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Impact and cost-effectiveness of doxycycline
post-exposureprophylaxis inAustralianmen
who have sex with men

Hao Lai 1,2, Jason J. Ong 3,4, Michael W. Traeger 5,6,7,
Christopher K. Fairley3,4, Benjamin P. Howden 8, Mark A. Stoové5,6,9,
Mingwang Shen 1,10,11,12 & Lei Zhang 1,2,3,4

The optimal implementation of doxycycline post-exposure prophylaxis (doxy-
PEP) for preventing bacterial sexually transmitted infections (STIs) among
Australian men who have sex with men is unclear due to concerns about
antimicrobial resistance and cost-effectiveness. We developed an individual-
based model, calibrated to Australian national data, to compare five targeted
doxy-PEP strategies with a base case from 2025 to 2034, using a multi-criteria
ranking framework to evaluate their epidemiological, resistance, and eco-
nomic outcomes. All evaluated strategies reduced STIs by 13.0% to 47.8% and
were cost-saving. However, compared to the high 73.5% baseline projection for
high-level tetracycline resistance by 2034, all strategies yielded higher pro-
portions. This proportion was highest (97.4%) when targeting all HIV pre-
exposure prophylaxis users, and lowest (81.2%) for the syphilis diagnosis
strategy. This syphilis-focused strategy reduced overall STIs by 16.4%, had the
highest benefit-cost ratio (9.2), and ranked highest in 9 of 11 evaluation fra-
meworks. Here, we show that doxy-PEP is an effective, cost-saving interven-
tion, with the syphilis diagnosis strategy representing themost recommended
approach to optimally balance benefits and risks.

Sexually transmitted infections (STIs) remain a significant global
public health issue, disproportionately affecting gay, bisexual, and
othermenwhohave sexwithmen (GBMSM)1. In Australia, diagnoses of
gonorrhoea, chlamydia, and syphilis are increasing among GBMSM
despite ongoing prevention efforts2. These infections not only cause
immediate health issues but also facilitate the transmission of HIV and

contribute to the emergence of antimicrobial resistance (AMR),
creating additional challenges for public health interventions1.
Recognising the urgency of the situation, the World Health Organiza-
tion (WHO) has set ambitious targets to reduce the incidence of
gonorrhoea and syphilis by 90% and chlamydia by 50% by 2030
compared to 2020 levels3.

Received: 9 January 2025

Accepted: 7 January 2026

Check for updates

1China-Australia Joint Research Center for Infectious Diseases, School of Public Health, Xi’an Jiaotong University Health Science Center, Xi’an, Shaanxi, PR
China. 2Phase I Clinical Trial ResearchWard, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, Shaanxi Province, PR China. 3Melbourne Sexual
Health Centre, Alfred Health, Melbourne, VIC, Australia. 4School of Translational Medicine, Faculty of Medicine, Nursing and Health Science, Monash
University, Melbourne, VIC, Australia. 5Burnet Institute, Melbourne, VIC, Australia. 6School of Public Health and Preventive Medicine, Monash University,
Melbourne, VIC, Australia. 7Department of Population Medicine, Harvard Pilgrim Health Care Institute, Boston, MA, USA. 8Microbiological Diagnostic Unit
Public Health Laboratory, The University of Melbourne at The Peter Doherty Institute for Infection and Immunity, Melbourne, VIC, Australia. 9School of
Psychology and Public Health, La Trobe University, Melbourne, VIC, Australia. 10Key Laboratory for Disease Prevention and Control and Health Promotion of
Shaanxi Province, Xi’an, Shaanxi, PR China. 11The Interdisciplinary Center for Mathematics and Life Sciences, School of Mathematics and Statistics, Xi’an
JiaotongUniversity, Xi’an, Shaanxi, PRChina. 12Key Laboratory of Environment andGenesRelated toDiseases (Xi’an JiaotongUniversity),Ministry of Education,
Xi’an, Shaanxi, PR China. e-mail: mingwangshen521@xjtu.edu.cn; lei.zhang1@monash.edu

Nature Communications |         (2026) 17:1846 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0277-9364
http://orcid.org/0000-0003-0277-9364
http://orcid.org/0000-0003-0277-9364
http://orcid.org/0000-0003-0277-9364
http://orcid.org/0000-0003-0277-9364
http://orcid.org/0000-0001-5784-7403
http://orcid.org/0000-0001-5784-7403
http://orcid.org/0000-0001-5784-7403
http://orcid.org/0000-0001-5784-7403
http://orcid.org/0000-0001-5784-7403
http://orcid.org/0000-0002-3452-350X
http://orcid.org/0000-0002-3452-350X
http://orcid.org/0000-0002-3452-350X
http://orcid.org/0000-0002-3452-350X
http://orcid.org/0000-0002-3452-350X
http://orcid.org/0000-0003-0237-1473
http://orcid.org/0000-0003-0237-1473
http://orcid.org/0000-0003-0237-1473
http://orcid.org/0000-0003-0237-1473
http://orcid.org/0000-0003-0237-1473
http://orcid.org/0000-0003-4553-800X
http://orcid.org/0000-0003-4553-800X
http://orcid.org/0000-0003-4553-800X
http://orcid.org/0000-0003-4553-800X
http://orcid.org/0000-0003-4553-800X
http://orcid.org/0000-0003-2343-084X
http://orcid.org/0000-0003-2343-084X
http://orcid.org/0000-0003-2343-084X
http://orcid.org/0000-0003-2343-084X
http://orcid.org/0000-0003-2343-084X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-68561-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-68561-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-68561-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-68561-7&domain=pdf
mailto:mingwangshen521@xjtu.edu.cn
mailto:lei.zhang1@monash.edu
www.nature.com/naturecommunications


Doxycycline, a tetracycline antibiotic, has been recommended as
a potential prophylactic agent to prevent bacterial STIs4. Recent stu-
dies have explored the use of doxycycline post-exposure prophylaxis
(doxy-PEP) among GBMSM and transgender women, demonstrating
promising results in preventing chlamydia and syphilis infections, with
moderate effectiveness against gonorrhoea infection5,6. However,
concerns about its potential to increase AMR have limited its recom-
mendation in clinical practice in many countries7–9. In Australia, a
consensus statement by Australasian Society for HIV, Viral Hepatitis
and Sexual Health Medicine (ASHM) indicated broad agreement that
doxy-PEP should be considered for preventing STIs among GBMSM,
particularly among those at higher risk of syphilis and proposed a
range of putative criteria for commencing doxy-PEP9.

