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S1 Economic Growth Model

Neoclassical growth theory in economics describes the steady economic growth of a pop-
ulation under three driving forces namely, capital, labor and technology [1–3]. The re-
lationship between the labor and capital determines the output. The theory states that
advances in technology has sizable impact on an economy, and economic growth which
is impossible without technological progress. A very well known production function is
Constant-Elasiticity-of-Substitution (CES), which is one of the massively used function in
economic analysis [1]. CES implies, any change in input factors, results in proportional
change in the output. The function is algebraically shown as:

G(t) = {rhH(t)ρ + rl (L(t)ρ)}
1
ρ (S1)

where G(t) is the total output at time t, H is capital(income), L is labor supply. rh and rl
are the factors sharing in total output from capital and labor respectively with rh+ rl = 1.
σ = 1

(1−ρ) is elasticity of substitution for capital and technology augmented labor. De-

pending on ρ, we can derive other form of the production function from equation (S1). For
instance, 1) If ρ = 1, then linear production function, 2) If ρ approaches zero then it is
Cobb-Douglas production function [4], 3) If ρ approaches infinity then Leontief production
function [5].
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Human capital which is another form of capital that is also sometimes fused into growth
model. It represents the knowledge, education, competencies and health status [6, 7].
Health is regraded as human capital and also an input factor for generating different forms
of capital. Unhealthy condition reduces the productivity and thus ability to devote in
human capital [8].
Rate of change of capital depends on the saving and the amount depreciated. Repeatedly
saving and investing a fragment of output for establishing new capital is the foot ground
for capital accumulation and economic growth model [9]. According to the standard neo-
classical growth model [1] rate of change of capital is given by:

dH

dt
= G(t)− δ1H(t) (S2)

where, δ1 is the rate of capital depreciation. Scaling the variables (i.e., g ∼ G/L and
h ∼ H/L) with per capita labor L, we have

dh

dt
= g(t)− δ1h(t), (S3)

where g = {rhhρ + rl}
1
ρ . For simplicity, we assume ρ = 1 in our growth model.

S2 Two strain disease model: antibiotic resistance

We extend the classic Susceptible-Infected-Susceptible (SIS) framework to model the two
strains - sensitive and resistant. We assume individual population are either colonized by
sensitive strains or by drug resistant strains. We shall assume that drug resistant strain is
already present circulating in the population. For simplicity, we consider that there is no
mutation and plasmid transfer, and individuals can only be colonized by single strain at a
time.
The population is divided into four compartments: s(t) susceptible without antibiotics, y(t)
is population colonized by sensitive strain, S(t) are susceptible who are taking antibiotics
and z(t) are individuals who are colonized with resistant strain and taking antibiotics.
µ is the mortality rate. β is the transmission rate of sensitive strain, and 1

γ1
is the average

duration of colonization. β′ is the transmission rate for resistant strain and 1
γ2

is the

average duration of colonization. 1
δ2

is the average duration of antibiotic consumption.
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The equations for model are given by :

ds

dt
= −(βy + β′z + ah)s+ γ1y + (1− p)γ2z + δ2S − µs (S4)

dS

dt
= ahs− δ2S + kahy − β′Sz + pγ2z − µS (S5)

dy

dt
= βsy − γ1y − kahy − µy (S6)

dz

dt
= β′(s+ S)z − γ2z − µz (S7)

s+ S + y + z = 1 (S8)

where, ah is the antibiotic consumption is a function of income discussed in the main text.
k is the proportion of individuals who gets recovered due to drug use. p is the fraction of
individuals who are recovered, but still consume antibiotics.

S3 Calculation of equilibria and conditions

Using sensitive strain equation of integrated model in main text, we get dy
dt = 0

⇒ y∗(βs∗ − γ1 − kah − µ) = 0⇒ s∗ = 1
Ro

+ k
β (mh∗ + â)

Using resistant strain equation, we get dz
dt = 0

⇒ z∗(β′(s∗ + S∗)− γ2 − µ) = 0. since s+ S + y + z = 1 z∗ = 1− y∗ − 1
R′o

Using equation of capital or income, we get dh
dt = 0

⇒ g(h) = δ1h(t)− ρczz. By substituting the value of rh, rl and z∗, we get h∗ =
rcl−ρczz

