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Modeling gonorrhea vaccination to find
optimal targeting strategies that balance
impact with cost-effectiveness
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Trystan Leng1 , Lilith K. Whittles1, Dariya Nikitin1 & Peter J. White1,2

Vaccination for UKmen who have sex with men (MSM) at increased gonorrhea risk has been advised,
but not yet implemented. Effective targeting is essential for cost-effectiveness, but previously-
examined approaches have disadvantages: Vaccination-on-Diagnosis has low coverage (limiting
impact), and Vaccination-according-to-Risk requires asking about sexual behavior to identify at-risk
individuals, which is not always feasible. We developed a transmission-dynamic model to evaluate
novel strategies offering vaccination based on information readily available to clinicians (diagnostic/
vaccination history, if the patient is seeking care due to partner notification). Offering vaccination to
MSMwho are notified partners of gonorrhea cases or were diagnosed themselves in the past 2 years
averts 1.6x more cases and is more cost-effective than Vaccination-on-Diagnosis. If vaccination
provides 20%protection for 1.5 years after primary vaccination and 3 years after revaccination then at
£18/dose administered, all considered strategies have ≥50 and ≥90% probabilities of positive net
monetary benefit comparedwith no vaccinationwith a quality-adjusted life year valued at £20,000 and
£30,000 respectively, thus meeting the UK criteria for cost-effectiveness. All novel strategies
considered achieve greater impact than Vaccination-on-Diagnosis without the feasibility issues of
Vaccination-according-to-Risk.

Gonorrhea is an important public health issue, with over 82 million
cases occurring globally in 20201, and there is increasing concern about
antimicrobial resistance limiting treatment options2. Men who have
sex withmen (MSM) are a highly-affected group internationally3–6, and
in England nearly half of all gonorrhea diagnoses are among MSM7.
The UK’s Joint Committee on Vaccination and Immunisation (JCVI)
has advised use of the 4CMenB meningitis B vaccine for MSM with
increased risk of gonorrhea acquisition8,9, based on extensive obser-
vational evidence showing it provides partial protection against
gonorrhea, combined with transmission-dynamic modeling10. Along-
side this, gonorrhea-specific vaccines are in development11, which are
intended to offer greater protection.

The key question for implementation is how to target vaccination
towards thoseMSMat higher risk, because although offering vaccination to
all MSM attending sexual health clinics (SHCs) has the greatest impact (i.e.,
greatest reduction in cases), it has excessive costs10,12. Previously-examined
targeting strategies have been “Vaccination-on-Diagnosis” (VoD), where
all individuals diagnosed with gonorrhea infection are eligible, and

“Vaccination-according-to-Risk” (VaR), where both those diagnosed with
gonorrhea infection and those reporting high numbers of sexual partners
when attending SHCs for screening are eligible10,12. Both have problems.
VoD achieves low coverage, limiting its impact. VaR will not always be
feasible to implement10,13 because it requires information on sexual behavior
which is not always known14,15 andwhichmay be difficult to accurately elicit
due to the sensitivity of the topic16.

To examine alternative strategies intended to be more impactful than
VoD and still be cost-effective (Table 1) we developed a newmodelwith the
novel features of tracking individuals’ past history of gonorrhea diagnosis
and representing partner notification, so that use of these markers of risk
could be simulated. We evaluate “Vaccination-according-to-History”
(VaH), offering vaccination to uninfected SHC patients who have a recent
history of gonorrhea, which is associated with increased risk of future
diagnoses15,17. We also evaluate “Vaccination-according-to-partner-Notifi-
cation” (VaN), offering vaccination to patients who attend SHC, because
they are notified contacts of a person diagnosed with gonorrhea even if they
are uninfected (infected patients are already eligible under VoD), as sexual
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mixing patternsmean that partners of high-risk individuals are also likely to
be high-risk. Finally, we evaluate combining VaH and VaN.

We tested the robustness of these strategies under a range of scenarios
regarding the level and duration of vaccine protection, vaccine cost,
population vaccine sentiment, and the time-horizon considered.

Results
In our main analysis, we consider conservative durations of vaccine pro-
tection (1.5 years after primary vaccination and 3 years after revaccination),
with longer durations examined in supplementarymaterial. Figure 1a shows
the impact of the considered targeting strategies. For all strategies, the annual
number of cases averted increases over time as the numbers of individuals
with vaccine protection increases, with the most marked increase over the
first few years (Fig. 1a). The annual number of cases diagnosed and
gonorrhea prevalence decrease over time (Supplementary Fig. 1). The
annual number of doses administered decreases over time (Fig. 1b) as
coverage increases (Supplementary Fig. 2), with a corresponding decrease in

the number of eligible unvaccinated people. A vaccine providing 40% pro-
tection averts approximately 90% more cases over 10 years than a vaccine
providing 20% protection [e.g., 82,900 (95% CrI:28,800–159,300) vs
154,900(63,200–246,200) for VaR] (Tables 2, 3).

The novel vaccination strategies that we examined all have a greater
impact thanVoD, asmore people are offered vaccination.Of these, VaNhas
the smallest increase over VoD, with VaH having a greater impact, which
increases when considering a 2-year history rather than a 1-year history
(denoted VaH(2yr) and VaH(1yr) respectively). Combining VaN and VaH
has a greater impact still. However, VaR has a considerably larger impact
than all other strategies considered. For example, if vaccine protection is 20%
then VaR averts 82,900(95% CrI: 28,800–159,300) cases over 10 years,
compared to 54,000(24,300–94,700) cases averted by VaH(2yr)+VaN,
which is the next-highest-impact strategy (Table 2), compared to 31,300
(16,600–50,100) cases averted byVoDalone.Note that theuncertainty in the
estimates is primarily due to uncertainty in epidemiological parameters;
there is littleuncertainty in the relative effectiveness of thedifferent strategies.
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Fig. 1 | Annual numbers of gonorrhea cases averted and vaccine doses admi-
nistered over thefirst 10 years of a vaccination programunder different targeting
strategies. Vaccination strategies considered are Vaccination-on-Diagnosis (VoD);
Vaccination-according-to-partner-Notification (VaN); Vaccination-according-to-
History (VaH), offering vaccination to those with a diagnosis in the last year
[VaH(1yr)] or in the last 2 years [VaH(2yr)]; VaN combined with VaH(1yr) or
VaH(2yr); andVaccination-according-to-Risk (VaR). Primary vaccination provides

