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Abstract: We aim to evaluate efficiency of two American surveillance systems for monitoring the spread of
antimicrobial-resistant (AMR) gonorrhea among men who have sex with men (MSM) using the novel
continuous-time agent-based model of gonorrhea transmission. The model was developed using the
simulation modelling tool AnyLogic and accounts for susceptible and resistant strains of N. gonorrhoeae,
symptomatic and asymptomatic infection and various routes of transmission between different anatomical
sites. The model was calibrated using a Bayesian calibration approach. The surveillance systems are the
Gonococcal Isolate Surveillance Project (GISP) and the enhanced Gonococcal Isolate Surveillance Project
(eGISP). We calculated accuracy, sensitivity, specificity and estimation error for each surveillance system based
on the number of isolates submitted in 2018. We also varied that number to see its effect on the outcomes. Our
results show that the accuracy of eGISP was between 66% and 92%, while GISP demonstrates low accuracy
between 44% and 48%. We also determined that increasing the number of isolates results in improved
performance for eGISP, while GISP is not particularly sensitive to it.

Keywords: Agent-based modelling; antimicrobial-resistant gonorrhea; surveillance systems

Introduction

The rise of AMR gonorrhea is an emerging problem in many countries. The N. gonorrhoeae
bacteria has already developed resistance to many classes of antibiotics used for its treatment [1].
Some of the reasons for this growth are the inappropriate use of antibiotics, mutations and low
quality of the antibiotics used. The infections outside of the genital area are also believed to contribute
to it as those infections are mainly asymptomatic and the bacteria exchanges genetic material with
other organisms in these parts of the body [2,3].

Untreated gonorrhea can lead to a number of health problems, such as neonatal eye infections,
infertility, ectopic pregnancy, increased ability to give and receive HIV etc. [4] Also, this growth of
resistance threatens our ability to treat other infections which are being cured with the same
antibiotics. However, the development of new antibiotics has been rather slow over the recent years
as it is not profitable for pharmaceutical companies [5]. There are few antibiotics in clinical trials [6],
but none of them has reached the market yet. Therefore, accurate surveillance of AMR gonorrhea is
essential as it allows to make right decisions at the right time regarding switching to a different
antibiotic so that the spread is prevented but also that the precious antibiotics are not introduced
earlier than necessary.

In the US, the Gonococcal Isolate Surveillance Project (GISP) is a sentinel surveillance system to
monitor the trend in AMR gonorrhea. GISP estimates the percentage of cases which are resistant to
different antibiotics used for the treatment of gonorrhea. Until 2017, only isolates from the first 25
men who were diagnosed with urethral gonorrhea in a number of sites were included [7]. In 2017,
GISP was expanded to also include pharyngeal, rectal, and endocervical isolates. The impact of these
changes on the accuracy of monitoring the spread of AMR gonorrhea has not been studied yet.

In this study we investigate the efficiency of GISP and enhanced GISP (eGISP) in monitoring this
spread among men who have sex with men (MSM) in the US. In order to do this, we simulated the
original surveillance system and the improved version and recorded the moment when the
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percentage resistant reaches 5% (the switching time recommended by WHO) with the real-life
situation. We then calculated accuracy, sensitivity, specificity and estimation error. Since we limit our
research to the US MSM population, only urethral, rectal and pharyngeal estimates were included in
the simulation of eGISP. We conduct this research using the novel agent-based model of gonorrhea
transmission.

Methods

Model description

This is a continuous-time agent-based model of gonorrhea transmission among the US MSM,
which accounts for susceptible and resistant strains of N. gonorrhoeae, symptomatic and asymptomatic
infection as well as various routes of transmission between different anatomical sites. The model was
developed in AnyLogic (version 8.8.1 University) which is computationally fast and has a number of
other advantages. The model can be viewed at the AnyLogic Cloud directory!.

Sexual practices included in the model are kissing, oral sex, anal sex, rimming and docking. As
the result, the following eight transmission routes were modelled: pharynx to pharynx, pharynx to
urethra, urethra to pharynx, pharynx to rectum, rectum to pharynx, urethra to rectum, rectum to
urethra, and urethra to urethra.

It was assumed that all the contacts are casual. Individuals can get infected in pharynx, rectum,
urethra or they can get infected in two sites. A situation when a person develops infection in all three
sites is rare [8] and has not been accounted for so far. Rectal and pharyngeal infection is mainly
asymptomatic [3], so we only include these cases in the current version of the model. However, in
case of urethral infection both symptomatic and asymptomatic cases are included. Individuals can
get infected with susceptible or resistant strain of gonorrhea. In case of infection in multiple sites,
individuals can get infected with the same strain or with different strains in two sites.