While doxy-PEP’s preventive benefits are increasingly recognised,
understanding how these benefits are offset by potential AMR risks
and the relevant economic implications is crucial for informed
policymaking10. Although previous modelling studies have examined
doxy-PEP’s impact on single STIs—such as syphilis in British Columbia
andgonorrhoea in theUnited States—they neither considered targeted
implementation approaches nor evaluated cost-effectiveness11,12. As a
result, they offer limited insights into how doxy-PEP might perform
when applied strategically across multiple bacterial STIs.

To address this gap, we developed an individual-based stochastic
network model to evaluate the population impact and cost-
effectiveness of doxy-PEP in preventing three STIs among GBMSM in
Australia. By assessing various doxy-PEP implementation targeted
strategies and considering the potential risk of AMR, our study pro-
vides key evidence to inform guidelines on using doxy-PEP as a public
health intervention.

Results
By incorporating demographic dynamics, the simulated population
size evolved from an initial 10,000 individuals in 2012 to a projected
12,543 (95% uncertainty interval [UI]: 12,436–12,641) by 2034 (Supple-
mentary Fig. 13). Besides, our model was successfully calibrated to
reflect the temporal trends of increasing incidence rates for gonor-
rhoea, chlamydia, and syphilis, as well as the rising proportions of
Neisseria gonorrhoeae (NG) isolates exhibiting ceftriaxone decreased
susceptibility (CeftriaxoneDS) or high-level tetracycline resistance (HL
TetR) (Supplementary Fig. 15). Using this calibrated model, we com-
pared the epidemiological and economic outcomes of a base-case (no
doxy-PEP) and five different doxy-PEP implementation strategies from
2025 to 2034 (Table 1).

Epidemiological impact and doxy-PEP utilisation
We illustrate the increasing STI incidence rates in the base case and the
reductions observed after implementing doxy-PEP with various stra-
tegies (Fig. 1A–D). In the context of the WHO 2030 goals for STI
reduction from 2020 levels (red dashed lines in Fig. 1A–C), modelling
projects that by 2030, the five evaluated doxy-PEP strategies could
reduce chlamydia incidence by 1.8–76.7% and syphilis incidence by
14.0–95.4%, compared with their respective 2020 levels (black dashed
lines). Notably, strategies targeting individuals with two STI diagnoses
in the past 12 months or all pre-exposure prophylaxis (PrEP)-using
GBMSM were projected to achieve the WHO’s chlamydia reduction
target, with the latter also meeting the syphilis reduction target by
2030. However, while doxy-PEP initially reduced gonorrhoea inci-
dence, projected 2030 levels under all strategies surpassed the 2020
baseline, typically rebounding within two to three years of imple-
mentation due to increasing doxycycline resistance; nevertheless,
incidence remained below the projected base-case level.

Annual doxy-PEP prescription volumes and population coverage,
defined as the proportion of all GBMSM using doxy-PEP, varied sub-
stantially across strategies (Fig. 1E and F). Most scenarios showed a
peak in prescriptions in the first year of implementation before stabi-
lising. This resulted in projected average annual population coverage
levels ranging from a low value of approximately 2.8% (95% UI:
2.5–3.1%) for the strategy targeting individuals with syphilis diagnosis
to a high value of 26.1% (95%UI: 26.0–26.3%) for the strategy targeting
all PrEP-using attendees.

Cumulatively (Fig. 1G), in the base case, we projected 48,629 (95%
UI: 46,781–50,477) total incident STIs between 2025 and 2034,
including 19,665 (95% UI: 18,421–20,908) gonorrhoea infections,
22,458 (95% UI: 20,982–23,934) chlamydia infections, and 6506 (95%
UI: 5849–7164) syphilis infections. Across the five intervention strate-
gies, the cumulative number of STIs averted ranged from6323 (95%UI:
6021–6625) for the strategy targeting all HIV-positive attendees to
23,243 (95%UI: 22,042–24,444) for the strategy targeting all PrEP-using
attendees, corresponding to overall STI reductions of 13.0 to 47.8%
(Fig. 1G and H). Specifically, the strategy targeting individuals with a
syphilis diagnosis averted 7979 (95% UI: 7123–8834) infections, a
reduction of 16.4%. The epidemiological impacts required awide range
of intervention intensity, from a cumulative 1195 (95% UI: 1075–1317)
prescriptions for the syphilis diagnosis strategy to 11,291
(11,281–11,301) prescriptions for the PrEP-using attendees strategy.
Consequently, intervention efficiency, measured as infections averted
(IA) per prescription, was highest for the syphilis diagnosis strategy

Table 1 | Summary of doxy-PEP scenarios considered

Doxy-PEP scenarios Eligibility Number of eligible
people

Explanation

(1) Base case (no
doxy-PEP)

NA NA We assumed nobody using doxy-PEP
currently

(2) One syphilis
diagnosis

GBMSM diagnosed with syphilis, both through seeking care for
symptomatic infection and throughattending for screening (testing
in the absence of symptoms).

Small Aligns with the first criteria recom-
mended in the Australian statement9

(3) Two STI diagnoses
in 6 months

GBMSMdiagnosed with one STI (including gonorrhoea, chlamydia,
or syphilis) and another diagnosis in the past six months.