protection for 1.5 years, and booster vaccination protects for 3 years. Panels on the
left and right show results for the vaccine providing 20 and 40%protection after two-
dose primary vaccination, respectively. Section a shows the annual numbers of
diagnoses averted, and section b shows the annual numbers of doses administered.
Box plots depict results from 1000 sets of sampled epidemiological and health-
economic parameters, with whiskers indicating the 2.5th and 97.5th centiles, boxes
the 25th and 75th centiles, and the central line the median (50th centile).
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Vaccinating high-activity individuals reduces transmission more than
vaccinating low-activity individuals, so is a more-efficient use of resources.
We examined the number of vaccine doses administered to each activity
groupunder thedifferent strategies.High-activityMSMreceive themajority
of doses under all strategies, but strategies differ in the coverage they achieve
and the proportion of vaccinees who are high-activity individuals. VaR
vaccinates the most high-activity individuals and the fewest low-activity
individuals (Fig. 2a). VoD vaccinates the fewest individuals in total and the
fewest high-activity individuals, but actually vaccinates more low-activity
individuals than VaR. This is because VoD achieves the smallest reduction
in transmission, so more low-activity individuals become infected under
VoD, and are consequently eligible for vaccination.

Strategies involving VaN and VaH vaccinate more low- and high-
activity individuals thanVoD. For all strategies, the ratio of gonorrhea cases

averted to vaccine doses administered (Fig. 2b) increases over time, as
reductions in prevalence lead to reductions in incidence. The ratio is highest
for VaR, as this is the most successful strategy for targeting high-activity
individuals. All VaN andVaH strategies considered have higher ratios than
VoD (Fig. 2b).

At £18/dose administered, savings in testing and treatment con-
siderably outweigh vaccination costs for all strategies, so there is a net saving
(i.e., negative net costs) (Fig. 3a). The net monetary benefit of vaccination
(NMB) accrues more from cost savings than gains in quality-adjusted life
years (QALYs) (Tables 2, 3), with the NMBwith a QALY valued at £30,000
(NMB£30k) being only slightly greater than NMB£20k for all strategies (Fig.
3b). Therefore, the requirement for cost-effectiveness that NMB£30k be
positivewith at least 90%probability ismore stringent than the requirement
thatNMB£20k be positive with at least 50%probability. So, we examine how
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Fig. 2 | Risk profile of vaccinated individuals and vaccination efficiency under
different vaccination strategies over the first 10 years of a vaccination program
under different targeting strategies. Vaccination strategies considered are
Vaccination-on-Diagnosis (VoD); Vaccination-according-to-partner-Notification
(VaN); Vaccination-according-to-History (VaH), offering vaccination to those with a
diagnosis in the last year [VaH(1yr)] or in the last 2 years [VaH(2yr)]; VaN combined
with VaH(1yr) or VaH(2yr); and Vaccination-according-to-Risk (VaR). Section
a Cumulative number of doses administered to low-activity men who have sex with
men (MSM) against doses administered to high-activityMSM. Note the very different
magnitudes of the horizontal and vertical scales; inset plots show the samemeanvalues,

but with the same scale on both axes. Point markers showmean values, while outlined
regions showhigh-density regions which include 80% ofmodel results54 VoD is shown
with a circlemarker, VaN is shownwith a triangle pointing downwards, VaH(1yr) and
VaH(2yr) are shown with a triangle pointing upwards, VaH(1yr)+VaN and
VaH(2yr)+VaN are shown with diamond markers, and VaR is shown with a square
marker. Section b the cumulative number of cases averted per dose administered. All
plots use 1000 sets of sampled epidemiological and health-economic parameters. Box
plot whiskers indicate the 2.5th and 97.5th centiles, boxes the 25th and 75th centiles,
and the central line the median (50th centile).
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the cost per dose administered affects the probability that vaccination is
cost-effective using NMB£30k (Fig. 3c). We present results for NMB£20k in
Supplementary Fig. 6.

If vaccine protection is 20% then VoD (the lowest-impact strategy)
averts 31,300 (95% CrI:16,600–50,100) (undiscounted) cases and saves
£1.2M (95% CrI:-£0.9M–£4.0M) (discounted) over 10 years at £18/dose
administered, VaH(2yr)+VaN (the highest-impact strategy not requiring

information on sexual behavior) averts 54,000 (24,300–94,700) cases and
saves £2.6M (-£1.2M–£8.2M), andVaR (the highest-impact strategy) averts
82,900 (28,800–159,300)cases and saves £4.9M(-£0.9M–£14.3M) (Table 2).
Corresponding values for 40% protection are VoD 59,800 (35,100–89,700)
cases, £5.2M (£1.5M–£9.8M); VaH(2yr)+VaN 100,200 (51,500–161,400)
cases, £9.1M (£2.4M–£18.1M); VaR 154,900 (63,200–246,200) cases,
£14.5M (£3.5M–£27.6M) (Table 3).

20% protection 40% protection

0 50 10
0

15
0

20
0 0 50 10

0
15

0
20

0

−20

−10

0

QALYs gained over 10 years

N
et

 c
os

ts
 (

£ 
m

ill
io

ns
) VoD

VaN
VaH(1yr)
VaH(1yr)+VaN
VaH(2yr)
VaH(2yr)+VaN
VaR

a)

20% protection 40% protection

£2
0,

00
0

£3
0,

00
0

£2
0,

00
0

£3
0,

00
0

0

10

20

30

40

QALY value

N
et

 m
on

et
ar

y 
be

ne
fit

 (
£ 

m
ill

io
ns

)

VoD
VaN
VaH (1yr)
VaH(1yr)+VaN
VaH (2yr)
VaH(2yr)+VaN
VaR

b)

20% protection 40% protection

0 25 50 75 100 0 25 50 75 100
0

25

50

75

100

Cost per dose (£)

P
ro

ba
bi

lit
y 

N
M

B
 >

 0
 o

ve
r 

10
 y

ea
rs

 (
%

) 
 w

ith
 a

 Q
A

LY
 v

al
ue

d 
at

 £
30

00
0

VoD
VaN
VaH(1yr)
VaH(1yr)+VaN
VaH(2yr)
VaH(2yr)+VaN
VaR

c)

