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Abstract: Plague (Yersinia pestis) remains endemic in certain parts of the world. We assessed the
cost-effectiveness of plague control interventions recommended by the World Health Organization
with particular consideration to intervention coverage and timing. We developed a dynamic model
of the spread of plague between interacting populations of humans, rats, and fleas and performed a
cost-effectiveness analysis calibrated to a 2017 Madagascar outbreak. We assessed three interven-
tions alone and in combination: expanded access to antibiotic treatment with doxycycline, mass
distribution of doxycycline prophylaxis, and mass distribution of malathion. We varied intervention
timing and coverage levels. We calculated costs, quality-adjusted life years (QALYs), and incre-
mental cost-effectiveness ratios from a healthcare perspective. The preferred intervention, using a
cost-effectiveness threshold of $1350/QALY (GDP per capita in Madagascar), was expanded access
to antibiotic treatment with doxycycline with 100% coverage starting immediately after the first
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reported case, gaining 543 QALYs at an incremental cost of $1023/QALY gained. Sensitivity analyses
support expanded access to antibiotic treatment and leave open the possibility that mass distribution
of doxycycline prophylaxis or mass distribution of malathion could be cost-effective. Our analysis
highlights the potential for rapid expansion of access to doxycycline upon recognition of plague out-
breaks to cost-effectively prevent future large-scale plague outbreaks and highlights the importance
of intervention timing.
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1. Introduction

The plague, caused by the bacterium Yersinia pestis, has caused some of humanity’s
worst pandemics. In recent years, more focal epidemics have occurred in low- and middle-
income countries, in some cases causing a substantial number of illnesses and deaths.

Plague can take many forms. Bubonic plague is a rodent disease transmitted to hu-
mans by infected fleas and causes swollen lymph nodes to appear as buboes on infected
individuals [1]. Septicemic plague is a bacterial infection of the blood [2]. Pneumonic
plague is a highly contagious respiratory disease with person-to-person droplet transmis-
sion. The 48-hour mortality rate of pneumonic plague is close to 100% if left untreated,
so it is an important disease to treat and contain quickly [3]. It is possible for the bubonic
plague to progress to more severe forms of plague.

In Madagascar, plague is endemic, with a number of bubonic cases reported every
year. A 2017 outbreak caused an estimated 2417 cases and 209 deaths between 1 August
and 4 December [4]. Over 75% of the cases were pneumonic, 15% were bubonic, one case
was septicemic, and about 10% were unclassified [4]. Sixty-eight percent of cases occurred
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rodent flea control [6]. Doxycycline, an inexpensive pill that can be rapidly and widely
distributed, is a recommended antibiotic for confirmed and suspected cases of all forms of
plague [7,8]. During plague outbreaks with many active pneumonic plague cases, antibiotic
prophylaxis to individuals prior to exposure may be recommended [9,10].

Prior modeling studies of bubonic plague evaluated different model structures with
interacting populations of humans, rats, and fleas [11,12]. One study developed a detailed
model of bubonic plague but did not consider latent periods of exposure nor pneumonic
and septicemic transmission [11]. A study of the 2017 Madagascar outbreak estimated the
basic reproductive number and case fatality ratio using case counts [13]. Another study
modeled the 2017 Madagascar outbreak using stochastic transmission models to estimate
disease spread and epidemiological parameters [14]. More work is needed to understand
the dynamics of the plague in Madagascar and elsewhere. Here we introduce a new model
of bubonic, septicemic, and pneumonic plague that extends prior models [11,12]. Addition-
ally, we go beyond disease dynamics and assess the effectiveness and cost-effectiveness of
WHO-recommended interventions.

Little insight exists about the cost-effectiveness of different WHO-recommended inter-
ventions for plague or tradeoffs between intervention timing and effectiveness. Previous
research has explored the cost-effectiveness of large-scale prophylaxis but has focused on
other contagions (e.g., anthrax, Helicobacter pylori) [15,16]. Several analyses have discussed
the importance of intervention timing [17,18] but have not evaluated cost-effectiveness nor
assessed the tradeoff between high costs of rapid intervention versus low effectiveness of a
late intervention.

