the traditional treatment is negative since less patients are
treated with the old treatment. The effect of varying preferences for the present on these costs is
small. This is also the case for the effects on the rate of undetected which is never above 10%.

The impact of an increasing differential cost of the new treatment on expenses is moderately
negative as displayed in Table 2 in rows 1 to 6. Its impact on the difference between infected
rates across policies, is however magnified when the new treatment is less costly. This is also at
a much lower level for the rates of undetected. The overall effect on welfare at period-0 of the
optimal policy is much higher as a result when differential costs are low. The effects of the costs
of the old treatment as shown in Table 3 are more non-linear and no clear patterns arise. Table
4 displays the impact of a decreasing curvature of function p(.). This decrease in the concavity

increases slightly the front loading of policies and the effects on the infected and undetected rates
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are becoming much bigger and slightly unstable® when the curvature decreases across different
values of this parameter. The welfare of a front loading policy is also very much magnified when
the curvature is smaller.

Finally, Table 5 displays results when the initial endowment of HAs varies. The pattern, with
some variation, is that the optimal front loading is magnified when the endowment is low, probably
because it is more difficult to attain a lower rate of infection with moderate expenses. There are
non linear effects however for example in the welfare at period-0 and the impact on the various
rates of infection.

All those results confirm what we have found in previous exercises, and show that those

conclusions are robust to the variation in some important parameters of interest.

5 Conclusion

In the case of a disappearing epidemy like Hepatitis C, an equal budget policy is dominated by a
front loaded policy in terms of welfare although it does not accelerate the full eradication of the
disease. It is fair to say that this result is calibrated and is difficult to prove in a formal model.
It depends on the main trade-off that we have been focussing on. Spending more today implies
not only less infection tomorrow, and some dynamic externalities but also less effective cures.
There is much to be done to understand better the robustness of the optimal policy rules that
we have derived in this paper. First, the rebound effect that we find sets the question of time
inconsistencies of optimal policies since future budgets could be renegotiated in case of a rebound
of the epidemy. Second, results should be also sensitive to the evolution with time of the trade-
offs across periods that are summarized in this paper by the p(.) function, and in particular, all
trade-offs arising because of changing prices over time. Third, we set aside the issue of innovation
in drug discovery which was of utmost importance in the Hepatitis C case. When innovation is
expected by HAs or firms in the near future, it certainly becomes an important element in the
debate since it involves a trade-off between differentially effective drugs over time. Danzon (2018)
reminds us that HAs can delay treatment until competing treatments become available. Lothan

et al. (2020) shows that the price of Hepatitis C treatments can also affect health authorities

8This is probably due to the various approximations we have used when setting up our solving algorithm. We
use many tolerance parameters so as to solve the optimal program, the length of the period of interest, as well as
quadratic approximations.
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in terms of screening strategies in addition to treatment strategies. We leave these questions of

bargaining and negotiations between companies and health authorities for further research.
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A Stationary equilibria and stability

We follow Hethcote (2000).
In the absence of policy, p, = p, or equivalently b, = 0, we can derive the stationary equilibria

by solving:

0 = r4
0 = —B(ir+u)se +v(1—s),
0 = 6(it+ut)8t — (C+V)Ut,

0 = Cur— (py+ V)i

Replacing the value of i; from the fourth equation (i; = pf:fy) in the third one yields:

¢
pot+V

0 = (B +1)se = (C+v)).

In consequence, the disease-free equilibrium is obtained by setting u; = 0 which by the system
above yields i, = A; = 0 and s, = 1.
Another possible equilibrium assumes that u; # 0. We then derive from the previous equation

that:

B . ()t )
Po+V)8t_C+V:>St_S B¢+ pty)

One condition of existence of the endemic equilibrium is therefore that s* < 1 or § > g% =

B(1+

%M' Note that as % > v, equal when p, = 0, the condition S < v for the absence

of such an equilibrium as in the original development by Hethcote (2000).
If s* < 1, we derive from the second, third and fourth system equations that the endemic

equilibrium is given by:

C+vu = v({l—s)=vl-s"

(1—s%),i; = v

Ty

— U =

C+v
and these equations satisfy the conditions on the state variables.
The stability condition of the disease-free equilibrium can be analyzed, (e.g. Heer and Mauss-

ner, 2009) using the Jacobian of the system of equations describing the SIR model (i.e. 211 =
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f(z)) that is Jy = V f evaluated at zt(o) = (sgo), ugo),igo)) = (1,0,0).