Fig. 3 | Cost-effectiveness over the first 10 years of a vaccination program under
different targeting strategies. Vaccination strategies considered are Vaccination-
on-Diagnosis (VoD); Vaccination-according-to-partner-Notification (VaN);
Vaccination-according-to-History (VaH), offering vaccination to those with a
diagnosis in the last year [VaH(1yr)] or in the last 2 years [VaH(2yr)]; VaN com-
bined with VaH(1yr) or VaH(2yr); and Vaccination-according-to-Risk (VaR).
Section aCost-effectiveness planes, for a vaccine costing £18/dose administered. The
x-axis shows quality-adjusted life years gained by each strategy over 10 years, while
the y-axis shows net costs of each strategy over 10 years (negative costs indicate that
savings in testing and treatment outweigh vaccination costs). VoD is shown with a
circle marker, VaN is shown with a triangle pointing downwards, VaH(1yr) and

VaH(2yr) are shown with a triangle pointing upwards, VaH(1yr)+VaN and
VaH(2yr)+VaNare shownwith diamondmarkers, andVaR is shownwith a square
marker. Point markers showmean values, while outlined regions show high-density
regions, which include 80% of model results54. Section b Box plots of the net
monetary benefit of each strategy over 10 years, for a vaccine costing £18/dose
administered and with a QALY valued at £20,000 or £30,000. Box plot whiskers
indicate the 2.5th and 97.5th centiles, boxes the 25th and 75th centiles, and the
central line the median (50th centile). Section c Probability that vaccination is cost-
effective (i.e., net monetary benefit is positive, compared to no vaccination) at dif-
ferent costs per dose administered,with aQALY valued at £30,000.All plots use 1000
sets of sampled epidemiological and health-economic parameters.

https://doi.org/10.1038/s41541-025-01159-0 Article

npj Vaccines |          (2025) 10:128 7

www.nature.com/npjvaccines


If vaccine protection is 20% then at £18/dose administered all strategies
meet the two UK cost-effectiveness criteria (NMB£20k > 0 with at least 50%
probability and NMB£30k > 0 with at least 90% probability) over 10 years
(Fig. 3c, Tables 2, 3, and Supplementary Fig. 6) but the probability of being
cost-effective declines sharply if the cost exceeds £18/dose (Fig. 3c). If
protection is 40% then vaccination remains cost-effective at higher costs: up
to £50/dose administered for VaR, £44/dose for VaH(1yr)+VaN and
VaH(2yr)+VaN, £43/dose for VaH(2yr) and VaN, and £42/dose for
VaH(1yr) and VoD. Notably, VaR and VaH(2yr)+VaNmeet the two UK
cost-effectiveness criteria when compared to any of the lower-impact stra-
tegies considered (incremental analysis comparing strategies to lower-
impact strategies is shown in Supplementary Tables 1, 2). At £85/dose
administered no strategy meets the cost-effectiveness criteria over 10 years
(Tables 2, 3, and Supplementary Fig. 5).

The relationship between NMB and cost per dose is shown in Sup-
plementary Fig. 3a, showing thatNMBdecreases linearlywith cost per dose.
The expected loss associated with each strategy, i.e., the expected difference
inNMBbetween the implemented strategy and the strategywith the highest
NMB, is shown in Supplementary Fig. 3b. The probability that each strategy
has the highest NMB of all strategies as cost per dose is varied is shown in
Supplementary Fig. 4. If VaR is included then either VaR or no vaccination
has the highest probability of having the highest NMB. If VaR is excluded
then either VaH(2yr)+VaN or no vaccination has the highest probability
of having the highest NMB.

Fewer QALYs are gained using an alternative, lower, estimate for the
disutility of symptomatic gonorrhea18, but cost-effectiveness results remain
qualitatively similar, as thebulkof benefit of vaccination comes fromsavings
in testing and treatment (Supplementary Tables 3, 4).

Each strategy has a higher NMB when evaluated over 20 years (Sup-
plementary Fig. 7 and Supplementary Tables 5, 6), but still none meets the
cost-effectiveness criteria at £85/dose even if protection is 40% (Supple-
mentary Table 6 and Supplementary Fig. 7).

If vaccine protection lasts for 4 or 7.5 years then vaccination has a
greater impact and ismore likely to be cost-effective at higher costs per dose
(Supplementary Fig. 8 andSupplementaryTables 7–11).Vaccine protection
of 40% lasting for 7.5 years would almost meet the UK’s cost-effectiveness
criteria over 10 years under all targeting strategies at £85/dose administered
(all have over 89% probability that NMB£30k > 0).

Finally, in the alternative vaccine-sentiment scenario in which a pro-
portion of MSM are unwilling to be vaccinated, each strategy has a lower
impact (ranging from 25–43% fewer cases averted over 10 years), due to
lower coverage being reached; however, as this also means lower costs of
vaccination, cost-effectiveness resultswere very similar toourmain scenario
(Supplementary Fig. 10 and Supplementary Tables 12, 13).

Discussion
In this paper we examined MSM vaccination approaches which do not
require enquiring about sexual behavior (as the “Vaccination-according-to-
Risk” (VaR) strategydoes), andwhich achieve greater coverage specifically of
higher-risk individuals than the “Vaccination-on-Diagnosis” (VoD) strategy
of only offering vaccination to patients diagnosed with gonorrhea at SHC
attendance.Wefind themost impactful andcost-effective alternative strategy
to VaR is offering vaccination to patients meeting any of the criteria of i)
being diagnosedwith gonorrhea on attendance, or ii) having a recent history
of gonorrhea, or iii) attending as notified partners of gonorrhea cases.

Each strategy we considered meets both UK cost-effectiveness criteria
over a 10-year time horizon if vaccination costs £18/dose administered and
provides at least 20% protection for 1.5 years following primary vaccination
and 3 years after booster vaccination. Higher levels and longer durations of
protection, and considering a longer time-horizon, all increase the health
gains of vaccination and the cost savings fromaverted costs of diagnosis and
treatment. Therefore, these factors could make vaccination cost-effective at
higher costs per dose administered. This is particularly relevant to new
vaccines that are in development and may come to market in the next
few years11. In the supplementary material, we present graphs

(Supplementary Fig. 8) that can informpolicymakers regarding the value of
vaccines with different properties.

