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The core model

Since the model is applied to a pandemic scenario with a short duration of the outbreak compared with the

average life-time, we ignored the effects of inflow/outflow rates of birth and natural death on the dynamics

of disease transmission. The subpopulations considered in the model include:

S: susceptible

A: asymptomatic infection with sensitive strain

I
U
: untreated symptomatic infection with sensitive strain

I
T
: treated symptomatic infection with sensitive strain

I
T,r

: treated symptomatic infection with resistant strain (LTF)

Ar: asymptomatic infection with resistant strain (HTF)

I
r,U

: untreated symptomatic infection with resistant strain (HTF)

I
r,T

: treated symptomatic infection with resistant strain (HTF)

R
U
: removed from sensitive infection without treatment
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R
T
: removed from sensitive infection with treatment

R
T,r

: removed from resistant infection (LTF) with treatment

R
r,U

: removed from resistant infection (HTF) without treatment

R
r,T

: removed from resistant infection (HTF) with treatment

Taking into account the above assumptions, the model can be expressed as the following system of

deterministic differential equations:

S′ = −(f + g)S, (1)

drug-sensitive
infections











A′ = (1 − p)fS − µ
A
A,

I ′
U

= (1 − q)pfS − (d
U

+ µ
U
)I

U
,

I ′
T

= qpfS − (d
T

+ µ
T
)I

T
− αI

T
,

(2)

drug-resistant
infections

(LTF)

{

I ′
T,r

= αI
T
− (d

U,r
+ µ

U
)I

T,r
− γI

T,r
, (3)

drug-resistant
infections
(HTF)











A′

r = (1 − p)gS − µ
A
Ar ,

I ′
r,U

= (1 − q)pgS − (d
r,U

+ µ
U
)I

r,U
,

I ′
r,T

= qpgS + γI
T,r

− (d
r,U

+ µ
U
)I

r,T
,

(4)

where

f = β(δ
A
A + I

U
+ δ

T
I

T
),

g = δrβ(δ
A
Ar + I

r,U
+ I

r,T
),

and the prime ‘ ′ ’ denotes the derivative of the numbers in compartments with respect to the time; β is

the baseline transmission rate of the sensitive strain; p is the probability of developing clinical symptoms;

δ
A

represents the relative transmissibility of asymptomatic infection; δ
T

is the relative transmissibility of

treated individuals infected with the sensitive strain; δr represents the relative transmissibility of the

resistant strain (high fitness); d
U

and d
T

are disease-induced death rates of untreated and treated

individuals infected with the sensitive strain, respectively; d
U,r

and d
r,U

are disease-induced death rates of

individuals infected with mutants of LTF and HTF, respectively; µ
A

is the recovery rate of asymptomatic

infection; µ
U

and µ
T

represent recovery rates of untreated and treated infected individuals, respectively; α

is the rate at which treated individuals develop drug-resistance (rate of de novo resistant mutation); γ is

the conversion rate of resistant strains with LTF to HTF; and q is the fraction of infected individuals which

receives treatment (treatment level).
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The equations for removed subpopulations are given by

R′

U
= µ

A
A + (d

U
+ µ

U
)I

U
,

R′

T
= (d

T
+ µ

T
)I

T
,

R′

T,r
= (d

U,r
+ µ

U
)I

T,r
,

R′

r,U
= µ

A
Ar + (d

r,U
+ µ

U
)I

r,U
,

R′

r,T
= (d

r,U
+ µ

U
)I

r,T
,

(5)

where these compartments include both recovered and dead individuals following infection.

While national pandemic plans consider stockpiling antiviral drugs, it is imperative to evaluate the impact

of emergence of resistance on antiviral use, particularly for the scenario of limited supply in which run-out

is likely to occur. In order to demonstrate the relationship between the level of treatment and drug

stockpile, we appended the following equation to the model

M(t) = M0 −
(

I
T
(t) + I

T,r
(t) + I

r,T
(t) + R

T
(t) + R

T,r
(t) + R

r,T
(t)

)

,

where M0 is the initial size of the stockpile and M(t) represents the number of antiviral courses available

at time t. We assumed that the supply is only depleted through treatment of indexed cases with a single

course of oseltamivir during symptomatic infection, and no additional antiviral courses will be provided

during the pandemic.

Control reproduction number

We applied a previously established technique to calculate Rc [1], and considered infectious classes in the

order X = (A, I
U
, I

T
, Ar, Ir,U

, I
r,T

, I
T,r

) to simplify computations. The system (2)-(4) can be written as

X ′ = F − V , where

F =





















(1 − p)fS

p(1 − q)fS

pqfS

(1 − p)gS

p(1 − q)gS

pqgS

0





















and

V =





















µ
A
A

(d
U

+ µ
U
)I

U

(d
T

+ µ
T

+ α)I
T

µ
A
Ar

(d
r,U

+ µ
U
)I

r,U

−γI
T,r

+ (d
r,U

+ µ
U
)I

r,T

−αI
T

+ (d
U,r

+ µ
U

+ γ)I
T,r





















.
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Taking the Fréchet derivatives F = DF and V = DV , and evaluating at the disease free equilibrium

(S0, X = 0), we have

F =

(

F11 0
0 F22

)

,

with

F11 =





(1 − p)δ
A

(1 − p) (1 − p)δ
T

p(1 − q)δ
A

p(1 − q) p(1 − q)δ
T

pqδ
A

pq pqδ
T



 βS0,

F22 =









(1 − p)δrδA
(1 − p)δr (1 − p)δr 0

p(1 − q)δrδA
p(1 − q)δr p(1 − q)δr 0

pqδrδA
pqδr pqδr 0

0 0 0 0









βS0

and

V =

(

V11 0
V21 V22

)

,

with

V11 = diag(µ
A
, d

U
+ µ

U
, d

T
+ µ

T
+ α, µ

A
, d

r,U
+ µ

U
),

V21 =

(

0 0 0 0 0
0 0 −α 0 0

)

,

V22 =

(

d
r,U + µ

U
−γ

0 d
U,r

+ µ
U

+ γ

)

.