-y -8 —p
J(): 0 1+6—C—V 6
0 ¢ L—py—v

Its eigenvalues are obtained by solving:
0 = det(fo—A) =1 -v=N((A+8-(—v=AN)(1—py—v—2A) =)
= (1=v=N[0=v=py =2+ (B=C+p)(L—py—v—2) =B
One root is A = 1 — v and the other two are obtained by solving (1 — p, — v — A\)2 + (8 —  +
po)(1—py—v—A) —p¢=0inx =1—v — A\ The discriminant is equal to:
(B = C+po)* +4B8¢ > 0.

—(B—C+po)EA/ (B—C+pg)2+46¢
2

so that the roots are v = and distinct. The roots of the original problem

are thus \y =1—py — v+ z4.

In the particular case of p; = 0, x4 are x4 = w and thus equal to 3 or (. As non
negative v and ( are such that v + ( < 1, the eigenvalues of Jy have an absolute value less than
one if and only if 8 < * = v if p, = 0. This can be generalized to the case p, > 0. In sum, if

B < 3%, the only stationary equilibrium is the disease-free equilibrium which is stable.

B Simulation Algorithm

Since the state space is formed by continuous variables, we should either discretize the state space
or use a sieve space of functions. We do both by evaluating the value functions on a discrete grid
of functions and using quadratic approximations (see e.g. Han, 2018). We use different steps that
are described in more details below.

We start in Step 1 by computing the value function when HAs do not intervene in which case
the epidemy develops according to the SIR model. In Step 2 we extend this setting to the case
in which HAs can intervene in the current period only. Step 3 extends Step 2 by solving the first
order condition of the Bellman equation when HAs spend their endowment in a finite number k
of periods. Step 4 describes how we choose to stop the iteration process at step K when there is

no change in the computed value function.
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1. This is the benchmark step in which we evaluate the value function in the absence of inter-
vention by HAs and approximate it by a quadratic function in the state space. For different
values zg = (g, uo, i9) on a grid of values, denoted ZSS), covering the initial range of values of
the processes we are interested in. We then forward simulate {zt(s)}tzl using the SIR model,

in the absence of a policy until T' is sufficiently large and we evaluate WéT)(z(()s)) as:

IGIRCNIL o I T s (i)
0 () =) 0T ==} 0T <0.
We test the stability of W(T)( ) with respect to 1" and choose T such that :
S ] WD LN T+ Lo
d(WO(T( ) W(T—H ( é))) _ (Z( 0 (%) 0 (20)) )1/2 < eror

z (S) (T)( ())

0

#{z(()S)} Z(S) i
#1251}

with a sufficiently small tolerance level, e7or. We chose this formulation to balance absolute

and relative concerns and using the fact that the value function is always negative.

As this function is given only on the grid, z(()s), we interpolate it by a quadratic function:
WD () = o + 28 + 287002l + (28,

where ¢q is a constant, ¢; a vector of size 3, and C5 a symmetric matrix of size 3. Denote
C the underlying vector of parameters whose estimates, ¢, ¢, and C, are obtained by an

OLS regression.” For any value z, we approximate WO(T)(Z) by

A

Wo(z) = ¢+ &2 + 2/Chz.
We also at this step evaluate the cost of the traditional treatment for each value, z[()s).

Equation (20) yields:

s 7
( ) = Cold Z t
(s)

when i;(z, ') is the infection rate when HAs never use the new treatments.

2. We now extend the same grid of values, z(g ), to allow for expenses for the new treatment by

considering xé) = (Aé ), zés)), in which A(() is itself a grid of values for assets that health

authorities are endowed with. This grid is bounded from below by 0 and bounded from

9 Any approximating method can be used here. Sieves, as we do here with quadratic terms, might be preferable
to kernel methods because the grid retained for the kernel might not be self-consistent.
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above by the maximum value of assets. We won’t consider any policy such that the level of

assets increases at any period.

In a first step, we consider that the available endowment is fully expended by the new

treatment for some and the traditional drug for others. We write that:
Wi (w0) = Wi (Ao, 20) = v(in) + Wy (21),

in which WO(ZI) is the approximate value function derived at Step 1 and z; is the ex-post
value of the state variables. The value function, W (x,), corresponds to the case when after
time 1 there is no endowment left to spend to control the disease and the process is left to
its own and converges to the unique stationary equilibrium of the eradication of the disease

without intervention.