Moderate Adjusted from the second criteria
recommended in the Australian
statement

(4) Two STI diagnoses
in 12 months

GBMSM diagnosed with one STI and another diagnosis in the past
twelve months.

Moderate, but larger
than scenario (3)

Adjusted from the second criteria in the
Australian statement

(5) HIV+ attendees HIV +GBMSM, attending sexual health clinics—both those seeking
care for symptomatic infections and those attending for routine
screening. Doxy-PEP is offered irrespective of STI status.

Moderate Includes HIV+ individuals attending sex-
ual clinics regularly

(6) PrEP-using
attendees

PrEP-using GBMSM, attending sexual health clinics—both those
seeking care for symptomatic infections and those attending for
routine screening. Doxy-PEP is offered irrespective of STI status.

Most inclusive of all
strategies considered

Includes PrEP-using individuals attend-
ing sexual clinics regularly

GBMSM gay, bisexual, and other men who have sex with men, Doxy-PEP doxycycline post-exposure prophylaxis, STIs sexually transmitted infections, PrEP pre-exposure prophylaxis.
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(7.6 IA per prescription; 95% UI: 5.7–9.5) and lowest for the PrEP-using
attendees strategy (2.1 IA per prescription; 95% UI: 1.9–2.2).

Impacts on antimicrobial profiles of gonorrhoea
Although all doxy-PEP strategies reduced overall gonorrhoea inci-
dence, they reshaped the antimicrobial susceptibility patterns of
remaining infections (Fig. 2). The annual incidence of strains without
HL TetR generally decreased (Fig. 2A, B), while the incidence of strains
with HL TetR increased, particularly with broader targeting strategies
(Fig. 2C, D). Over the 10-year projection, this resulted in a net cumu-
lative increase in all gonorrhoea infections with HL TetR relative to the
base case (12,918; 95%UI: 12,051–13,786), as detailed in the All HL TetR

categoryof Fig. 2E. This increase ranged from955 additional infections
(95%UI: 796–1114) when targeting individuals with a syphilis diagnosis,
to 3412 additional infections (95% UI: 3139–3684) when targeting PrEP
users. Exploratory analyses found that higher doxy-PEP prescription
volume was positively correlated with the cumulative increase in
infections with HL TetR (P <0.001; Supplementary Fig. 16).

Compared with the base case (2847; 95% UI: 2373–3321), the
cumulative number of gonorrhoea infections with Ceftriaxone DS
declined across all intervention scenarios, shown as the “All Ceftriax-
one DS” category of Fig. 2E. This decrease ranged from 6 (95% UI:
−91–104)when targeting individuals with two STI diagnoses in the past
12 months, to 60 (95% UI: −30–150) when targeting individuals with

Fig. 1 | Projected impact of various doxy-PEP strategies on STI incidence, doxy-
PEP prescriptions, coverage, and intervention efficiency among GBMSM
(2024–2034). A–D Illustrate the mean annual incidence rates (per 100 person-
years) of gonorrhoea, chlamydia, syphilis, and all three STIs combined, respec-
tively, across different doxy-PEP scenarios. E Shows the mean annual doxy-PEP
prescriptions (in thousands). F Depicts the mean annual doxy-PEP coverage per-
centage among all GBMSM.G Presents themean cumulative incident STIs (syphilis,
chlamydia, gonorrhoea; left y-axis, in thousands) and the mean cumulative doxy-
PEP prescriptions (right y-axis, in thousands) over the 2025–2034 period.
H Displays the mean total infections averted (IA; left y-axis, in thousands) and the
mean infections averted per doxy-PEP prescription (IA per prescription; right y-

axis) over the 2025–2034 period. All results shown are means (with 95% UI error
bars) derived from n = 900 independent simulations (30 stochastic simulations for
each of the 30 best-fitting parameter sets). The black dashed line in (A–C) refers to
the average incidence rate in 2020. The red dashed lines in (A–C) represent the
2030 target incidences, derived by reducing respective 2020 incidences to meet
WHO’s reduction targets (90% for gonorrhoea, 50% for chlamydia, and 90% for
syphilis). Doxy-PEP doxycycline post-exposure prophylaxis, GBMSM gay, bisexual,
and other men who have sex with men, IA infections averted, PrEP pre-exposure
prophylaxis, PY person-years, STIs sexually transmitted infections, WHO World
Health Organization.
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Fig. 2 | Impact of doxy-PEP on incident gonorrhoea infections across different
antibiotic susceptibility statuses among GBMSM. Show mean annual gonor-
rhoea incidence rates (per 100 person-years) under various scenarios, by antibiotic
susceptibility status: A “Neither” (exhibiting neither Ceftriaxone DS nor HL TetR);
B “CeftriaxoneDSonly”;C “HLTetRonly”; andD “Both” (concurrentCeftriaxoneDS
andHLTetR).E Projects 10-year (2025–2034)mean cumulative change (with 95%UI
error bars) in gonorrhoea infections (thousands) compared to the base case for
each intervention scenario. Bars within each scenario are stratified by the four
susceptibility statuses (defined inA–D) and two aggregate categories: “All HLTetR”

(sum of “HL TetR only” and “Both”) and “All Ceftriaxone DS” (sum of “Ceftriaxone
DS only” and “Both”). All results shown are means (with 95% UI error bars) derived
fromn = 900 independent simulations (30 stochastic simulations for eachof the 30
best-fitting parameter sets). GBMSM gay, bisexual, and other men who have sex
with men, STIs sexually transmitted infections, Doxy-PEP doxycycline post-
exposure prophylaxis, PrEP pre-exposure prophylaxis, DS decreased susceptibility,
HL TetR high-level tetracycline resistance (used as a proxy for doxycycline
resistance).
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two STI diagnoses in the past 6months. The efficiency frontier analysis
shows the syphilis-targeting strategy achieved the greatest reduction
inCeftriaxoneDSper increase inHLTetR,with a ratioof approximately
18.7 additional HL TetR infections for every one Ceftriaxone DS
infection averted along this efficient segment. (Supplementary Fig. 17).
Furthermore, the cumulative infections exhibiting both ceftriaxoneDS
and HL TetR also increased from 2169 (95% UI: 1796–2543) in the base
case to a range of 2318 (95% UI: 1924–2713) for the syphilis-targeting
strategy to 2706 (95% UI: 2250–3163) for the strategy targeting
PrEP users.