We developed a dynamic model of plague that provides a useful and detailed frame-
work for the evaluation of plague interventions. We used the model to assess the effective-
ness and cost-effectiveness of three potentially complementary interventions—doxycycline
treatment, doxycycline prophylaxis, and insecticide—that vary by coverage, implementa-
tion timing, and startup costs.

2. Methods
2.1. Model

We developed a dynamic compartmental model of the spread of bubonic, septicemic,
and pneumonic plague between interacting populations of humans, rats, and fleas using R
(v4.0.2). Our modified SEIR model (Figure 1) extends prior models [11,12] and replicates
the 2017 Madagascar outbreak. The model time horizon covers the duration of the out-
break in daily intervals over five months and captures the lifetime effects of disease and
interventions on morbidity and mortality. The supplement provides full model details and
a CHEERS checklist.

We instantiated the model for the Analamanga region of Madagascar. We relied
primarily on data from previously published studies to estimate parameter values (Table 1).
We found no data on progression rates from bubonic plague to septicemic or pneumonic
plague or from septicemic to pneumonic plague and assumed they were at least 100 times
less likely than natural transmission. We found no data on the infectious period of sep-
ticemic plague; we estimated this value as the mean of the infectious periods of bubonic
and pneumonic plague [11,19].

We calibrated the model to WHO reports from October through December 2017,
categorizing unknown cases as bubonic, septicemic, or pneumonic in proportion to known
cases [4]. We assumed that the Analamanga region had the same proportion of bubonic,
septicemic, and pneumonic cases as the country-wide total. To account for variability in
disease transmission and recovery probability over the course of the outbreak, we divided
the model timeline into four phases based on the WHO reports. We minimized the sum
of root squared error to evaluate model accuracy during calibration. The Supplement
provides full calibration details. Table 1 shows calibrated parameter values.
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Figure 1. Schematic of a compartmental model of plague transmission among humans, rats, and fleas. The mathematics
are described in Equations (57)—(S15) in the Supplementary Materials. Figure S8 provides the transition rates. (a) SIR
compartmental model for bubonic plague in rats. (b) Compartmental model for fleas carrying bubonic plague. (c¢) SEIR
compartmental model for human plague transmission.
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Table 1. Plague Parameter Values and Sources.
Parameter Description Value Source
Initial Susceptible Population Sum of populations in districts with plague 13,731,412 people [4]
R Rat reproductive rate 5 rats/day [11,20]
Kr Rat carrying capacity 2500 rats [11]
14 Probability of inherited resistance of rats 0.975 [11,21]
Br Transmission rate of bubonic plague to rats 4.7 contacts/ (rat-day) [11,22-24]
« Flea searching efficiency 0.004 [11]
mR (Infectious period of bubonic plague in rats)~! 0.05 people/day [11]
dr Death rate of rats 0.2 rats/day [11,20,25]
SR Probability of recovery in rats 0.02 [11]
e Flea reproductive rate 20 fleas/day [11]
Kr Flea carrying capacity per rat 6.57 fleas/rat [11,21]
dr Death rate of fleas 10 fleas/day [11,25]
o Flea searching efficiency 0.004 [11]
€B (Latency period of bubonic plague)*] 0.25 people/day [11]
ep (Latency period of pneumonic plague) ! 0.23 people/day [19]
YBS Progression rate: bubonic to septicemic plague 0.001 people/day Assumed
YBP Progression rate: bubonic to pneumonic plague 0.001 people/day Assumed
Ysp Progression rate: septicemic to pneumonic plague 0.001 people/day Assumed
myp (Infectious period of bubonic plague in humans)~! 0.04 people/day [11]
mys (Infectious period of septicemic plague)~! 0.07 people/day Assumed
myp (Infectious period of pneumonic plague)~! 0.4 people/day [19]
SHS Probability of recovery from septicemic plague 0.8 [2,4,8]
Phase 1-3: 0.2
BHB Transmission rate of bubonic plague to humans contacts/(person-day) Calibrated
Phase 4: 0 contacts/(person-day)
Phase 1: 0.64
Brp Transmission rate of pneumonic plague between contacts/ (person-day) Calibrated
humans at each phase (step) Phase 2: 0.68
contacts/(person-day)
Phase 3: 0.10
contacts/(person-day)
Phase 4: 0 contacts/(person-day)
Phase 1: 0.90
P Probability of reec;):;n;rﬁgsfer(z:tlel});;bonic plague at Phase 2: 0.91 Calibrated
Phase 3: 0.94
Phase 4: 0.99
Phase 1: 0.81
S Probability of rzi(;\;igr;% ig(;n(lstper;e)umonic plague Phase 2: 0.9 Calibrated
Phase 3: 0.93
Phase 4: 0.99

2.2. Interventions

We considered three interventions, alone and in combination, and considered different

coverage levels and implementation timing.