Note that under the budget rule in equation (19), and that assets are depleted in one period,

A; = k1(21), the provisions made for the traditional drug at period 1 and therefore:
k1(z1) = (1 + 7)Ao — boio — Coldto-

Using equation (20), we have that k1(z1) + coato = (1 + 7)Ko(20) so that by is a function of

g = (A(), Zo)I

by = (1+7)(Ao — KO(ZO))’

(]

and i, is obtained as a result (as well as the rest of z;). As before, function Wy (zo) is

evaluated only on a grid of points, mgs), and we approximate it by a quadratic function:

W (z$)) = co + dal + 2 Coal? + e(2)),

where, by using the same notation as before, ¢y is a constant, ¢; a vector of size 4, and
C, a symmetric matrix of size 4. Denote C") the underlying vector of parameters whose
estimates are obtained by an OLS regression, C(). Again we approximate Wi (zo) by its

OLS predicted value W7 (o).

. Building on Step 2 and W (), we consider at the k + 1" iteration step the same grid,

28 = (AP, 25, and solve:

VO (@) = max(o(iy”) + 6W (1)),
Als
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under the laws of motion of the SIR model, W,j is the k" step prediction of the value function
and Ags) =(1+ T‘)A(()S) - (b(()s) + cold)i(()s) in which Ags) > /{(zis)). As in step 2, we can rewrite

the equality and inequality constraint as:
1+ 7)AY — (05 + caa)iy) > K(2),
which leads to :

0 + cu)is) < (1414 — il — n()

= (1+r)(AY - k(=)

using equation (20). Next, we use either the maximization of the Bellman equation (17) or
the first order condition (18) to solve this program under the last inequality constraint. This
delivers the value function of a policy which uses up the full endowment in at most k& + 1

periods (given the provisions made for the traditional treatment).!

4. The previous iteration process can be described by the evolution over time of policy functions,
value functions or parameters describing the quadratic approximation of the value functions
C®). For the latter, we have:

~

CHHD — (CM),

in which ® is described by the previous steps. Because 6(1+7) < 1, ®() is a contraction with
modulus less or equal to §(1 4+ 7). The Banach theorem implies that there is a single fixed
point and that C*) converges to this fixed point say é, (e.g. Stachurski, 2009). Therefore,

value and optimal policy functions can be simulated.

10 Alternatively, we could have backward simulation and endogenous grids that might solve partly for the issues of
grid choices and quality of approximations. Set z; = (A1, z1) and solve for by using v'(i1)+4¢ dgx’) = 0, see equation
(18) as a function of p/(bg). Then solve for zg by inverting z; 11 = f(z;) (see Appendix C.5 in the Supplementary

Appendix available upon request).
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Online Supplementary Appendix

C Additional theoretical results
C.1 Second-order condition

The second order condition is more involved and we will assume that it holds to ensure that the
previous program has a unique solution. Differentiating equation (18) (in the case —v'(i¢41) = it41)

and dividing by ;) yields an equivalent condition:

0
0> — (?:H,lplt—é =

aWt+1 aV[/lf-i-l /
abt 5 pt

0A1 11 g1

. OWii1 PWyir
W . 5 6
P (a1 Dives )+ 3(At+1)2“
82Wt+1 /- aQWt+1

i+ 0

R S EYE
0A11101141 pilt Oir41)?

(p:t)?it-

W1 _ 5l6Wt+l
Oitt1 py 0Ait

The first term is negative because of the concavity of p, and 7,41 — ¢ > 0 by

OWit1

> 0 since if not, the budget constraint would not be
0At+1

equation (18) and the presumption that
saturated. A sufficient condition for the other three terms to be negative is that W, is concave

in Ay and 4;41, which would be the consequence of the concavity of p and v(izy1).