These changes in the cumulative infections were reflected in the
annual proportions of each susceptibility profile (Fig. 3). In the base
case, the proportion of new infections exhibiting any HL TetR was
projected to rise from50.0% in 2024 to 73.5% by 2034. This proportion
increased further under all intervention strategies; by 2034, it ranged
from 81.2% for the syphilis-targeting strategy to a high of 97.4% when
targeting PrEP users. In the base case, the proportion of infectionswith
Ceftriaxone DS was projected to rise from 6.8% in 2024 to 22.1% by
2034, driven by an expansion of the infections exhibiting both Cef-
triaxone DS and HL TetR (3.8 to 18.2%). Under the intervention sce-
narios, this expansion was amplified. By 2034, the proportion of
infections exhibiting both Ceftriaxone DS and HL TetR increased to a
range of 19.8% (syphilis-targeting strategy) to 23.3% (targeting PrEP
users). Correspondingly, the proportion of infections with Ceftriaxone
DS also reached higher levels under most interventions, ranging from

22.0% (syphilis-targeting strategy) to 23.3% (targeting all PrEP users) by
2034 for these same strategies.

Economic evaluations
Between 2025 and 2034, the estimated direct medical cost in the base
case was $20.7 million (95% UI: $20.5–$20.8 million). All five doxy-PEP
strategies reduced these costs, with interventions ranging from $18.7
million (95% UI: $18.6–$18.9 million) for PrEP-using attendees to $20.1
million (95% UI: $19.9–$20.3 million) for HIV-positive attendees
(Table 2). Similarly, quality-adjusted life-years (QALYs) lost due to STIs
decreased substantially from 373 (95% UI: 339–406) in the base case,
withprojected losses under the intervention scenarios ranging from74
(95% UI: 69–80) for the PrEP-using attendees strategy to 274 (95% UI:
248–299) for the HIV-positive attendees strategy.

All evaluated doxy-PEP strategies were projected to be cost-sav-
ing, yielding negative incremental cost-effectiveness ratios (ICERs) and
benefit-cost ratios (BCRs) consistently greater than 1 (Table 2). How-
ever, the economic efficiency of the strategies varied substantially. The
strategy targeting individuals with a syphilis diagnosis was the most
efficient; it reached lowest cost per IA ($13.9; 95% UI: 13.8–14.0) and
yielded the highest BCR of 9.2 (95% UI: 7.1–11.3). In contrast, the
strategy targeting all PrEP-using attendees, while averting the most
infections overall, was the least efficient by thesemetrics, reaching the
highest cost ($43.8; 95% UI: 43.6-44.2) and resulting in the lowest BCR
of 1.9 (95% UI: 1.8–2.0).

Fig. 3 | Annual proportions of incident gonorrhoea infections with different
antibiotic susceptibility statuses across various scenarios, 2024 to 2034. Each
(A–F) corresponds to a specific scenario, illustrating the changing annual propor-
tions of four NG antibiotic susceptibility statuses among incident infections over
the period shown. The stacked areas represent infections characterised by: neither
Ceftriaxone DS nor HL TetR; Ceftriaxone DS only; HL TetR only; and both Cef-
triaxone DS and HL TetR. Percentage labels on the left of each panel denote these
respective proportions for 2024 (the year immediately preceding the 10-year

intervention period), while labels on the right denote proportions for 2034 (the
final year of the 10-year intervention period). All results shown are means derived
fromn = 900 independent simulations (30 stochastic simulations for eachof the 30
best-fitting parameter sets). DS decreased susceptibility, HL TetR high-level tetra-
cycline resistance (used as a proxy for doxycycline resistance), Doxy-PEP doxycy-
cline post-exposure prophylaxis, STIs sexually transmitted infections, PrEP pre-
exposure prophylaxis.
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Multi-criteria evaluation and sensitivity analysis
Our multi-criteria evaluation framework showed that no single strat-
egy was optimal across all eleven policy prioritisations (Fig. 4). The
strategy targeting all PrEP-using attendees ranked highest when max-
imising overall STI and syphilis reduction was the sole priority. Con-
versely, the strategy targeting individuals with a syphilis diagnosis
consistently achieved the highest rankings in frameworks that
emphasised minimising the increase in gonorrhoea with HL TetR,
maximising the BCR, and all the combined prioritisations frameworks.

To assess the robustness of these findings to parameter uncer-
tainty, extensive one-way sensitivity analyses were performed (Sup-
plementary Figs. 22–25). Varying parameters within their justified
ranges did not change the direction of the main outcomes: all strate-
gies consistently reduced overall STIs and syphilis infections while
increasing gonorrhoea with HL TetR compared to the base case.
However, the BCR could fall below 1 under specific parameter
variations.

Across the four key outcome indicators, the condom use fre-
quency among individuals who “sometimes” use condoms was asso-
ciated with the largest range of uncertainty. Varying this parameter
across its range (1 to 99%) substantially altered the projected impacts
compared to the initial projections. The reduction in overall STIs
ranged from being 99.5% lower (at 99% condom use) up to 168.8%
higher (at 1% condom use), and similarly, the reduction in syphilis
infections ranged from 99.3% lower (at 99% condom use) up to 190.5%
higher (at 1% condom use). Conversely, the increase in gonorrhoea
infections with HL TetRwas affected in the opposite direction, ranging
from being 99.7% lower (at 99% condom use) up to 436.9% higher (at
1% condom use) relative to the initial projection, reflecting the
diminished intervention impact at high condom use levels. Critically,
increasing the condom use frequency to 99% pushed the BCR below 1
across all evaluated strategies, with the BCR dropping as low as 0.04
(under the strategy targeting PrEP users). Additionally, decreasing the
annual number of casual partners for HIV-positive and PrEP-using
individuals to 0.5 times the base values also resulted in BCRs below 1
for the strategies targeting HIV-positive attendees and PrEP-using
attendees.