Doxycycline treatment: Many public health organizations recommend doxycycline
treatment and prophylaxis during pneumonic plague outbreaks [1,10,26-28]. Doxycycline
treatment drastically reduces mortality and transmission rates [5]. Untreated bubonic,
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septicemic, and pneumonic plague have mortality probabilities of around 60%, 100%, and
100%, respectively [7,8,29]. The survival probability of plague-infected individuals treated
with doxycycline in a randomized control trial in Tanzania was 97% [29]; the estimated
survival probability for treated pneumonic and septicemic plague based on U.S. historical
cases is 50-70% [30]. The case fatality ratio of the 2017 Madagascar outbreak was around
9% (much lower than the fatality rate in the absence of treatment), so we assumed there
was an existing significant baseline level of antibiotic treatment during the outbreak as the
WHO donated and delivered 1.2 million doses of antibiotics to Madagascar during the
outbreak [4]. We set the maximum level for expanded antibiotic treatment equal to the
number of deaths (142), assuming that deaths were due to lack of antibiotic treatment. We
assumed that, once individuals receive treatment, their rate of transmission and progression
to other forms of plague (if applicable) is reduced to zero [31]. We considered expanded
antibiotic coverage levels of 10-100% in 10% increments of eligible individuals (i.e., those
who did not previously receive treatment and would have otherwise died) after they
become infectious. In the status quo, 0% of these eligible individuals were given treatment.

Doxycycline prophylaxis: We assumed that doxycycline prophylaxis is distributed to
susceptible individuals at varying rates from 0 to 10,000 people/day in 1000 people/day
increments. We assumed that the baseline survival probability on oral doxycycline was
97%, as with treatment [29,30]. Once individuals receive doxycycline prophylaxis, we
assumed they take 100-200 mg doxycycline daily for the remainder of the outbreak or
until they recover from any potential infection (symptoms present and then recede) [10].
Therefore, the number of doxycycline doses distributed in the modeled population can
reach hundreds of millions. If an individual on doxycycline prophylaxis contracts plague,
we assume the disease does not progress to pneumonic or septicemic plague.

Vector control: Vector control reduces the incidence of bubonic plague by increasing
the flea mortality rate [5]. The WHO recommends both fenitrothion and malathion as
an insecticide dust to control rodent fleas [6]. The 24-h flea mortality probability is 82%
for fenitrothion and 75% for malathion [32,33]. According to the WHO, fenitrothion
is considered moderately hazardous in concentrations of 20 g/kg, while malathion is
considered only slightly hazardous in concentrations of 50 g/kg [6]. While both are
recommended by the WHO, we chose to model vector control using malathion due to
its lower likelihood of adverse effects. We transformed the mortality probability into a
rate and added it to the baseline flea mortality rate. We modeled mass distribution of
malathion to households, varying coverage levels from 10-100% in 10% increments, to
capture different levels of compliance with household insecticide use. In every household
covered by the intervention, fleas had increased mortality consistent with the mortality
from malathion.

Intervention timing: We varied implementation timing for all interventions. We con-
sidered intervention start dates ranging from day 1, 2, ... , 120. For clarity of presentation,
we group them into rapid, early, and late intervention times. Rapid interventions start
on days 1, 10, 20, 30, 40, 50, or 60 and continue throughout the remainder of the modeled
time horizon. Early interventions start on days 65, 70, 80, or 90. Late interventions start on
days 95, 100, 110, or 120. The different combinations of interventions and their timing and
coverage lead to 19,951 different intervention possibilities.

Cost-effectiveness Analysis: We took a healthcare system perspective and measured
costs (2017 USD) and quality-adjusted life years (QALYs), both discounted at 3% [34]. We
calculated incremental costs and QALYs gained for each intervention compared to the next
best alternative.