Then, by evaluating V −1, the control reproduction number is defined by the spectral radius of FV −1 and

given by Rc = max{Rs
c, R

r
0
}, where Rs

c and Rr
0

are expressed in (1) and (2) of the main text, respectively.

Final size relation: no transmissible resistant strains

Without a transmissible resistant strain (γ = 0), and assuming that resistant strains are present only with

LTF, the model reduces to (1)-(3) with g ≡ 0, and the control reproduction number is Rs
c. Integrating (1)

for the entire course of the outbreak gives

ln
(S∞

S0

)

= −β

∫

∞

0

(

δ
A
A + I

U
+ δ

T
I

T

)

dt, (6)

where S0 and S∞ are respectively the initial and final sizes of the susceptible population. Integrating

(1 − p)S′ + A′, (1 − q)pS′ + I ′
U
, and qpS′ + I ′

T
, and substituting into (6), we can express the final size

equation as

ln
( S0

S∞

)

= Rs
c

(

1 −
S∞

S0

)

+
βI

U
(0)

d
U

+ µ
U

, (7)
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Figure 1: Sensitivity analyses showing box plots for the levels of stockpile and the ratios of the total number
of infections in the absence of resistance with HTF (a,c), and presence of resistance with HTF (b,d). The
solid black curves pass through the median values, and each box contains 50% of data points between the
first and third quartiles of the sampling distribution. The remaining 50% of data points are represented by
whiskers. Red curves pass through the median values of the corresponding figures with or without resistance.

where I
U
(0) is the initial number of infections at the onset of the outbreak. By integrating equation (3), we

can also compute the total number of resistant cases resulted from the treatment of sensitive infections as

R∞

T,r
≡

∫

∞

0

R′

T,r
dt =

qpα(S0 − S∞)

d
T

+ µ
T

+ α
. (8)

Sensitivity analyses

To investigate the effect of parameter changes on the results presented by simulations in the main text

using baseline values, we performed sensitivity analyses by considering a sampling approach that allows for

the simultaneous variations of several key parameters, including the basic reproduction number R0, the

rate of de novo resistant mutations α, the rate of conversion between resistant strains γ, the relative

transmissibility of the resistant strain δr, and the probability of developing clinical disease p. Using the

Latin Hypercube Sampling technique [2], we generated samples of size n = 1000 in which each parameter is

treated as a random variable and assigned a probability function. In this technique, the parameters are
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Figure 2: Sensitivity analyses showing box plots for the variations in the optimal transition time t∗, cor-
responding to the minimum total number of infections (including both sensitive and resistant cases), as a
function of R0, with other parameters sampled from their respective ranges, as described in the text. The
solid curves pass through the median values of data points for t∗, and each box contains 50% of data points
between the first and third quartiles of the sampling distribution. The remaining 50% of data points are
represented by whiskers. Initial treatment levels in adaptive antiviral strategy before transition time t∗ are:
(a,c,e) 0%; (b,d,f) 25%. The treatment level changes to 80% at time t∗, and levels of stockpile are: (a,b)
8.5%; (c,d) 12%; (e,f) 25%.

uniformly distributed and sampled within their respective ranges. The reproduction number was uniformly

sampled from the range [1.5, 2.5] (values found in references [3, 4]), and the rate of de novo resistant

emergence was sampled from the range [0.018, 0.072] (values taken from references [5, 6]). The

corresponding range for the conversion rate of resistant strains was computed using the constraint that the

fraction of treated individuals hosting resistance, which undergoes compensatory mutations and

subsequently generates resistant strains with high fitness, lies between 1/5000 and 1/500 [7, 8].

Furthermore, we considered a range of [0.5, 0.7] for the probability of developing clinical disease [9,10], and

sampled the relative transmissibility of resistant strain with HTF from the range [0.8, 1] [8]. The same

ranges of parameter values were also used in a previous study for sensitivity analyses [8].

To evaluate the effect of parameter changes on the required stockpile and the total number of infections,

we ran the simulations for different treatment levels (between 0% and 80%) in the presence/absence of
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resistance. These simulations, illustrated in Figure 1, correspond to Figure 2 in the main text, and show

that a substantially larger stockpile is required when treatment exceeds a certain level in a constant

treatment strategy. This is due to the wide spread of highly transmissible resistance under high pressure of

antiviral drugs, which in turn leads to a larger number of total infections. We further ran simulations for

the optimal time t∗ in an adaptive treatment strategy (using a sample of size n = 100), to determine the

sensitivity of the results on the parameters variation in minimizing the total number of infections. The

results of this sensitivity analysis are illustrated in Figure 2, with different sizes of stockpile (8.5%, 12%,

25%), when initial treatment levels (0%, 25%) change to 80% at time t∗. Regardless of the level of

stockpiles, the results show that aggressive treatment should be implemented with shorter delay after the

onset of the outbreak as the basic reproduction number increases. However, the implementation of

intensive treatment requires a significantly longer delay for higher initial treatment levels as the

reproduction number decreases.
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