Discussion
Based on an individual-based stochastic network model reflecting
dynamic population changes for Australian GBMSM, we simulated
various doxy-PEP implementation strategies over a ten-year period,
revealing important trade-offs between epidemiological impact, AMR,
and economic efficiency. Our modelling analysis yielded several key
findings. First, all strategies reduced cumulative STI incidence by 13.0
to 47.8% compared to the base case.While broader strategies targeting
individuals with two STI diagnoses in 12 months or all PrEP-using
attendeesmetWHO’s 2030 chlamydia reduction target (with the latter
also meeting the syphilis target), no strategy achieved the gonorrhoea
target due to resistance. Second, regarding AMR, the strategy target-
ing all PrEP-using attendees led to a cumulative increase in gonorrhoea
infectionswithHLTetR approximately ten times the increase observed
for the strategy targeting individuals with a syphilis diagnosis. Besides,
under the PrEP-using attendees strategy, only 2.6% of new gonorrhoea
infections were projected to remain susceptible to doxy-PEP by 2034.
Third, all five evaluated strategies were projected to be cost-saving,
yielding negative ICERs and BCRs consistently greater than 1. Notably,
the syphilis diagnosis strategy was the most economically efficient,
demonstrating the highest BCR, the most IA per doxy-PEP prescrip-
tion, and the lowest cost per infection averted. Fourth, our multi-
criteria evaluation framework showed that while the PrEP-using
attendees strategy ranked highest for maximising overall STIs and
syphilis reduction, the syphilis diagnosis strategy consistently
achieved top rankings when minimising HL TetR, maximising BCR, or
balancing combined priorities. Finally, sensitivity analyses indicatedTa
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that the condom use frequency among “sometimes” users was the
most influential parameter; higher frequency diminished doxy-PEP’s
impact on averted infections and, critically, rendered all evaluated
strategies no longer cost-saving.

Our model outcomes suggest the strategy targeting individuals
diagnosed with syphilis should be strongly considered for prioritisa-
tion, a finding that aligns with the Australian consensus statement
recommending doxy-PEP primarily for GBMSM at risk of syphilis
infection9. Our study provides several specific findings to support this
recommendation. First, while this strategy achieved a more modest
overall STI reduction than broader approaches, it was highly effective
and efficient in reducing syphilis incidence by targeting populations
likely central to its transmission. Second, the “one syphilis diagnosis”
strategy stands out for its relatively favourable AMR profile. It yielded
the smallest increase in all gonorrhoea with HL TetR and was the most
efficient in trading increased HL TetR for reduced Ceftriaxone DS.
However, even this optimal strategy highlighted a substantial trade-
off: averting one infection with Ceftriaxone DS was associated with at
least 18.7 additional infections with HL TetR, revealing the substantial
ecological cost of using doxy-PEP. Third, this strategy demonstrated
superior economic efficiency, with the highest BCR, the most IA per
prescription, and the lowest cost per infection averted among all
strategies. Reflecting these merits, our multi-criteria evaluation fra-
mework confirmed that the syphilis diagnosis strategy ranked highest
in most prioritisation frameworks. Our findings on the efficiency of
syphilis diagnosis-based targeting strategy align with Traeger et al.
although their analysis favoured prescribing based on multiple recent
STIs rather than syphilis diagnosis alone13. Furthermore, their study
estimated preventing one STI required over one person-year of doxy-
PEP prescription, whereas our dynamic model projects each pre-
scription course averts over two STIs, likely because it captures
indirect effects from interrupting transmission chains. Finally, given
the severity and cost of syphilis14, the syphilis-targeting approach still
offers significant benefits.

Our findings indicate that introducing doxy-PEP alonemay not be
sufficient to achieve all the WHO’s STI incidence targets among

Australian GBMSM. Although broader strategies, such as providing
doxy-PEP to all PrEP-using attendees, were projected tomeet theWHO
targets for both syphilis and chlamydia (while the strategy targeting
those with two STI diagnoses in 12 months met the chlamydia target),
the PrEP-using attendees strategy also resulted in the largest increase
in gonorrhoea with HL TetR. Therefore, it may be more effective to
incorporate doxy-PEP into a comprehensive sexual health program
that includes other interventions such as vaccination for gonorrhoea
and regular screening11,15,16. However, decisions regarding screening
frequency for doxy-PEP users are complex; while frequent screening
for asymptomatic gonorrhoea and chlamydia is generally recom-
mended, it may also lead to increased antibiotic consumption and
potentially heighten AMR17. A post hoc analysis from the DoxyPEP
randomised controlled trial suggested that reducing STI screening for
doxy-PEP users could decrease clinic visits but might delay the diag-
nosis of asymptomatic chlamydia infections18. Indeed, the Australian
consensus statement underscores the importance of appropriate STI
screening for doxy-PEP users9, and future modelling studies are nee-
ded to quantify the population impact of implementing doxy-PEP in
conjunction with such potentially enhanced testing protocols, an
approach not assessed in the current work.