C.2 State equations

At the previous optimal value, consider the gradient VI, defined by:

, di dx
VWt = U’(2t+1)ﬁ + 5VWt+1ﬁ.
t ¢
We get VW, from:
dAi
s = (147r,0,0,-0b),
d
St;} = (0’1 _B(Zt_l_ut) -V, _68t7_ﬁ8t)
dz;
d
L = (0,800 + ), 1+ By — (C+ ), Bs)
t
digi1
dx? = (0707671_V_pt)‘
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We thus get:

7 = 0
%VSV: = 51— Bt ) — y)%zf:l 8B+ ut)%ﬁ*j,
+0(1+ Bs, — (C+v)) %Zil + 5<aaIZ:1 :
3(;1/ = —iyn(l—v—p,)— btng—:ll - 5ﬂsta;:f:1
+5s4 %Z’:l +6(1—v— pt)aaljt/: L
that can be written as:
VW, = RVWii (21)
in which R; is a 4 x 4 matrix that we assume to have full rank.!!
C.3 Euler equations
The first order condition (18) writes:
i1 =0 (pit g%:ll + a;z:*l 1) = VWi

To write an Euler equation we have to "invert" this equation. This is possible if we consider

dy = (i4_3,7_2,%1,1;) and notice that:
t—3 = My_3VWi_o =my_3 R o Ry 1 R,VW; i,

We can then write

dy = MyVWiiq
my
in which M; = mtm;]_%tRf R, is supposed to be full rank. This yields that

my_s o Ry 1 Ry

VW1 = M, ',

Tt certainly shows that if W, is concave in A;y; then W; also is as a function of A;. It is slightly more
difficult to show that Wy is concave in 4z41.
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and therefore equation (21) yields
M, di = RM['d,,
which is the Euler equation.

C.4 Preferences

Even if short-run preferences are known, it remains to set up long-run preferences encoded by the
welfare function W,.
One possible set of axioms on preferences relative to the vector (s;, uy, s, 7;), conditional on a

fixed value of A; that we can impose is the following:

1. If recovered persons are immune, then a change in s;, ds; > 0, compensated by an increase

of r, dry = —ds; while du; = di; = 0 (because s; + u; + i, +r; = 1) affects welfare negatively.
Writing:
oW, oW, ow; .
dW, = —d d d
t aSt 5t + @ut e + alt “
oW,
= dsy <0
85,5 St ’

implies that %—‘;‘? < 0.

2. Furthermore, it is always welfare-improving to have less infected than recovered. Fixing s;,

we get
oW, ow, .
dW, = d d
t ou, Uy + i, 1,
where dr; = —(du; + di;). This implies that %‘Zt < 0 and %—‘;Vtt < 0.
3. It is also always welfare improving to have ds; = —di; > 0 at fixed u; and r; or to have

ds; = —du; > 0 at fixed i; and r; so that:

oW, oW, _ oW, oWi
8st 3% 7 8315 @ut

0,

4. Finally, it is (weakly) welfare improving to have more identifiable infected than undetected

infected since health policies do not reach the latter group. Keeping s;, rym constant and

imposing di; = —du; > 0 should then be welfare improving. This means
ow, oW,
<t
a@t 8ut
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These four axioms imply that:

owy oW, _ oW,

0> > > .
(9st (‘%t 8Ut

For instance the welfare function

]-_St

Wt :ws( 3

)? — wa(u)? — w;(iy)?,

1—s¢
3

in which w, < w; < w,, satisfies the condition when

magnitude.

C.5 Inversion of 7,1 = f(x})

We set a value x;,; € X and to solve for z;, we consider the four equations:

AAyr = 1A — by
Asivr = =B +ug)s + v(1 — sy),
Augy = B+ up)sy — (C+ v)uy,

Nigy = Quy — (py + V)i

,u; and i; are of the same orders of

as well as the first order condition (18) that presupposes that we know the derivatives of the value

function at ¢ + 1 with respect to A;11 and 7;;.
First, by the latter, b; and consequently p, are derived.

Second, we consider the two last equations in which we set, o, = u; + 7; so as to obtain:

o U o 1- <§+V) 0 Bsioy
y”l_(ml)_( ¢ 1= () )T 0 )
which yields:

e (1—(C+V))tl—(0t+1/)) ( 1_<f2+y) 1—(2+V) ) (ytﬂ_(ﬁséat ))

Condition: As both elements in y; should be positive, we must have:

(1 = (p + V) (uer1 — Bsi04) = 0, =C(uer1 — Bsio¢) + (L = (C+ v))iggr 2 0.