A key strength of our study is that, by tracking time since the last
diagnosis and quantifying the number of patients attending SHCs due to
partner notification, we could evaluate for the first time alternative vac-
cination strategies that can be implemented at SHCs using readily avail-
able information. Our modeling suggests that strategies offering
vaccination using this information effectively target a high-activity cohort
(Fig. 2). These strategies have the benefit of not relying on self-reported
sexual behavior, which may be difficult to elicit and may not always be
accurate16, and of course the success of VaR relies on the accuracy of self-
reported behavior.

Another strength is that we ensured our results are robust to uncer-
tainty in epidemiological parameters, including those relating to the natural
history of Neisseria gonorrhoeae, patterns of sexual mixing between low-
and high-activity groups (which affects howmanynotified partners of high-
activity individuals are also high-activity individuals), rates of SHC atten-
dance due to partner notification, and in gonorrhea prevalence among those
notified partners. Additionally, we ensured our results are robust to
uncertainty in population vaccine sentiment, by examining two alternative
interpretations of vaccine-uptake data.

There is uncertainty in the level and duration of protection provided by
vaccines (both 4CMenBand gonorrhea-specific vaccines in development), so
we explored combinations of these factors. Recently the DOXYVAC trial
reported an adjusted hazard ratio of 0.78 (95% CI:0.60–1.01; p = 0.061) for
4CMenB19, corresponding to 22%protection if it were statistically significant.
However, the trialwas powered for 30%protectionandwas stopped earlydue
to an error in the interim analysis, further reducing its power19. Multiple
observational studies have estimated that 4CMenB provides protection
against gonorrhea in the range 33–47%9,20–24, and other clinical trials of
4CMenB protection against gonorrhea are in progress9. Gonorrhea-specific
vaccines in development are intended to be more protective. Our primary
analysis (assuming 1.5 years after primary vaccination and 3 years after
revaccination) is conservative with regard to the duration of protection of
4CMenB, as evidence indicates protectionmay last at least 4 years or even at
least 7.5 years25. Studies quantifying a vaccine’s duration of protection would
enable us to refine estimates of its value, and would inform the frequency of
repeat vaccination required to maintain population protection26.

Whilst the level and duration of protection obviously affect the value of
a vaccine—i.e., the maximum cost per dose administered at which it would
be cost-effective to use—the rank-order of cost-effectiveness of the targeting
strategieswe examined is the sameunder all scenarios forwhich vaccination
is cost-effective (i.e., at 20 or 40% protection for all three durations of
protection for a vaccine costing £18/dose administered). Using this
scenario-based approach, our results demonstrate that even a vaccine with
20% protection lasting for only 1.5 years after primary vaccination and 3
years would be cost-effective at £18/dose administered, and should be taken
as evidence that a vaccinewith 20–40%efficacywith adurationof protection
between 1.5 and 7.5 years after primary vaccination and between 3 and 7.5
years after booster vaccination is very likely to be cost-effective (for the
vaccination strategies considered) at this cost.

Our analysis is conservative because our model does not quantify the
benefit of vaccination in combating antimicrobial resistance (AMR) in
gonorrhea, due to a lack of suitable data on both the health burden and costs,
but these could potentially become very large6. Recently, high prevalence of
‘extensively drug-resistant’ gonorrhea has been observed inCambodia27, and
in the UK there has been several cases of ceftriaxone-resistant infection28.
Vaccination reduces prevalence, thus reducing Neisseria gonorrhoeae’s
opportunities for mutation and genetic exchange, and reduces the need for
treatment, thus reducing antibiotic selection pressure29. The World Health
Organization has identified vaccination against gonorrhea (and other STIs)
as “a priority for long-term, sustainable STI control”30. We have previously
explored the theoretical impact of vaccination in combating gonorrhea
AMR31, but further progress requires more empirical data, including to
estimate evolutionary fitness costs and benefits of resistance32.
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Moreover, our analysis may also underestimate the full benefit of vacci-
nation because it does not account for the secondary impact of reducing
gonorrhea incidence on the incidence ofHIV. Previous studies have suggested
that gonorrhea infection may increase HIV risk33. Whilst including HIV
infectionsavertedwouldbeunlikely tohavea large impactoncost-effectiveness
results in this study, due to lowHIV incidence amongUKMSM34, thismay be
an important factor to consider in settings with higher HIV incidence rates.

While our model was stratified by sexual activity, our model was not
stratifiedby age.Gonorrhea incidence rates vary by age, and including age as
a factor in triage may increase the efficiency and cost-effectiveness of vac-
cination. However, we note that relevant data to inform sexual behavior
parameters disaggregated by age for MSM are sparse, limiting the ability to
parameterize an age-structured model.

Our model is not stratified by anatomical site, and we have previously
highlighted the need for data on natural history and the effects of vacci-
nation at each site to allow models with this additional level of detail to be
parameterized robustly10,29,35,36. The proportion of infections that are
symptomatic differs by anatomical site, and vaccination might have the
effect of reducing symptoms—which prompt care-seeking—and hence
prolonging infection,whichwould tend topromote transmission andwould
offset to some extent the effects of vaccination in reducing acquisition and
promoting clearance of infection37.

This paper considers theMSMpopulation, which is the groupwith the
highest gonorrhea incidence in England6 and was themain focus for JCVI’s
advice. Further work is required to determine if vaccination of heterosexual
individuals could be cost-effective. Given that targeting is necessary for
vaccination to be cost-effective in MSM, the much lower average incidence
in the heterosexual population7 means that a highly-targeted approach is
likely necessary. One modeling study has evaluated the potential impact of
untargeted adolescent 4CMenB vaccination on heterosexual gonorrhea in
England38 but did not evaluate cost-effectiveness. Further studies are
required to inform decisions about heterosexual vaccination, including
better quantification of the burden of sequelae in women and men39.

In summary, we have identified pragmatic strategies for targeting of
gonorrhea vaccination to higher-riskMSMwhich achieve greater coverage—
and therefore greater impact—thanVoDbutwhich are still cost-effective and
which do not require obtaining sensitive information about sexual behavior
that the VaR strategy needs. These strategies involve offering vaccination to
those diagnosed with gonorrhea either at the time of attendance or in the
recent past, as well as notified partners of gonorrhea cases, making use of
readily available information for effective targeting of vaccination toward
higher-risk individuals.