Intervention costs (Table 2) include costs of personnel, administration, and equip-
ment [35,36]. In the status quo, we considered the costs of training the 1800 community
health workers (CHWSs) and 300 doctors that were mentioned by the WHO situation re-
ports, and of inpatient hospitalizations [4]. We assumed that additional CHWs are required
for intervention scale-up. Each additional CHW receives the mean daily salary for com-
munity health workers in Madagascar, $4.58 [37]. The cost of inpatient hospital care is
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$9.17 per patient per day [38,39]. We assumed that hospitalization costs were incurred for
91% of infectious individuals, consistent with a 91% survival rate [4]. This is based on the
assumption that hospital care results in antibiotic treatment and antibiotic treatment results
in near-certain recovery.

Table 2. Cost and Utility Parameter Values and Sources.

Parameter Name/Description Parameter Value Source
Median age 19.9 [40]
Median life expectancy at birth 66.6 [40]
Quality-adjusted life expectancy 55.0 [41]
Mean life expectancy at age 20 50.6 [42]
HRQoL during infection 0.38 [43]
Cost of inpatient hospitalization per patient per day $9.17 [39]
Mean daily salary for community health workers $4.58 [37]
Container of 50% malathion insecticide $4.63 [44]
Average household size 4.7 [45]
Price of generic doxycycline per daily dose $0.014 [46]
Overhead cost per individual receiving treatment $0.32 [47]

Overhead costs per individual receiving prophylaxis

Vehicles $0.05 [47]
Communication and IT equipment $0.01 [47]
Mass distribution equipment $0.02 [47]
Travel and transportation $0.39 [47]
Vehicle fuel and maintenance $0.03 [47]
Accommodation and sustenance $0.13 [47]
Mass distribution consumables and other charges $0.08 [47]
Communication $0.01 [47]
Personnel $0.57 [47]

Total $1.61
Annual discount rate 3% [34]

HRQoL = health-related quality of life; IT = information technology.

Costs of expanded access to antibiotic treatment with doxycycline include costs of
doxycycline and increased CHW staffing. The lowest price of generic doxycycline available
in Burundi and Ethiopia is $0.014 per 100 mg pill [46]. The number of additional CHWs
required to staff the program is a function of expanded access to treatment coverage. We
used linear interpolation to determine the number of CHWSs needed to improve survival
rates by one percentage point. In a non-intervention setting, the assumed survival rate
was the approximate historic untreated pneumonic plague case fatality ratio of 100%, and
the number of CHWs is 0. In the status quo setting, the case fatality ratio was around 9%,
the number of CHWs was 1800, and the number of doctors was 300. In other words, we
create a linear function where the case fatality ratio is 100% with 0 CHWs and 9% with
2100 CHWs. All additional CHWs carry on throughout the remainder of the outbreak.

Previous programs for mass distribution of antibiotics in African countries informed
our cost estimates for mass doxycycline distribution [47,48]. We estimated the adminis-
tration cost per treated individual to be $1.61 [47]. We calculated drug-related costs on a
per-dose basis.
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For the vector control intervention, we assumed that the average household size is
4.7 individuals [45]. We used an estimated administration cost per household of $1.61 [47].
The cost of a container of 50% malathion insecticide is $4.63 [44].

Startup costs depended on intervention timing and coverage (details in Supplement)
and included the costs of expanded access to additional CHWs, doxycycline doses, mass
distribution administration per treated individual, and units of malathion. Startup costs
decreased linearly with later intervention timing and increased linearly with intervention
coverage [49].

After adjusting for the health-related quality of life (HRQoL) of Madagascar and
discounting, we treated all deaths as incurring a loss of 23.64 QALYs (details in Supplement).
We used an HRQoL of 0.38 for the duration of infection for individuals infected with plague
based on utility values for respiratory HIN1 infection because of similarities in symptoms
and severity [43].

The GDP per capita of Madagascar in 2017 USD is $450 [40]. The benchmarks we
use to determine whether an intervention is likely to be considered cost-effective or very
cost-effective are $1350/QALY (three times GDP per capita) and $450/QALY (GDP per
capita), respectively [34].