Despite its benefits in decreasing incident STIs, our study indi-
cates that doxy-PEPmay exacerbate the burden of gonorrhoeawithHL
TetR, affecting its long-term sustainability. The largest cumulative
increase in gonorrhoea with HL TetR and a rebound in overall gonor-
rhoea incidence were observed in broad implementation strategies,
such as the one targeting all PrEP-using attendees. This suggests that
high-coverage doxy-PEP may rapidly diminish its utility against
gonorrhoea, echoing findings from previous modelling studies12. Fur-
thermore, while gonorrhoea infections with Ceftriaxone DS only were
reduced, those with both Ceftriaxone DS and HL TetR increased,
suggesting that doxy-PEP may select for HL TetR in some strains
already exhibiting Ceftriaxone DS rather than eliminating them. Cru-
cially, our projections show that the incremental rise in infections
exhibiting both Ceftriaxone DS and HL TetR gradually outpaces the
reduction in infections with Ceftriaxone DS alone. Since doxy-PEP

Fig. 4 | Doxy-PEP strategy rankings across different policy prioritisation fra-
meworks.Thisfigure illustrates the relative ranking (fromRank 1 [most favourable]
to Rank 5 [least favourable]) of five distinct doxy-PEP implementation strategies
across eleven policy prioritisation frameworks. The strategies (defined in the figure
legend and detailed in Table 1) were evaluated based on their performance against
four key indicators: (1) maximal reduction in overall Sexually Transmitted Infec-
tions (STI Reduc.); (2) maximal reduction in syphilis incidence (Syphilis Reduc.); (3)
optimaloutcomes concerning high-level tetracycline resistance inNG (HLTetR; i.e.,

minimising its increase); and (4) maximal Benefit-Cost Ratio (BCR). The x-axis
specifies each framework, showing rankings based on these indicators considered
singly or in combinations. For combined-indicator frameworks, rankings are
based on a composite score derived from the sum of min-max normalised indi-
cator values, as detailed in the Methods. Doxy-PEP doxycycline post-exposure
prophylaxis, STIs sexually transmitted infections, Reduc. reductions, HL TetR
high-level tetracycline resistance, BCR benefit-cost ratio, PrEP pre-exposure
prophylaxis.
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confers noprotection against strainswith such concurrent resistances,
their expansion progressively negates the suppression of Ceftriaxone
DS, implying that the observed trade-off benefits are strictly limited to
the 10-year timeframe. Broader AMR concerns include potential co-
selectionof ceftriaxone resistance19,20, and resistance in bystanders like
commensal Neisseria species21. Effective use therefore requires tar-
geted implementation in key populations (such as GBMSM at risk of
syphilis)9, and robust AMR surveillance for pathogens including NG
and commensal Neisseria species22. Ultimately, balancing doxy-PEP’s
benefits (syphilis/chlamydia) against its diminishing utility for gonor-
rhoea and wider AMR risks underscores the need for concurrent
investment in alternative prevention like vaccines and rapid resistance
diagnostics as part of an integrated STI prevention strategy16,23.

Our one-way sensitivity analyses indicated that varying para-
meters across their justified ranges did not alter the fundamental
findings regarding doxy-PEP’s impact: all strategies reduced overall
STIs and syphilis while increasing gonorrhoea with HL TetR relative
to the base case. Notably, the background condom use frequency
among individuals who “sometimes” use condoms emerged as a
critical factor influencing the magnitude of these impacts. Our
results demonstrated that in simulated settings with higher condom
use, the potential infections prevented by doxy-PEP were sub-
stantially lower, while the projected increase in gonorrhoea with HL
TetR was also mitigated. More importantly, these settings with
higher condom use also reduced the BCR below 1 across all evaluated
strategies, reaching as low as 0.04 for the strategy targeting PrEP
users. Furthermore, in simulated settings with lower sexual activity
(decreasing the number of casual partners among HIV-positive and
PrEP users), the BCR also fell below 1 for strategies targeting these
groups. Together, these findings underscore that impacts and cost-
effectiveness projections are highly dependent on the underlying
behavioural context and network activity levels. This suggests that
deploying doxy-PEP might yield greater net benefits in settings
characterised by lower condom use or higher sexual activity,
although these conditions could also correspond to larger relative
increases in gonorrhoea with HL TetR.

This study has several limitations. First, ourmodel’s structure and
temporal resolution may not capture all nuances of GBMSM sexual
networks and behaviours. For instance, operating on a one-week time
step might obscure finer-grained dynamics related to very rapid
transmission events or the precise timing of behavioural changes.
Furthermore, our model conceptualises sexual acts in a general man-
ner, which precludes modelling of site-specific dynamics like the role
of the pharynx in AMR epidemics, and it does not explicitly model the
direct impacts of the COVID-19 pandemic on partnership dynamics.
However, the model’s robust calibration to observed annual STI inci-
dence and AMR trends supports the overall validity of our impact
estimations. Second, themodellingofHLTetRdevelopmentwas based
on spontaneous probabilities due to the lack of direct data on resis-
tance emergence per doxy-PEP use, which may not fully reflect real-
world dynamics. Although our one-way sensitivity analyses did not
detect it as most influential indicators, future studies with empirical
data on doxy-PEP-induced resistancemutations would enhancemodel
accuracy. Third, due to the lack of available Australian-specific, stage-
specific quality-of-life data for these STIs, we applied published life-
time QALY losses per infection to simplify the assessment. Incorpor-
ating stage-specific data, should it become available, could yield more
precise QALY estimates in future studies. Finally, our model makes
certain simplifying assumptions regarding the long-term imple-
mentation of doxy-PEP. For instance, we assumed constant uptake and
adherence rates over the simulation period. Additionally, by assuming
prescriptions occur during routine clinic visits, we did not include
costs for separate doxy-PEP-specific appointments or dispensing fees,
which may underestimate the true implementation costs.

In conclusion, doxy-PEP can reduce chlamydia and syphilis inci-
dence among GBMSM in Australia and is generally projected to be
cost-saving across various implementation strategies. However, its
limited impact on gonorrhoea and the potential for increased HL TetR
in NG necessitate careful consideration. Targeting individuals diag-
nosed with syphilis emerges as potentially the most balanced
approachwhen considering STI reduction, BCR, and the change in new
gonorrhoea infections with HL TetR.