Furthermore, imposing that (1,1)y; = u; + iy = oy yields :

1
O = ( m —17(pt+l’) ) Y1 — mﬁStUt,
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1—-(pstv)—¢
C+))(A=(petv))

Third, reconsidering the second equation of the system above yields:

in which m = =

Str1 =St — Porsy + V(1 — s) = s¢(1 — foy — v) + v, (24)
and summing this equation multiplied by m with equation (23) to get rid of s;0, yields
Cip1 = ( m m ) Yir1 +m(Sep1 — V) = op +m(l — v)sy. (25)
From this equation, derive the expression for ¢; and plug it equation (24) to obtain:
s¢(1 = Begr + Bm(l —v)sy —v) + v — 8441 = 0.
The discriminant writes,
A= (1= pfer =) +48m(1l = v)(sp —v),

so that because fm(1 — v)(s;21 — v) > 0 we have two solutions:

—(1 =By —v) £ VA
26m(1 —v) '

Because fm(1 — v) > 0, we have only one solution such as s, > v:

—(1 = Berp —v) + VA
26m(1 —v) '

This delivers o; by equation (25) and (u,i;) by equation (22). Finally, the first equation of
the system identifies A;.
Remark: A sanity check, in the absence of policy, b = 0, proves that f~!((0,1,0,0)) =

(0,1,0,0) at the stationary and stable solution
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Table 1: The impact of preferences for the present (§)

§=1/(1+r+1y) | is — | 0.0050 0.0213 0.0375 0.0537 0.0700
t=5 | 697 697 -126 -12.6 -13.3
Aot/ i t=15| -28.6  -28.6 -32 32 2321
t=40| -2.07 207 -176 -1.76  -1.74
t=5 | -12.1  -121  -17.7 -17.7  -185

A t=15| -49.2  -49.2 526 -52.6  -52.7

t=40| -804 -804  -80.3 -80.3  -80.3

Al piaw 10.8 10.6 158 153  15.3
ARt 28 26.9 317 298  28.6

Al pipCold 358  -358  -4.66 -4.66 -4.76
AR iCold 968 968 -109 -10.9  -11

t= 581 581  -10.3 -10.3  -10.7

Al pin t=15| -32.1 2321 -339  -339  -335

t=40| 703 703 715 715 716
t=5 | -11.6  -11.6  -164 -164 -16.8
AR i t=15| -681 681 -70.5 -70.5  -70
t=40 | 393 393 418 418 419
t=5 | -0.0739 -0.0739 -0.303 -0.303 -0.332

AR t=15| -1.72  -1.72 227 -227 -2.31
t=40 | -0.486 -0.486 -0.475 -0.475 -0.475
t=5 | 0233 -0.233 -0.463 -0.463 -0.493
AR t=15| -3.56  -3.56  -4.13  -4.13  -4.18

t=40 | -8.23 -8.23 -8.24 -8.24 -8.24

Note: Variation across is values in which § = 1/(1 4 r + is)

(Rows 1-3 and 4-6) A,/ a : Absolute difference between assets under the optimal policy (opt) vs
the fixed budget (fiz) or interest-only (ir) after ¢ = 5, 15,40 periods.

(Rows 7-10) Afp ¢ W Afp +/.Cold Relative difference between welfare (resp. cost of old treatment)
under the optimal policy (opt) vs the fixed budget (fiz) or interest-only (ir).

(Rows 11-22) A?pt/_i, A?pt/_u : Relative difference between infected share (resp. undetected one)

under the optimal policy (opt) vs the fixed budget (fiz) or interest-only (ir) after ¢ = 5,15,40
periods.
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Table 2: The impact of the differential cost of the new treatment

dcost — [ 1000€ 5750€ 10500 15250€ 20000€
t=5 [ -162 -124 -12.6 -127  -128
Aopt/piza | t=15| -359  -31.1  -32 315 =329
t=40| -1.76 -161 -1.76  -1.94 -2.1
t=5 | 222 -179 -17.7  -176  -176
Agpsiva | t=15| -59.4 527  -52.6  -51.3  -52.1
t=40| -908 -83.9 -80.3 -78 -76.2
Al piaW 305 186 158 13.8 125
AR 55.2  37.7 317 275 24.7
Al piaCold -37.9  -10.7  -4.66  -2.03  -0.487
AR iCold -39.2 -182  -109 685  -4.25
t=5 | 618 -144 -103 -842  -7.33
AR et | t=15] -195  -55.5  -33.9  -248  -21.1
t=40| 769 786 715  63.3 57.1
t=5 | -106 -238 -164 -131  -112
AR i [ t=15] -150  -129  -70.5  -49.8  -40.7
t=40| 725  59.7 418  32.2 28
t=5 -1 -0.384 -0.303 -0.261  -0.234
AR ppu | t=15] -2.73 261 -2.27 -2 -1.89
t=40 | -0.978 -0.997 -0.475 -0.132  0.234
t= -1.5 -0.606 -0.463 -0.39  -0.344
AR u |t=15] -557 503  -413  -3.54  -3.23
t=40| 421 -825 824 751  -6.61