2.3. Sensitivity Analysis

All costs and QALYs estimates are inexact, so we performed a wide range of sensitivity
analyses. We performed one-way sensitivity analyses on key variables including cost
of a daily doxycycline dose, cost of a unit of malathion, QALY loss per death, cost of
mass prophylaxis administration, doxycycline efficacy, and adherence to doxycycline
prophylaxis. Additionally, we developed a hypothetical outbreak model in which the
disease spreads more slowly over a longer period (details in Supplement).

2.4. Patient and Public Involvement

It was not appropriate or possible to involve patients or the public in the design, or
conduct, or reporting, or dissemination plans of our research.

3. Results

Modeled cumulative case counts and deaths for bubonic and pneumonic cases from
the calibrated model without additional intervention were within 10% of reported values [4]
(Figure 2, Supplementary Materials Table S1). The root mean squared error of the model
compared to the WHO reports was 104 for pneumonic cases, 38 for bubonic cases, and 10
for deaths. This was a mean absolute difference of 31%, 12%, and 14%, respectively, for
pneumonic cases, bubonic cases, and deaths.

3.1. Base Case

Timing and type of intervention had a large impact on effectiveness (Figure 3, Table 3).
Effectiveness consistently increased with coverage and decreased with longer intervention
delays. Considering the intervention types singly, expanded access to antibiotic treatment
with doxycycline gained the smallest range of QALYs, between 0.29-543 (Supplemental
Figure S1). This is because the upper bound on expanded access to antibiotic coverage
was limited by the roughly 140 deaths from the outbreak. This small cohort further limits
downstream benefits of averted secondary infections. Mass distribution of doxycycline
prophylaxis gained the largest range of QALYs, between 0.30-2331 (Figure S1), because
it could prevent new infections and could cover a large portion of the population. Mass
distribution of malathion gained between 0.47-1223 QALYs (Figure S1).
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near the preferred decision.

Intervention costs varied by timing and coverage (Figure S2), generally decreasing
as intervention implementation was delayed (Figure S2a) and increasing with coverage
(Figure S2b—d). Costs of expanded access to antibiotic treatment with doxycycline ranged
from $254 to $259,400 (Figure S2b). This was the cheapest intervention, as the number of
recipients was relatively low. Costs of mass distribution of doxycycline prophylaxis ranged
from $4497-$8.8 million, depending on implementation timing (Figure S1) and coverage
(Figure S2c). Costs of mass distribution of malathion ranged from $155,400-$10.1 million
(Figure 52d), depending mainly on intervention coverage.

Comparison of all 19,951 interventions resulted in a cost-effectiveness frontier with
33 interventions, including the status quo (Figure 3, Table 3). For a $450/QALY threshold,
the preferred intervention is expanded access to antibiotic treatment with doxycycline at
50% coverage starting on day 10 ($422/QALY). For a $1350/QALY threshold, the preferred
intervention is expanded access to antibiotic treatment with doxycycline at 100% coverage
starting on day 1 ($1023/QALY) (Table 3).

We performed cost-effectiveness analyses on subsets of interventions with the same
timing (Figure 4, Table S2). For interventions starting before day 80, the preferred inter-
vention was expanded access to antibiotic treatment with doxycycline with 100% coverage
which cost $689-1116/QALY gained. For interventions starting on days 80 and 90, the
preferred intervention was expanded access to antibiotic treatment with doxycycline with
90% coverage ($1298/QALY) and 10% coverage ($1170/QALY), respectively. For imple-
mentation later than day 90, no interventions were cost-effective. This is likely because
61% of deaths and 75% of cases occurred before day 95, so late interventions have low
potential effectiveness.
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Table 3. Costs and Effectiveness of Interventions on the Cost-Effectiveness Frontier.
Doxycycline
) Doxycycline ) Pr?phylaxis M;flat%lion ICER
ingrenton, Tment - pbuion e, DR oo s qarys NS IRl comonty
Coverage Coverage as % of Total =~ Coverage
Population)