Methods
Model inputs
We utilised multiple data sources to inform our model parameters.
Demographic and behavioural characteristics were derived from
published literature and epidemiological datasets, including age dis-
tributions, HIV status profiles, PrEP use, annual numbers of casual
partners, age-specific sexual activity frequencies, condom use rates,
and STI screening intervals (Supplementary Table 1 and Figs. 1–14). In
addition, parameters related to the natural history of gonorrhoea,
chlamydia, and syphilis (e.g., incubation periods and probabilities of
symptomatic infection) were also sourced from existing literature.
Parameters such as infection-specific transmission probabilities, initial
STI prevalence (stratified by key GBMSM subgroups), and initial AMR
levels for NG were estimated through calibration.

Model structure
Drawing on the parameters described above, we developed an
individual-based stochastic network model simulating the transmis-
sion, progression, and treatment of gonorrhoea, chlamydia, and
syphilis among GBMSM in Australia. The model features an evolving
sexual partnership network formed by an initial population of 10,000
individuals, which is subject to demographic flows including sexual
maturation, immigration, aging out, mortality, and emigration. Each
individual was assigned demographic and behavioural attributes,
which influenced partnership formation, sexual contact, and infection
transmission.

At eachmodel cycle, which was set to a one-week step to balance
computational efficiency and accurately capture disease progression,
we updated the sexual network by forming anddissolving both regular
and casual partnerships. The formation of regular partnerships
depended on HIV serostatus-based mixing (Supplementary Fig. 4),
while casual partnerships were determined by each individual’s annual
number of casual partners. STI transmission was then simulated based
on scheduled sexual acts within these partnerships. Upon exposure to
a partner with an STI, the transmission risk is determined by the
number of sexual acts, infection-specific transmission probabilities,
and condom use. Further, disease progression and treatment were
modelled according to susceptible-exposed-infectious-recovered
(SEIR) frameworks tailored to each STI’s natural history (detailed
model structures are shown in Supplementary Figs. 8–10). Infections
can be diagnosed and treated either during symptomatic clinical visits
or through asymptomatic screening.

For gonorrhoea infections, we considered four antimicrobial
susceptibility states: (1) infections susceptible to both ceftriaxone and
doxycycline (i.e., exhibiting neither Ceftriaxone DS nor HL TetR), (2)
infections with Ceftriaxone DS; defined as ceftriaxone minimum inhi-
bitory concentration [MIC] > 0.06mg/L) only, (3) infections with HL
TetR; defined as tetracycline MIC > 8mg/L, used as a proxy for dox-
ycycline resistance) only, and (4) infections with both Ceftriaxone DS
and HL TetR12. Each transmitted gonorrhoea strain retained its anti-
microbial susceptibility profile. Ceftriaxone DS could develop during
antimicrobial treatment, while a probability of spontaneous HL TetR
development was included in each cycle to account for potential
bystander effects contributing to rising resistance levels (independent
of the influence of doxy-PEP)24,25.
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Model calibration
We calibrated the model and estimated uncertain parameters (parti-
cularly infection-specific transmission probabilities) against the fol-
lowing epidemiological data: (1) annual STI incidence rates and (2)
annual STI test positivity rates among GBMSM (2012-2022) from the
Australian Collaboration for Coordinated Enhanced Sentinel Surveil-
lance (ACCESS) system26, and (3) annual proportions of NG isolates
showing Ceftriaxone DS (MIC >0.06mg/L) or HL-TetR (MIC> 8mg/L)
from Melbourne Sexual Health Centre (2015–2022).

Using Latin Hypercube Sampling, we generated 10,000 unique
parameter sets by drawing values from predefined ranges (Supple-
mentary Table 2). Each set was run 30 times to ensure a robust per-
formance evaluation, and the 30 sets minimising the mean-squared
differences between model outputs and calibration targets were
selected for all subsequent analyses27,28. From these selected sets, key
uncertain parameters were estimated; for example, the treatment
failure rate for gonorrhoea infections with decreased ceftriaxone
susceptibility was calibrated to 8.0% (95% UI: 6.2%–9.8%). All model
outputs are reported as the mean and 95% UI from simulations using
these 30 selected sets, each run 30 times. Further details on all para-
meter values and model structure are available in the Supplementary
Material.

Intervention scenarios and simulation
We simulated the introduction of doxy-PEP in 2025 and assessed its
population impact over ten years until the end of 2034. Six scenarios
(Table 1) were considered: a base case without doxy-PEP (scenario 1)
and five doxy-PEP implementation strategies (scenarios 2–6) based on
potential eligibility options proposed according to the current Aus-
tralian consensus statement9. Scenario 2 focuses on GBMSM with
syphilis diagnosis,while scenarios 3 and4 targetGBMSMwith twoSTIs’
diagnoses within the past six and twelve months, respectively. Sce-
nario 5 targets all HIV-positive GBMSM and scenario 6 targets all PrEP-
using GBMSM; for these two strategies, doxy-PEP is offered when eli-
gible individuals seek care for symptomatic infections or attend for
routine screening, which occurs, on average, at least annually for these
populations. For all five intervention strategies, we applied initial set-
tings that included an uptake of doxy-PEP at 75%, based on previous
acceptability data29, an adherence rate of 80% for using doxy-PEP
within 72 hours of condomless sexual intercourse4, and a recom-
mended prescription duration of six months9.

The model incorporated two key mechanisms of doxy-PEP: pre-
vention of STI transmission and the potential impact on AMR, speci-
fically HL TetR in N. gonorrhoeae. For prevention, when a participant
engaged in condomless sex and used doxy-PEP within 72 h, the prob-
ability of establishing an infection was reduced by 45% for gonorrhoea
without HL TetR, 81% for chlamydia, and 77% for syphilis, based on
pathogen-specific prevention efficacies from a meta-analysis30. To
model AMR, we simulated the development of HL TetR due to doxy-
PEP use in individuals infected with NG strains that initially lacked HL
TetR. Specifically, each time an individual with gonorrhoea infections
that did not initially exhibit HL TetR used doxy-PEP, there was a
probability that the infection would acquire this resistance. Since
direct data on the probability of HL TetR emergence per doxy-PEP use
is unavailable, we applied the weekly probability of spontaneous HL
TetR development in gonorrhoea infections—derived without doxy-
PEP use—from our model calibration. Doxy-PEP was considered inef-
fective against gonorrhoea strains already exhibiting HL TetR.