Methods
Model structure
We developed a new model of gonorrhea transmission and vaccination,
building on previous work10,12 which represents England’s sexually active
MSM population, stratified by sexual behavior, current infection status,
history of gonorrhea diagnosis, and vaccination status/vaccine sentiment.
Themodel accounts for rates of SHCattendance due to partner notification.

Within the model, individuals who are uninfected (U) can become
infected through sexual contactwith a contagious individual.Newly-infected
individualspass throughan incubating state (I), beforedeveloping symptoms
(S), or remaining asymptomatic (A). Infected individualswhoattend anSHC
(either due to care-seeking for symptoms or asymptomatic screening) are
treated and enter a treatment state (T). Treated individuals are cured,
returning to the U state; infection does not confer natural immunity, and
previously-infected individuals are as susceptible as those never infected.

Heterogeneity in sexual behavior is represented by low (L) and high
(H) sexual activity groups; high-activity MSM have more partners and
attend SHCs for screening more frequently.

The population is stratified by vaccination status/sentiment. Indivi-
duals who are fully-vaccinated (Vi, Ve) or revaccinated (Ri, Re) have lower
rates of acquisition than partially-vaccinated individuals (P), who have
lower rates of acquisition than those who are unvaccinated (X) and those
whose vaccine protection has waned (W). We also consider, in supple-
mentary analysis, a scenario in which a proportion of individuals are
unwilling to be vaccinated (H).

In order to consider vaccination strategies in which vaccination is
offered to those with a clinical history of gonorrhea, themodel distinguishes
between individuals diagnosed in the last D years (represented by d = 1)
from those with no previous diagnosis or who were last diagnosed more
than D years ago (represented by d = 0). All treated individuals move into
theU state in the “Diagnosed in the lastD years” (d = 1) stratum.Over time,
individuals in the “Diagnosed in the last D years” stratum move into the
corresponding infection state in the “Not diagnosed in the last D years”
(d = 0) stratum.

Eligibility for revaccination is dependent upon the time since the last
vaccination. We assume that to allow for variation in the duration of pro-
tection, repeat vaccination is offered to individuals after a period shorter
than the average duration of protection. The model distinguishes between
recently vaccinated individuals (Vi), who are ineligible for revaccination,
and vaccinated individuals who were vaccinated more than EV years ago
(Ve), who are eligible for revaccination despite still being vaccine-protected.
As a two-dose primary vaccination provides protection for DV years, indi-
viduals remain in Ve for a period of (DV-EV) years before their protection
wanes. In the same vein, the model distinguishes between recently revac-
cinated individuals (Ri, ineligible) and revaccinated individuals who
received their booster vaccine more than ER years ago (Re, eligible). As
booster vaccination provides protection forDR years, individuals remain in
Re for a period of (DR-ER) years before their protection wanes. We assume
that individuals who only received one primary dose are offered another
course of two-dose primary vaccination (according to the implemented
vaccination strategy), and those who accept can receive either one or two
further doses. Those inPwho receive one dose remain inP, while thosewho
receive two doses move to Vi.

Figure 4 shows a diagram of the model’s structure, and the meaning
and value of model parameters are detailed in Table 4. We denote the
number of individuals in infection state Z, activity group a, vaccination
status v, and diagnosis history d at time t as Zv;d

a ðtÞ (or simply Zv;d
a when

context is clear). The model is described by Equations (1–5).
The terms αv (the rate of new entrants into the population entering

vaccination-status stratum v), rv (the probability of accepting vaccination
and moving between vaccination-status strata), βv (the per-partnership
probability of gonorrhea acquisition), and θZ;wanea;v;d (the rate of moving
between vaccination-status strata due to vaccination waning) take different
formulations for different vaccination-status strata.

Dependent on the vaccination-targeting strategy implemented, vacci-
nation is offered to uninfected individuals attending for screening (whowere
not notified partners), to uninfected individuals attending for screening due
to partner notification, or to infected individuals when they are diagnosed.
The rates of movement between vaccination-status strata by these are
denoted by θVoSa;v;d , θ

VaN
a;v;d , and θVoDa;v;d respectively, which take different for-

mulations for different vaccination strata and depend upon the vaccination
strategy implemented. Terms that differ between vaccination strata are
detailed in Equations (6–12).

dUv;d
a

dt
¼

qaαv þ θU;wane
a;v;d � ðλva þ γÞUv;d

a þ νAv;d
a þ rvðθVoSa;v;d þ θVaNa;v;dÞ þ 1

DU
v;1
a ; if d ¼ 0

θU;wane
a;v;d � ðλva þ γÞUv;d

a þ νAv;d
a þ rvðθVoSa;v;d þ θVaNa;v;d þ

P
d0
θVoDa;v;d0Þ � 1

DU
v;d
a þ ρ

P
d0
Tv;d0
a ; if d ¼ 1

8<
: ð1Þ
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dIv;da
dt

¼
θI;wanea;v;d þ λvaU

v;d
a � ðσ þ γÞIv;da þ 1

D I
v;1
a ; if d ¼ 0

θI;wanea;v;d þ λvaU
v;d
a � ðσ þ γÞIv;da � 1

D I
v;d
a ; if d ¼ 1

(
ð2Þ

dAv;d
a

dt
¼

θA;wanea;v;d þ ð1� ψÞσIv;da � ðν þ ηa þ γÞAv;d
a þ 1

DA
v;1
a ; if d ¼ 0

θA;wanea;v;d þ ð1� ψÞσIv;da � ðν þ ηa þ γÞAv;d
a � 1

DA
v;d
a ; if d ¼ 1

(

ð3Þ

dSv;da
dt

¼
θS;wanea;v;d þ ψσIv;da � ðμþ γÞSv;da þ 1

D S
v;1
a ; if d ¼ 0

θS;wanea;v;d þ ψσIv;da � ðμþ γÞSv;da � 1
D S

v;d
a ; if d ¼ 1

(
ð4Þ

dTv;d
a

dt
¼

θT;wanea;v;d þ ηaA
v;d
a þ μSv;da � ðρþ γÞTv;d

a þ 1
D T

v;1
a ; if d ¼ 0

θT;wanea;v;d þ ηaA
v;d
a þ μSv;da � ðρþ γÞTv;d

a � 1
D T

v;d
a ; if d ¼ 1

(
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U

I

SA

T

U

I

SA

T

U

I

SA

T

U

I

SA

T

U

I

SA

T

U

I

SA

T

U

I

SA

T

U

I

SA

T

X P Vi Ve W Ri ReX P Vi Ve W Ri ReX P Vi Ve W Ri ReX P Vi Ve W Ri Re

a)

b)