N/A 0% 0 (0%) 0% $0 0 N/A N/A N/A
Day 10 10% 0 (0%) 0% $13,620 57.7 $13,620 57.7 $236
Day 10 20% 0 (0%) 0% $29,290 113.9 $15,670 56.2 $279
Day 10 30% 0 (0%) 0% $47,000 168.4 $17,710 54.5 $325
Day 10 40% 0 (0%) 0% $66,750 2215 $19,750 53.1 $372
Day 10 50% 0 (0%) 0% $88,550 273.1 $21,800 51.6 $422
Day 10 60% 0 (0%) 0% $112,400 323.3 $23,840 50.2 $475
Day 10 70% 0 (0%) 0% $138,300 3721 $25,880 48.8 $530
Day 10 80% 0 (0%) 0% $166,200 419.7 $27,920 47.6 $587
Day 10 90% 0 (0%) 0% $195,000 465.9 $28,850 46.2 $624
Day 10 100% 0 (0%) 0% $227,000 511.0 $31,950 451 $709
Day 1 100% 0 (0%) 0% $259,400 542.7 $32,380 31.7 $1023
Day 1 100% 1000 (%) 0% $879,600 934.9 $620,200 392.2 $1581
Day 1 100% 2000 (%) 0% $1,567,000 1252 $687,600 317.1 $2169
Day 1 100% 3000 (%) 0% $2,318,000 1509 $751,100 257.5 $2917
Day 1 100% 4000 (%) 0% $3,129,000 1720 $811,000 210.3 $3857
Day 1 100% 5000 (%) 0% $3,997,000 1892 $867,400 172.6 $5027
Day 1 100% 6000 (%) 0% $4,917,000 2035 $920,600 142.4 $6465
Day 1 100% 6000 (%) 10% $5,529,000 2115 $612,100 80.7 $7584
Day 1 100% 7000 (%) 10% $6,500,000 2228 $970,800 112.1 $8658
Day 1 100% 7000 (%) 20% $7,201,000 2295 $701,200 68.0 $10,310
Day 1 100% 8000 (%) 20% $8,220,000 2384 $1,018,00 88.7 $11,470
Day 1 100% 8000 (%) 30% $9,010,000 2442 $790,300 57.3 $13,790
Day 1 100% 9000 (%) 30% $10,070,000 2512 $1,063,000 70.6 $15,060
Day 1 100% 9000 (%) 40% $10,950,000 2560 $879,200 48.3 $18,200
Day 1 100% 10,000 (%) 40% $12,060,000 2617 $1,105,000 56.4 $19,570
Day 1 100% 10,000 (%) 50% $13,020,000 2658 $968,200 40.8 $23,760
Day 1 100% 10,000 (%) 60% $14,080,000 2694 $1,057,000 36.5 $28,930
Day 1 100% 10,000 (%) 70% $15,230,000 2727 $1,146,000 32.7 $35,000
Day 1 100% 10,000 (%) 80% $16,460,000 2756 $1,234,000 294 $42,050
Day 1 100% 10,000 (%) 90% $17,780,000 2783 $1,323,000 26.4 $50,200
Day 1 100% 10,000 (%) 100% $19,200,000 2806 $1,412,000 23.7 $59,540

ICER = incremental cost-effectiveness ratio, QALY = quality-adjusted life year.

3.2. Sensitivity Analysis

When using a cost-effectiveness threshold of 1-51% of GDP, as recommended by
some [50], then a strategy of expanded access to antibiotic treatment with doxycycline at
10% coverage implemented on day 10 is likely to be cost-effective.

In sensitivity analysis, varying adherence to and efficacy of doxycycline prophylaxis
did not change the preferred intervention.

Varying doxycycline cost per dose ($0.005-$0.02) only changed the preferred inter-
vention at the lowest cost ($0.005) when the preferred intervention, costing $1002/QALY
gained, was expanded access to antibiotic treatment at 100% coverage combined with the
mass distribution of doxycycline prophylaxis at a rate of 1000 people/day.
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Figure 4. Cost-effectiveness frontiers when comparing single-day decisions.

We varied the cost per unit of malathion between $0.50-$4.63. When the cost was
$0.50, the preferred intervention, costing $1329/QALY gained, was expanded access to
antibiotic treatment at 100% coverage combined with the mass distribution of malathion
at 10% coverage. This suggests that if vector control is very cheap, mass distribution of
malathion could be cost-effective.