Notes: Variation across the differential cost of the new treatment dcost.
Rows 1-3 and 4-6) A,,;/.a : Absolute difference between assets under the optimal policy (opt) vs the
pt/
fixed budget (fix) or interest-only (ir) after ¢ = 5, 15,40 periods.
Rows 7-10) AR w, AR Cold : Relative difference between welfare (resp. cost of old treatment
opt/. opt/.
under the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir).
(Rows 11-22) A% 4 AORp ¢/ U : Relative difference between infected share (resp. undetected one) under

opt/.
the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir) after t = 5,15, 40 periods.
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Table 3: The impact of the cost of the old treatment

Cold — | 10006 5750€ 10500 15250€ 20000€
t=5 | 642 348 -12.6  -9.33 16
Agpi/piza | t=15| -19.1  -17.8  -32 26.8  -39.8

t=40 | -3.46 -2.98 -1.76 -1.09  0.362
t=5 | -13.1 941 -17.7 -13.7  -19.6
Agpijipa | t=15| 45 41 526 -44.6 55

t=40| -98.2 -89.6 -80.3 -71.3 615

AR

) pi 788 583 158 133 20.7
AR, w 25.1 215 3L7T 274 33.9
AR, rixCold 0.0928 -1.16 -466 -6.18  -8.76
AR iCold 733 794 -109  -11.5 -132
t=5 | -519 -296 -103 802  -135
AR gt [ t=15] -19.9 197 -339  -299  -46.2
t=40| 689 675 715 676 66.8
t=5 | -124 932 -164  -132 -18
AR i | t=15| -59.2  -55.7 705 -61.6  -T7.4
t=40| 352 329 418 348 34.7
t=5]-0168 -0.101 -0.303 -0.247  -0.397
AR ppu [ t=15] -1L11  -0.927 -2.27  -1.93  -2.97
t=40 | -0.949 -0.775 -0475 -0.652  -0.167
t=5[-0366 -028 -0.463 -0.386 -0.514
AR u [t=15] -328 -293 413 359  -4.44

t=40 | -9.27 -8.84  -8.24 -8.08 -7.15

Notes: Variation across the cost of the old treatment cq-

(Rows 1-3 and 4-6) A,/ .a : Absolute difference between assets under the optimal policy (opt) vs the
fixed budget (fix) or interest-only (ir) after t = 5,15, 40 periods.

(Rows 7-10) AT,
under the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir).
(Rows 11-22) Afpt/'i, Afpt/'u : Relative difference between infected share (resp. undetected one) under
the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir) after t = 5,15, 40 periods.

w, A(prt /.Cold Relative difference between welfare (resp. cost of old treatment)
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Table 4: The impact of the Weibull coefficient

o — 0.3 0.4 05 06 07

t=5 [ -11.1  -106 -126 -159 -19.8

Aopt/fiza | t=15] -35 -35.2 32 -348 -39.6
t=40| -339 293 -1.76 -1.19 -1.46

t=5 [ -146  -148 -17.7 -21.8 -25.9

Aoptjira | t=15] -50 -52.3  -52.6  -BT.7T  -64
t=40 | -65 -70.7  -80.3  -88.7  -92.9

Al i 1.39 499 158 362 486
Al w 3.07 106 317 673  86.5
Al piaCold 0.511  0.636  -4.66 -29.8 -80.8
AR iCold 1.74 102 -109 -40.5 -78.7
t=5 | -0952 -284 -103 -49  -707

Al et | t=15] 268  -926  -339 833 -2.73
t=40| 112 29 71.5 854 535
t=5 | -141  -443  -164 -79.3 -1604