∗R′o
δ1R′o−rch

Now using equation of susceptible with antibiotics, dS
dt = 0

⇒ ahs
∗ + kahy

∗ + pγ2z
∗ − S∗(µ+ δ2 + β′z∗) = 0

Now using S∗ = 1− y∗ − s∗ − z∗, substituting the value of z∗, we have

y∗ =
µ+γ2(1−p)+ δ2+γ2(p−1)

R′o
−(ah+δ2+R

′
oµ+γ2(R

′
o−1))s∗

kah+µ+γ2(1−p)−(µ+γ2)R′os∗

Thus endemic equilibrium (s∗, y∗, z∗, h∗) is given by

S-3



s∗ = 1
Ro + k

β (mh∗ + â)

y∗ =
µ+γ2(1−p)+ δ2+γ2(p−1)

R′o
−(ah+δ2+R

′
oµ+γ2(R

′
o−1))s∗

kah+µ+γ2(1−p)−(µ+γ2)R′os∗

z∗ = 1− y∗ − 1
R′o

h∗ =
rcl−ρczz

∗R′o
δ1R′o−rch

S3.1 Conditions for endemic equilibrium

1. h∗ =
rcl−ρczz

∗R′o
δ1R′o−rch

> 0

if δ1R
′
o − rch > 0 and rcl − ρczz∗R

′
o > 0 =⇒ rch

δ1
< R′o <

rcl
ρczz∗

or

if δ1R
′
o − rch < 0 and rcl − ρczz∗R

′
o < 0 =⇒ rch

δ1
> R′o >

rcl
ρczz∗

2. z∗ > 0 if y∗ < 1− 1
R′o

i.e. if R′o > 1
1−y∗(ah) = R′r(ah)

3. y∗ > 0

if µ+ γ2(1− p) + δ2+γ2(p−1)
R′o

− (ah + δ2 +R′oµ+ γ2(R
′
o − 1))s∗ > 0

Discarding γ2(1− p) > 0, we have µR′o+[δ2+γ2(p−1)]
R′o(ah+δ2+R

′
o(µ+γ2)−γ2)

> 1
Ro [1 + kah

µ+γ1
]

⇒ Ro ≥
R′o(ah+R

′
o(µ+γ2)+(δ2−γ2))[1+

kah
µ+γ1

]

µR′o+δ2+γ2(p−1)

Discarding γ2, Ro ≥
R′o(ah+R

′
o(µ+γ2)+δ2)[1+

kah
µ+γ1

]

µR′o+δ2
=: R′s(ah).

In absence of resistant strain, the condition is reduced to Ro ≥
(ah+µ+δ2)[1+

kah
µ+γ1

]

µ+δ2
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4. S∗ > 0 if 1− y∗ − s∗ − z∗ > 0 ⇒ s∗ < 1
R′o
⇒ 1
R′o

> 1
Ro + k

βah ⇒
Ro
R′o

< 1 + kah
µ+γ2

5. y∗ < 1 if
µ+γ2(1−p)+ δ2+γ2(p−1)

R′o
−(ah+δ2+β

′−γ2)s∗

kah+µ+γ2(1−p)−β′s∗
< 1

⇒ µ+ γ2(1− p) + δ2+γ2(p−1)
R′o

− (ah + δ2 + β
′ − γ2)s∗ < kah + µ+ γ2(1− p)− β

′
s∗

⇒ δ2+γ2(p−1)
R′o

< kah + (ah + δ2 − γ2)s∗

Substitute s∗ = 1
Ro (1 + kah

β ), we have δ2+γ2(p−1)
R′o

< kah + 1
Ro (ah + δ2 − γ2)(1 + kah

β )

By discarding γ2(p − 1) and kah, we have RoR′o
< 1

δ2
(1 + kah

β )(ah + δ2 − γ2). Using

above, we have condition for co-existence

(1 +
kah
µ+ γ1

) <
Ro
R′o

<
1

δ2
(1 +

kah
β

)(ah + δ2 − γ2) (S9)

S3.2 Threshold for ah

y∗ = 0 ⇒ Ro = (ah+B)(1+C)

A′
, where A = µR′o + δ2, B = R′o(µ + γ2) + δ2, C = kah

µ+γ1

and A
′

= A
R′o

Solving the equation for ah and considering the positive root, we have

ah =

√
(BC−1)2+4CRoA′−(BC+1)

2C

S4 Clustering analysis of the data and model estimates

We use Gaussian Mixture Model (GMM) to perform cluster analysis of the GNIP-prevalence
datasets (Figure S1). It is a commonly used technique in statistical data analysis for group-
ing data points or set of objects in such a way that data points in the same group are similar
to one another in some sense and distinct from point in other groups. The gaussian mixture
implements the expectation-maximization(EM) algorithm for fitting mixture-of-Gaussian
models.