We varied the QALY loss per death between 10-60 QALYs (Figure S3, Table S3). For
fewer than 30 QALYs lost per death, the preferred intervention was expanded access
to antibiotic treatment with coverage between 70-100%. For more than 30 QALYs lost
per death, the preferred intervention also included the mass distribution of doxycycline
prophylaxis at a rate of 1000-3000 people/day. This suggests the potential for mass
distribution of doxycycline prophylaxis to be cost-effective.

We varied the administrative cost per individual of a mass doxycycline prophylaxis
program between $0.25-$1.61 (Figure S4, Table S4). At $1.00 or less per person, the pre-
ferred intervention was the mass distribution of doxycycline prophylaxis at a rate of
1000-2000 people/day starting on day 1. This further supports the notion that mass
distribution of doxycycline prophylaxis could be cost-effective under some conditions.

Our model can incorporate a wide range of policy constraints. For example, if the
intervention cannot occur until 40 days after the first reported case, and coverage of each
intervention is capped at 80%, then the preferred decision is expanded access to antibiotic
treatment with 80% coverage starting on day 40, which costs $603/QALY (Figure S5).

Finally, we considered the case of a slower epidemic (Figure S6). We compared in-
cremental costs and QALYs over the first 200 days of the simulated outbreak (Table S5,
Figure S7). For a $450/ QALY threshold, the preferred intervention is expanded access to an-
tibiotic treatment with 100% coverage and mass distribution of doxycycline prophylaxis at
a rate of 3000 people/day starting on day 110, which costs $431/QALY. For a $1350/ QALY
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threshold, the preferred intervention is expanded access to antibiotic treatment at 100%
coverage combined with the mass distribution of doxycycline prophylaxis at a rate of
8000 people/day starting on day 95, which costs $1252/QALY. This suggests that if an
outbreak takes longer to develop, then the mass distribution of doxycycline prophylaxis
could be cost-effective, and the preferred intervention will likely be delayed further.

4. Discussion

For an epidemic modeled on the 2017 Madagascar outbreak, we found that expanded
access to antibiotic treatment with doxycycline is likely to be cost-effective at high coverage
levels when implemented during the initial phase of the outbreak. Given the existing high
level of antibiotic treatment during the outbreak, the low cost of expanding treatment
to infected individuals not receiving antibiotics makes this intervention attractive. Mass
distribution of malathion is unlikely to be cost-effective because of the relatively high
cost per unit; additionally, this intervention primarily reduced bubonic plague, and the
outbreak we modeled was largely pneumonic plague.

Mass distribution of doxycycline prophylaxis could be cost-effective if rapid interven-
tion is comparable in cost to later intervention, or in a plague outbreak that develops more
slowly than the 2017 outbreak. Mass doxycycline prophylaxis could be particularly useful
in a country with weak healthcare infrastructure, such as Madagascar, as it is relatively
simple to implement and does not require equipment or protocol for testing for plague
because of the existing presence of treatment.

In Madagascar, annual federal government expenditures total just over $2 billion
for a population where 70% of people live below the poverty line [26]. Therefore, the
affordability of any healthcare intervention is an important consideration. The cost of the
preferred intervention, increased treatment with doxycycline, is around $250,000 (0.0125%
of the federal budget) suggesting that it is indeed affordable.

In countries with different cost-effectiveness thresholds but similar cost characteristics,
the preferred intervention may differ. Plague is endemic in the Democratic Republic of
Congo (DRC) [1,51]. GDP per capita on the DRC is approximately $460 [52]. Assuming
an outbreak similar to the one we have modeled, expanded access to antibiotic treatment
with doxycycline at 100% coverage implemented on day 1 is likely to be cost-effective in
the DRC ($1023/QALY).