Uninfected
Infectious
Non−infectious

No vaccine protection
Partial vaccine protection
Full vaccine protection

Entry / exit

Vaccination

Becoming eligible for revaccination

Vaccine−waning

Diagnosis

Move down diagnosis history Not diagnosed in last D years Diagnosed in last D years

Fig. 4 | Model structure diagram. The population is divided into compartments
representing different states of infection, and stratified according to diagnosis his-
tory and vaccination status. Note that there are separate sets of compartments for
low and high sexual activity groups, which have identical arrangements of com-
partments and vaccination/diagnosis history strata. a Infection states and stratifi-
cation by diagnosis history. Individuals enter the population uninfected (U); those
leaving through aging leave from any state. Uninfected individuals can acquire
infection, passing through an incubating state (I) before either developing symptoms
(S) or remaining asymptomatic (A). Symptomatic individuals seek treatment due to
symptoms, while a proportion of asymptomatic infections are identified via
screening. Diagnosed individuals enter the treatment state (T). Treated individuals
and untreated asymptomatic individuals who recover naturally return to U. Those
diagnosed in the last D years (where D = 1 or 2) are distinguished from those never
diagnosed or who were last diagnosed overD years ago. All treated individuals move
into U in the “Diagnosed in the last D years” stratum. Over time, individuals in the
“Diagnosed in the lastD years” stratummove into the corresponding infection state
in the “Not diagnosed in the last D years” stratum. Under all considered vaccine-
targeting strategies, vaccination is offered to unprotected individuals diagnosed with

(and treated for) gonorrhea. Under some strategies, vaccination is also offered to
some uninfected individuals at screening (criteria in Table 1). Those who accept
enter U in a vaccine-protected stratum. b Shows stratification according to vacci-
nation status: unvaccinated (X), partially-vaccinated (P), fully-vaccinated (split into
those who are ineligible for revaccination due to recent vaccination, Vi, and those
who are eligible for revaccination,Ve), waned (W), and revaccinated (split into those
who are ineligible due to recent revaccination, Ri, and those who are eligible for
repeat vaccination, Re). Unvaccinated individuals in X who accept vaccination and
receive one dose enter P, those who accept vaccination and receive two doses enter
Vi, and those who decline vaccination remain in X. Individuals in P remain eligible
for two-dose primary vaccination, those who choose to receive only one dose remain
in P and those who receive two doses enter Vi. Individuals in Vi become eligible for
single-dose booster vaccination after a period of EV years, moving to Ve. When
vaccine protection wanes, partially vaccinated individuals return to X, while fully
vaccinated individuals in Ve enterW. Individuals in Ve and W who accept single-
dose booster vaccination enter Ri. Individuals in Ri become eligible for booster
vaccination after a period of ER years, moving to Re. When protection from booster
vaccination wanes, individuals move from Re back to W.
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αv ¼
ð1� hÞα if v ¼ X

0 if v 2 fP;Vi;Ve;W;Ri;Reg
hα if v ¼ H

8><
>: ð6Þ

βv ¼
β if v 2 fX;W;Hg
ð1� epÞβ if v ¼ P

ð1� evÞβ if v 2 fVi;Ve;Ri;Reg

8><
>: ð7Þ

θZ;wanea;v;d ¼

1
DP
ZP;d
a if v ¼ X

� 1
DP
ZP;d
a if v ¼ P

� 1
EV
ZVi;d
a if v ¼ Vi

1
EV
ZVi;d
a � 1

DV�EV
ZVe;d
a if v ¼ Ve

1
DV�EV

ZVe;d
a þ 1

DR�ER
ZRe;d
a if v ¼ W

� 1
ER
ZRi;d
a if v ¼ Ri

1
ER
ZRi;d
a � 1

DR�ER
ZRe;d
a if v ¼ Re

0 if v ¼ H

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð8Þ

θVoSa;v;d ¼ ηaδ
VoS
a;d ×

�r1U
X;d
a if v ¼ X

r1ð1� r2ÞUX;d
a � r1r2U

P;d
a if v ¼ P

r1r2U
X;d
a þ r1r2U

P;d
a if v ¼ Vi

�rbU
v;d
a if v 2 fVe;W;Reg

rbU
W;d
a þ rbU

Ve;d
a þ rbU

Re;d
a if v ¼ Ri

0 if v ¼ H

8>>>>>>>>><
>>>>>>>>>:

ð9Þ

θVaNa;v;d ¼ δVaN ×

�r1ϕ
X;d
a if v ¼ X

r1ð1� r2ÞϕX;da � r1r2ϕ
P;d
a if v ¼ P

r1r2ϕ
X;d
a þ r1r2ϕ

P;d
a if v ¼ Vi

�rbϕ
v;d
a if v 2 fVe;W;Reg

rbϕ
W;d
a þ rbϕ

Ve;d
a þ rbϕ

Re;d
a if v ¼ Ri

0 if v ¼ H

8>>>>>>>><
>>>>>>>>:

ð10Þ

θVoDa;v;d ¼ ρδVoD ×

�r1T
X;d
a if v ¼ X

r1ð1� r2ÞTX;d
a � r1r2T

P;d
a if v ¼ P

r1r2T
X;d
a þ r1r2T

P;d
a if v ¼ Vi

�rbT
v;d
a if v 2 fVe;W;Reg

rbT
W;d
a þ rbT

Ve;d
a þ rbT

Re;d
a if v ¼ Ri

0 if v ¼ H

8>>>>>>>><
>>>>>>>>:

ð11Þ

Letting Cv;d
a ¼ Iv;da þ Av;d

a þ Sv;da , Ca ¼
P

v

P
dC

v;d
a ,

Nv;d
a ¼ Uv;d

a þ Iv;da þ Av;d
a þ Sv;da þ Tv;d

a , Na ¼
P

v

P
dN

v;d
a , with ca

denoting the partner change rate andwith ϵ denoting the level of assortative
mixing between activity groups, the force of infection to an individual in
activity group a and vaccination stratum v is given by:

λva ¼ caβv ϵ Ca
Na

þ ð1� ϵÞ
P

a0 ca0Ca0P
a0 ca0Na0

� �
ð12Þ

Partner notification
Implementing a strategy which offers vaccination to uninfected notified
partners within the model requires quantifying the rate that uninfected
individuals in activity group a, vaccination stratum v, and diagnosis history
stratum d attend SHCs through partner notification. This is derived as
follows:
1. The overall rate of diagnosis from activity group b is given

by
P

v

P
d μS

v;d
b þ ηbA

v;d
b

2. For each individual who is diagnosed, κ individuals are notified.
3. Of the notified individuals, a proportion p are infected.
4. Of uninfected notified partners, ωU(b, a) individuals are from activity

group a, where ωU is given by:

ωU ¼
ϵþ ð1� ϵÞ cLULP

a0 ca0Ua0
ð1� ϵÞ cHUHP

a0 ca0Ua0

ð1� ϵÞ cLULP
a0 ca0Ua0

ϵþ ð1� ϵÞ cHUHP
a0 ca0Ua0

2
64

3
75 ð13Þ

5. The proportion of uninfected notified partners in activity group awho
are from vaccination stratum v and with diagnosis history d is given

by Uv;d
aP

v02V
P

d02DU
v0;d0
a
.

6. So, the overall rate of uninfected individuals in subgroup (a, v, d) being
notified from a contact in activity group b is given by

κ× ð1� pÞ× Uv;d
aP

v0
P

d0 U
v0;d0
a

×ωU ðb; aÞ×
X
v00

X
d00

μSvb
00; d00 þ ηbA

v00;d00
b

� �
ð14Þ

7. So, the overall rate of uninfected individuals in subgroup (a, v, d) being
notified by someone in any group is given by:

ϕv;da ¼ κ× ð1� pÞ× Uv;d
aP

v0
P

d0 U
v0;d0
a

×
X
a00

X
v00

X
d00

ωU ða00; aÞ μSv00;d00a00 þ ηa00A
v00;d00
a00

� �
ð15Þ

This approach allows us to capture partner notification within a
compartmental model provided that estimates of κ and p can be obtained.

Note that infected individuals who attend SHCs through partner
notification are already implicitly captured within our framework, as vac-
cination is offered on diagnosis, and the model is calibrated to diagnosis
numbers in England (which includes diagnoses through partner
notification).

Calibration and accounting for uncertainty
Epidemiological parameters are estimated via Bayesian calibration to data
from the UK’s GUMCAD andGRASP surveillance systems7,40.We account
for uncertainty in estimated parameters by using 1000 samples from the
joint posterior distribution. Full details of the model calibration, including
plots of model trajectories in comparison with the observations used for
calibration, are provided in previous work10.

We introduce two parameters to incorporate partner notification:
κ, the number of individuals attending SHC via partner notification
per index case (0.39 [95% CrI:0.31–0.47])7, and p, the prevalence of
gonorrhea infection among notified partners (38% [95%
CrI:31–45%])41.

We account for uncertainty in the interpretation of vaccine uptake
data42 by considering twovaccine-sentiment scenarios. In ourmain analysis,
all MSM have the same probability of accepting vaccination, as in most
modeling analyses. Vaccine uptake (the probability of acceptance when
offered) is set at the level observed forMSMHPV vaccination in England42,
i.e., 40.8% (95% CrI:40.6–41.0). In supplementary analysis, we consider an
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Table 5 | Health-economic parameters

Definition Value Distribution Source

ξ Cost per vaccine dose administered £18 or £85 - 10,45,46,51

wU Cost of initial test £94.35 (95% CI:
61.06, 134.79)

Gamma (94.35, 0.2 × 94.35)* 52

wS Cost of investigating symptoms £23.19 (95% CI:
15.01, 31.13)

Gamma (23.19, 0.2 × 23.19)* 52

wT Cost of treatment £85.24 (95% CI:
55.16, 121.73)

Gamma (85.24, 0.2 × 85.24)* 52

zT Reduction in the cost of treatment at the
initial visit

14% - 52

wToC Cost of Test-of-Cure (ToC) £47.29 (95% CI:
30.60, 67.54)

Gamma (47.29, 0.2 × 47.29)* 52

pToC Proportion returning for ToC 57% (95% CI: 54%, 60%) Beta (552, 419) 31,40

χ Quality-of-Life disutility of symptoms 0.160 (95% CI:
0.136, 0.182)

Main: Pert (0.128, 0.16, 0.192) Supp Tables 3, 4: Pert (0.039,
0.10, 0.16)

18,47,53

wQ QALY value £20,000 or £30,000 - 44

rdisc Annual discount rate 3.5% - 44

thor Time horizon 10 or 20 years - -
*Gamma distributions are parameterized in terms of mean and standard deviation.

Table 6 | Summary of model outputs

Model outputs Symbol Expression

Outputs for activity group a diagnosis history stratum d in year t

Annual # diagnosed cases, vaccination stratum v Ya;v;d
D ðtÞ R tþ1

t ρTv;d
a ðτÞdτ

Annual # asymptomatic diagnoses, vaccination stratum v Ya;v;d
A ðtÞ R tþ1

t ηaA
v;d
a ðτÞdτ

Annual # symptomatic diagnoses, vaccination stratum v Ya;v;d
S ðtÞ R tþ1

t μSv;d
a ðτÞdτ

Annual # uninfected individuals screened, vaccination stratum v Ya;v;d
U ðtÞ R tþ1

t ηaU
v;d
a ðτÞdτ

Annual # partner notifications to uninfected individuals, vaccination
stratum v

Ya;v;d
ϕ ðtÞ R tþ1

t ϕv;da ðτÞdτ

Annual # vaccine doses administered to individuals in vaccination
stratum v ∈ {X, P}

Doses v;d
a ðtÞ r1ð1þ r2Þ δVoDYa;v;d

D ðtÞ þ δVoSa;d Ya;v;d
U ðtÞ þ δVaNYa;v;d

ϕ ðtÞ
� �

Annual # vaccine doses administered to individuals in vaccination
stratum v ∈ {Ve, W, Re}s