Impact and economic evaluation of doxy-PEP
Weassessed the impact of doxy-PEP on STI incidence and its economic
implications over a ten-year period (2025–2034) for the intervention
scenarios. The epidemiological impact was evaluated by calculating
annual incidence rates and cumulative incident infections of gonor-
rhoea, chlamydia, and syphilis within the simulated population. These

incidence rateswere comparedwith theWHO’s targets of reducing the
incidence of gonorrhoea and syphilis by 90% and chlamydia by 50% by
2030 relative to 2020 levels3. For gonorrhoea, new infections were
further stratified by their antibiotic susceptibility profiles to monitor
potential changes in resistance patterns.

The economic evaluation was conducted from the perspective of
healthcare costs, focusing on direct medical costs associated with
screening, diagnosis, and treatment of STIs, based on items specified
in the Australian STI guidelines31. Intervention costs were calculated as
the cost of doxycycline prescribed during clinic visits. The six-month
of doxy-PEP prescription duration was assumed to provide 52 admin-
istration events (200mg doxycycline each), a quantity calculated
based on a potential usage of up to two such events weekly4,8,18.
Modelled as event-driven (post-condomless exposure) and adherence-
dependent, an individual’s course of doxy-PEP concluded once their
prescribed doxycycline was exhausted, with re-prescription possible if
eligibility criteria were subsequently met. Costs were estimated using
the year 2024 prices from the Medicare Benefits Schedule and the
Pharmaceutical Benefits Scheme, adjusted to 2025 values using a 3%
inflation rate32,33. QALYs lost due to STIs were calculated using pub-
lished estimates of lifetime QALY losses per new infection34,35. All costs
are expressed in Australian Dollars (AUD), and a discount rate of 3%
was applied.

For each intervention scenario, we calculated the differences
compared to the base case in cumulative numbers of incident STIs,
cumulative numbers of incident gonorrhoea infections with HL TetR,
total direct medical costs, intervention costs, and QALYs lost due to
STIs between 2025 and 2034. We then determined ICERs for each
scenario by comparing costs and QALYs with the base case. Addi-
tionally, we calculated IA per doxy-PEP prescription, cost per IA,
and BCRs.

Evaluation framework of doxy-PEP strategies
To systematically compare and rank the five doxy-PEP strategies, we
used a multi-criteria evaluation framework, assessing performance
over 10 years (2025–2034) against four key indicators: two for infec-
tion reduction—(1) reductions in overall STIs and (2) reductions in
syphilis infection (highlighted due to its prioritisation in the Australian
consensus statement); one for AMR—(3) increased gonorrhoea infec-
tions with HL TetR, aiming to minimise this; and one for economic
efficiency—(4) the BCR, aiming to maximise this.

Strategies were ranked under eleven policy prioritisation frame-
works, considering these four indicators singly or in pairwise/three-
waycombinations (with each combination including atmost oneof the
two infection reduction indicators). For single-indicator frameworks,
strategies were ranked directly based on their mean outcome values
(1 =most to 5 = least favourable). For frameworks combining multiple
indicators, we first normalised the mean outcome values for each
indicator to a common [0, 1] scale using min-max normalisation (cal-
culated as [value - minimum value]/[maximum value - minimum value]
across all strategies for a given indicator). This normalisation allows
comparison and combination of indicators measured on different
scales. The adverse indicator, HL TetR increase, was reverse-scaled
(using 1 - normalised value) to ensure a higher score is consistently
more favourable. A composite score for each strategy was then cal-
culated by summing the normalised values of the constituent indica-
tors, assuming equal weighting. Based on these composite scores,
strategies were subsequently ranked, with a higher composite score
indicating better overall performance. These rankings (Fig. 4) aid
decision-making by showing how strategy prioritisation varies with
policy goals.

Sensitivity analysis
One-way sensitivity analyses were conducted for all five doxy-PEP
strategies to explore the impact of variations in keymodel parameters
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on projected outcomes, including overall STI reduction, syphilis
reduction, change in gonorrhoea infections with HL TetR, and BCRs. A
comprehensive range of parameters was varied, encompassing those
related to doxy-PEP implementation (such as prescription duration,
uptake rates, adherence levels, and pathogen-specific efficacies), STI
natural history and epidemiology (including the proportion of symp-
tomatic gonorrhoea infections and probabilities of HL TetR resistance
per doxy-PEP use), sexual behaviour (such as condom use patterns
among different user groups), and discount rates. These analyses
aimed to identify the most influential parameters affecting the out-
comes for each strategy (see Supplementary section 5.2 for a full list of
varied parameters and their specific ranges). All modelling procedures
and analyses were conducted using Python (version 3.12.3). The Sup-
plementary Materials provide full details of themodel simulations and
assumptions. The code for the version of the model used to perform
the analyses is publicly available36.

Inclusion and ethics statement
This research represents an equitable collaboration between institu-
tions in Australia and China. Researchers from all collaborating insti-
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interpretation, and critical revision of the manuscript. Authorship was
determined based on significant intellectual contribution and mutual
agreement among all authors. The study focuses on a key population
in Australia, and its parameters were informed by data generated
within that country to ensure local relevance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data used for calibration and conducting model simulation have
been included in the Supplementary.

Code availability
The code of modelling and visualising to reproduce all the tables and
figures in the main text and Supplementary Information are publicly
available on GitHub at https://github.com/Leo-HaoL/Doxy_PEP_Model_
AU and permanently archived in Zenodo (DOI: 10.5281/
zenodo.17907512).
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