Based on Low and High per-capita income profile, we consider our GMM made of
two multivariate normal density components, where each component has 2 dimensional
mean, 2-by-2 covariance matrix, and a mixing proportion that decides the fraction of the
population contributes to the respective component. We use MATLAB to run the algorithm
and fit GMMs to the respective dataset. This iterative algorithm computes posterior
probabilities for component membership for each observation calculating the component
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means, covariance matrices, and mixing proportion by estimating maximum likelihood,
using the component-membership posterior probabilities as weights. The results are listed
in the table S1 and S2.

We use the centroid mean obtained from cluster analysis to estimate the dynamic model
parameters. The income per-capita is scaled accordingly. We only estimate parameters
that are related to the antibiotic consumption, and economic growth of the population.
Other parameters are considered as base values.

Table S1: GMM cluster analysis for Klebsiella sp.

Component1 Component2
GNIP Prevalence GNIP Prevalence

Mean 12983.7345 55.6690 56481.9465 13.9335

Covariance (107(1)&108(2)) 6.7606 -0.0028 4.1512 -0.0004
-0.0028 <0.00001 -0.0004 <0.00001

Component proportion 0.6036 0.3964

AIC 1005.057237

BIC 1021.180332

Table S2: GMM cluster analysis for E.coli

Component1 Component2
GNIP Prevalence GNIP Prevalence

Mean 11980.4812 32.22717 45760.9158 11.44985

Covariance(107(1)&108(2)) 7.19994 -0.0103 6.5632 -0.0007
-0.0103 <0.0001 -0.0007 <0.0001

Component proportion 0.4766 0.5234

AIC 1002.136103

BIC 1018.597686
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Table S3: Model estimate for Klebsiella sp.

Parameters HIC LIC

â 1 3

ã 0.01 0.1

cz 2 0.2

δ2 8 3

ho 8 15

ρ 0.11 0.05

Ro 7 7

R′o 9 9

h(0) 5 0.5

Table S4: Model estimate for E.coli

Parameters HIC LIC

â 1 3

ã 0.01 0.1

cz 2 0.2

δ2 8 3

ho 8 15

ρ 0.11 0.05

Ro 7 7

R′o 9.3 11

h(0) 3.5 0.5
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Figure S1: Prevalence of third-generation cephalosporin-resistant (3GCR) Klebsiella sp. (upper
panel) and Escherichia coli (lower panel) by Gross National Income (GNI) per capita. The trend
line for both HIC and MIC show negative relationship with GNI per capita. For details, see the
text. Data have been adapted from [10] and the World Bank group.
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Figure S2: Different antibiotic consumption rate for Low middle income countries-lower
middle(LMIC-LM ) and upper middle(LMIC-UM ) for the year 2000-2015. Data have been adapted
from [11].
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Figure S3: The Figure shows that antibiotic consumption is a linear function of income. Higher ho
determines low level of awareness, education. Triangle ãAB shows the area of antibiotic consump-
tion. When ho increases the area of consumption also increases given by triangle ãAC.
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Figure S5: Prevalence of sensitive and resistant strains at different relative fitness of both strains
R′

0/R0 and volume of antibiotic use obtained from the Figure S3.
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Figure S6: Time series plot of sensitive (y) and resistant (z) strains. The middle panel exhibit the
evolution of income or capital h in the population, and lower panel shows antibiotic consumption.
The area bounded by the tails of income curve determine the total reduction of income or capital
due to emergence of resistance in the population. Similarly, area pointed in the lower panel exhibits
the increase in total antibiotic consumption in population.
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Figure S7: Impact of education and awareness (ho) on the stabilization of resistance strain in the
population. Figure (a) represents time series of resistant strain for different values of ho. Low value
of ho signifies countries with higher education and awareness, while high values is for countries with
less awareness. (b) stabilization time, (c) reduces capital, and (d) antibiotic consumption under
different ho. For detail explanation, see the text.
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