Doses v;d
a ðtÞ rb δVoDYa;v;d

D ðtÞ þ δVoSa;d Ya;v;d
U ðtÞ þ δVaNYa;v;d

ϕ ðtÞ
� �

Overall outputs in year t

Annual # diagnosed cases YD(t)
P

a

P
v

P
d Y

a;v;d
D ðtÞ

Annual # asymptomatic diagnoses YA(t)
P

a

P
v

P
d Y

a;v;d
A ðtÞ

Annual # symptomatic diagnoses YS(t)
P

a

P
v

P
d Y

a;v;d
S ðtÞ

Annual # vaccine doses administered Doses(t) P
a

P
d DosesX;da ðtÞ þ DosesP;da ðtÞ þ DosesW;d

a ðtÞ þ DosesVe ;d
a ðtÞ þ Doses Re ;d

a ðtÞ
Annual (undiscounted) healthcare costs for uninfected individuals CostU(t) wUYU(t)

Annual (undiscounted) healthcare costs for asymptomatically infected
individuals

CostA(t) wU þ wT þ pToCwToC
� �

YAðtÞ

Annual (undiscounted) healthcare costs for asymptomatically infected
individuals

CostS(t) wU þ wS þ ð1� zT ÞwT þ pToCwToC
� �

YSðtÞ

Total annual (undiscounted) healthcare costs Cost(t) CostU(t) + CostA(t) + CostS(t)

Annual (discounted) value of QALY losses Q(t) χ 1
μ þ 1

2ρ

� �
wQYSðtÞ ð1þ rdiscÞ�ðtþ0:5Þ� �

Overall outputs across the time horizon

Incremental net cost of vaccination* NC Pthor�1
t¼0 Cost ðt0 þ tÞ � ^Costðt0 þ tÞ þ ðξ ×Doses ðt0 þ tÞÞ

� �
ð1þ rdiscÞ�ðtþ0:5Þ� �

Net monetary benefit of vaccination* NMB Pthor�1
0 Qðt0 þ tÞ � Q̂ðt0 þ tÞ

� �
� NC

*Note terms with â (e.g., Q̂ðt0 þ tÞ) denote values obtained given a counterfactual scenario where vaccination is not introduced.
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alternative scenario in which a proportion of individuals are vaccine-willing
and the remainder are unwilling and never accept vaccination12. In this
scenario, the proportion of individualswho arewilling to be vaccinated is set
to equal the probability of acceptance in our main scenario, to obtain equal
initial rates of vaccination in the two scenarios12. In both scenarios, 61.7%
(95% CrI:61.2–62.1) of those who receive a first dose return to obtain a
second dose42. A model schematic of vaccination-status strata, including a
stratum for those unwilling to be vaccinated, is shown in Supplementary
Fig. 9.

Vaccine-targeting strategies
We compare five vaccine-targeting strategies that could be implemented at
SHCs, where the vast majority of gonorrhea diagnoses in England are
managed43: VoD, VaH, VaN, VaH, and VaN combined (VaH+VaN), and
VaR(eligibility detailed inTable1).We start themodel at equilibriumbefore
each vaccination scenario is implemented.

Primary vaccination requires two doses, but some vaccinees only
receive one dose due to not returning for the second primary dose. Those
who receive only one dose get two-thirds the protection of two doses20.
Revaccination is offered after a period of time since the last vaccination
according to the eligibility criteria of the implemented strategy: those who
received a two-dose primary vaccination are offered a single booster dose,
while those who received only one primary dose are offered another course
of primary vaccination.

We evaluate the impact of each strategy by calculating the yearly
number of gonorrhea diagnoses averted, compared to a baseline scenario
without vaccination. We evaluate the efficiency of each strategy by calcu-
lating the cumulative number of gonorrhea diagnoses averted per dose
administered.

In scenario analysis, as before10we vary the level of protection from two
primary doses (20 and 40%) and the duration of protection (1.5 years after
primary then 3 years after booster vaccination, or 4 years after primary and
booster vaccination, or 7.5 years after primary and booster vaccination).

Health-economic analysis
Health-economic analysis takes the perspective of the UK National Health
Service (NHS), considering (i) costs of gonorrhea testing, treatment, and
vaccination, and (ii) loss of health due to symptoms, measured in quality-
adjusted life years (QALYs). Costs and QALYs are calculated as inWhittles
et al. 202210; a brief description of the approach is included below, and
health-economic parameters are detailed in Table 5. For the convenience of
the reader, equations for model outputs required to evaluate impact, effi-
ciency, and cost-effectiveness are detailed in Table 6.

Costs (£2021-22 GBP) and QALYs are discounted at 3.5% per
annum44. In our main analysis, we consider a vaccination cost of £18/dose
administered, which includes a £10 administration fee10,45.We also consider
a vaccination cost of £85/dose administered—the vaccine’s list price46 plus
£10 administration fee.

We calculate the net monetary benefit (NMB) of each vaccination
strategy, i.e., themonetary value of avertingQALY lossesminus thenet costs
of vaccination, compared with no vaccination. QALY loss is the product of
the Quality-of-Life disutility of symptomatic infection47 and the average
duration of symptoms. For vaccination tobe considered cost-effective in the
UK, there needs to be at least 50% probability that NMB is positive with a
QALYvalued at £20,000 and at least 90%probabilitywith aQALYvalued at
£30,00044. Therefore, we calculate NMB with a QALY valued at £20,000
(NMB£20k) and at £30,000 (NMB£30k).

We calculate both impact and cost-effectiveness over a 10-year time
horizon; in supplementary analysis, we also consider a 20-year timehorizon.

Data availability
All the data used to inform the model were from published studies or from
publicly accessible data sources. All relevant references are detailed in
Tables 4, 5.

Code availability
The underlying code may be made available to qualified researchers on
reasonable request from the corresponding author. All analyses were
undertaken in R (version 4.4.3), using the R package gonovax (version
0.4.23). High-density regions in Figs. 2, 3 were generated using the R
package ggdensity (version 1.0.0.9). Figure 4 and Supplementary Fig. 9 were
generated using the R package flodia (version 0.0.12). All other figures were
generated using ggplot2 (version 3.5.1).
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