Our analysis has several limitations. Aside from the WHO situation report data,
which was sparse and inconsistent, many parameter estimates in our model came from
studies of plague that occurred in countries other than Madagascar and in different decades.
This could affect the accuracy of the model projections for Madagascar and the model’s
applicability to future outbreaks in the region. Additional research should focus on the
disease and behavioral dynamics of Madagascar to better tailor the model to the local
population and healthcare infrastructure. We calibrated to cumulative case counts of
suspected, probable, and confirmed cases, which could underestimate the true disease
burden due to underreporting or overreporting. With uncertainty in the true level of
disease burden, our model could miss important QALY losses from unreported cases
which would make the interventions we considered appear more cost-effective or may
misattribute QALY losses from other diseases to those of plague, which would make the
interventions appear less cost-effective. One study suggests that calibrating to cumulative
cases may lead to errors in parameter estimates [53]. In addition, with only one reported
case of septicemic plague during the outbreak we modeled, including septicemic plague in
the model could overrepresent those cases in our analysis relative to their importance in
the outbreak. Better surveillance, testing, and case reporting for plague are needed [54]
and would help avoid these potential biases.

We made simplifying assumptions regarding certain clinical aspects of plague. For
example, we assumed immediate reduction in transmission due to doxycycline treatment
or prophylaxis and near-certain recovery for individuals who are hospitalized. In reality,
these factors may depend on the delay from disease onset to treatment [55]. We assumed
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similar clinical presentation by region. We did not model subclinical plague infections
which could be a driver for the persistence of plague during and between outbreaks.
Subclinical infections are common in rat populations but rare in human populations [56,57].
We did not consider harms related to interventions such as side effects of doxycycline or
potential health hazards of malathion and did not account for potential microbial resistance
stemming from insecticide distribution or mass prophylaxis [58]. The potential harms
from microbial or insecticide resistance could potentially outweigh the benefits of mass
prophylaxis or mass insecticide distribution program in the long term.

Additionally, our model does not completely capture the realities of intervention
implementation. We assumed a homogenous population that is well mixed and a homo-
geneous implementation of interventions. We assumed that interventions began at exact
dates with exact coverages that remain at a constant level until the end of the outbreak. We
have little idea how much it would cost to dramatically expand health coverage or deliver
community-wide doxycycline over any period of time. During the 2017 plague outbreak,
antibiotic prophylaxis was restricted to direct contacts of suspected, probable, and con-
firmed cases of plague [4]. The true feasibility of mass prophylaxis is unknown; however,
the WHO donated more than 1 million doses of antibiotics during the 2017 outbreak [4].
Mass prophylaxis would be further constrained by limited access and potentially higher
costs in rural areas. Finally, given that pneumonic plague dominated the 2017 outbreak and
that Yersinia pestis can be used as a bioterror agent, it could be useful to explore additional
interventions related to person-to-person droplet transmission.

Our model and recommendations are founded on retrospective data. In reality, in-
tervention decisions will be made prospectively without knowing how big an outbreak
will be. If Madagascar conducted mass distribution of doxycycline prophylaxis every time
there was a bubonic plague case, it would be expensive and perhaps not cost-effective. Our
sensitivity analysis with a slower epidemic showed that mass distribution of doxycycline
prophylaxis could still be cost-effective if started at a later date. However, our analyses
assume an outbreak that is primarily pneumonic plague. The most common endemic
outbreaks will likely be largely or exclusively bubonic plague. Thus, pneumonic plague
surveillance and detection are critical so that such outbreaks can be easily distinguished.
For endemic bubonic plague, interventions related to rat control may need to be evaluated.

Our analysis aims to inform policymakers such as country-level decision-makers,
international health organizations, and donor organizations about how to respond ef-
fectively and cost-effectively to plague outbreaks in Madagascar and elsewhere. This is
important because the plague is endemic or epidemic in many countries, including the
United States, and has been identified as a potential bioterror threat [3,8]. We found that
expanded access to antibiotic treatment with doxycycline is cost-effective and mass distri-
bution of doxycycline prophylaxis is potentially cost-effective in Madagascar, suggesting
that these should be key foci for plague preparation and response in the future. Our work
highlights the importance of intervention timing: early intervention is more effective than
late intervention. However, if there are high startup costs for interventions early in the
outbreak, then it is preferable to implement interventions around a month after the first
reported case.

A recent article [59] notes that “Plans should be in place to reduce the risk of [plague]
outbreaks and to manage and contain those that occur as swiftly as possible. These plans
should be informed by recent experiences in Madagascar and Beijing, and assume that
future outbreaks are not just likely but inevitable”. Our findings have the potential to
improve future plague outbreak response strategies in Madagascar and elsewhere.
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