Al i | t=15| -4.44 -6 -70.5  -580  -7.11
t=40 | 6.63 147 418 817 523

t=5 [-0.0263 -0.0721 -0.303 -1.01 -2.1

Al ppu | t=15] -0.322  -0.898  -2.27 -3.88 -2.64
t=40| 0573  0.688 -0.475 -1.32 -2.01

t=5 [-0.0415 -0.122 -0.463 -1.45 -3.07

Al u | t=15] 0516  -1.52  -413 -781 -5.09
t=40| -0597  -2.77  -8.24 -6.54 -4.46

Notes: Variation of the Weibull coefficient of the p(.) function

(Rows 1-3 and 4-6) A,/ .a : Absolute difference between assets under the optimal policy (opt) vs the
fixed budget (fix) or interest-only (ir) after t = 5,15, 40 periods.

(Rows 7-10) Afbt/.w’ Ai,t/_cold : Relative difference between welfare (resp. cost of old treatment)
under the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir).

(Rows 11-22) Afpt/'i, Afpt/'u : Relative difference between infected share (resp. undetected one) under
the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir) after t = 5,15, 40 periods.
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Table 5: The impact of the heatlth authority endowment

ag — 2000€ 3500€ 5000€ 6500€ 8000€
t=5 1] -286 -206 -12.6 -4.62 -8.05
Aopt/piza | t=15 | -31.2 -51 -32 -5.96  -11.7
t=40| -1.58 -1.49 -1.76  -2.82  -2.19
t=5 ] -294 -246 -17.7 -10.3 -14
Aoptyira | t=15| -364  -67.6  -52.6 -28.3  -34.8
t=40 | -326 -674 -80.3 -86.8 -88.6
Afpt/mw 14.7 20.8 15.8 6.21 11.2
Afpt/irw 18.3 33.5 31.7 22.5 29.4
Aﬁ)t/mcold -1.17  -1.14  -466  -529  -9.54
A()Rpt‘”cold 0.672  -4.77  -10.9 -125  -17.4
t=5 | -13.5 -13.3 -10.3 -4.56 -8.13
Af}pt/mi t=15| -834 -349 -339 -456 -11.9
t=40 | 39.7 66.4 71.5 47.5 20.6
t=5 | -141 -174 -164 -11.8 -16.8
Afpt/iri t=151] -13.1  -58.6 -70.5  -42.2  -61.1
t=40 | 215 40 41.8 -8 -54.1
t=5 |-0497 -0.418 -0.303 -0.146 -0.312
Ag’;t/mu t=15| -2.44 -3.5 -2.27  -0.833 -1.39
t=40| 2.27 223  -0475 -1.12  -1.33
t= -0.51  -0.526 -0.463 -0.341 -0.534
Al u [ t=15] 276 -486  -413  -2.98  -3.77
t=40 | -0.904 -4.44 -8.24  -8.96 -8.9

Notes: Variation across the health authority endowment, ag, per population member.

(Rows 1-3 and 4-6) A,/ .a : Absolute difference between assets under the optimal policy (opt) vs the

fixed budget (fizx) or interest-only (ir) after ¢ = 5, 15,40 periods.

(Rows 7-10) Ag})t/'uh AR

opt/

under the optimal policy (opt) vs the fixed budget (fix) or interest-only (ir).

(Rows 11-22) A%

40

Cold : Relative difference between welfare (resp. cost of old treatment)

1, AORp ., U : Relative difference between infected share (resp. undetected one) under
the optimal policy (opt) vs the fixed budget (fiz) or interest-only (ir) after ¢ = 5,15, 40 periods.
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Figure 1: Infection and policy impact

41




Normalized effects of budget reallocation from t+1 to t
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Figure 2: Variational budget impact on state variables
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Health policies: Asset depletion
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Figure 3: Profile of asset decumulation over time
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Health policies: Infected
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Note: Infected is the rate of infection in the population initialized at its calibrated value. Constant policy is the
fixed budget policy and interest revenues is the one using interests only as defined in the text.

Figure 4: Profile of infected over time
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Health policies: Unckecked infected
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Note: Unckecked infected is the rate of infection undetected in the population initialized at its calibrated value.
Constant policy is the fixed budget policy and interest revenues is the one using interests only as defined in the text.

Figure 5: Profile of unchecked over time

45