In case of asymptomatic infection, infected individuals get detected during the screening and
receive treatment, or they recover naturally. In case of symptomatic infection, infected individuals
seek treatment. If symptomatic individuals infected with resistant strain receive the first-line
treatment (ceftriaxone) and their symptoms persist, they are being re-treated with the second-line
antibiotic. When asymptomatic individuals infected with resistant strain receive the first-line
treatment, they remain infectious. Individuals can also develop resistance while being under
treatment.

Partnership formation, condom usage and aging of population have not been included in the
model so far.

The model was calibrated using a Bayesian calibration approach against the estimates of total
prevalence of gonorrhea at each site (rectum, pharynx and urethra), prevalence of gonorrhea at each
site only, prevalence of AMR gonorrhea at each site, incidence of gonorrhea and the number of
symptomatic cases.

The Initialization algorithm and transmission and recovery algorithm can be found in the
supplementary material.

Calibration

The model was calibrated using the Bayesian calibration approach. A total of 8000 runs were
performed.
The simulations were stopped if any of the conditions below were met:

Incidence of gonorrhea is less than 2000 or greater than 15000.
Prevalence of rectal gonorrhea is greater than 12%.
Prevalence of pharyngeal gonorrhea is greater than 12%.
Prevalence of urethral gonorrhea is greater than 12%.
Prevalence of gonorrhea at rectum only is greater than 10%.
Prevalence of gonorrhea at pharynx only is greater than 12%.

S

1 https://cloud.anylogic.com/model/bb6b7cfa-880b-4345-8913-f21d5e6d4ec6?mode=SETTINGS&tab=GENERAL
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7. Prevalence of gonorrhea at urethra only is greater than 10%.
8. Prevalence of rectal AMR gonorrhea is greater than 2%.

9. Prevalence of pharyngeal AMR gonorrhea is greater than 2%.
10. Prevalence of urethral AMR gonorrhea is greater than 2%.
11. Percentage of symptomatic cases is less than 50%.

Ceftriaxone started to be used for the treatment of gonorrhea in the US in 2007. Since 2012, the
combination of ceftriaxone and azithromycin was the only recommended treatment by CDC [17]. The
clinical trial on monitoring AMR gonorrhea [18] was run from the beginning of 2018 until the end of
2019. Therefore, we initiated the model in 2007, assigned the initial prevalence of AMR gonorrhea to
zero and ran the model for 12 years. However, until 2012 cefixime was also used, so the results that
we obtained for the percentage of resistant cases are higher than the actual ones.

For each simulated trajectory, eleven functions (likelihoods) were computed according to the
formula:

L; = m;Inp; + (M; — m;) In(1 — p;),

i=1,..11.

The parameters for each calibration target are provided in Table 1. Most of the targets were
informed by [12] as it is the only study that we found that provides prevalence data on a single side.
Those data were obtained from the STD clinic and the gay men’s community health center. For the
first two targets we combined those data with the data from a study which tested MSM attending
community venues [19] for a better accuracy as trials based on data from STD clinics and health
centers tend to overestimate prevalence.

Table 1. Calibration parameters.

p M, m Data Source
Prevalence of rectal gonorrhea 5458, 223 6.49% [5.9%, 7.6%] [12,19]
Prevalence of pharyngeal gonorrhea 5507, 309 9% [8.1%; 10%] [12,19]
Prevalence of urethral gonorrhea 3435, 148 4.31% [3.7%; 5%] [12]
Prevalence of gonorrhea at rectum only 3435, 121 3.52% [3%; 4.2%] [12]
Prevalence of gonorrhea at pharynx only 3435, 209 6% [5.3%; 6.9%] [12]
Prevalence of gonorrhea at urethra only 3435, 86 2.5% [2%; 3.1%] [12]
Prevalence of rectal AMR gonorrhea 1553, 2 0.13% [0.03-0.51] [18]
Prevalence of pharyngeal AMR gonorrhea 1049, 7 0.67% [0.32-1.4] [18]
Prevalence of urethral AMR 3974, 7 0.18% [0.08-0.37] [18]
Percentage of symptomatic cases 686, 466 67.9% [64.4%, 71.4%] [20]
Incidence of gonorrhea 1736, 91 5241.8 (4193, 6290) [21]

For data that we have for incidence of gonorrhea no confidence interval was reported. We
assumed that it was calculated with 20% error and used the approach described in [22] to calculate
the values of M and m.

After that, we calculated the function Ly, as:

7
Lrotar = z L;.
i=1

Then we selected one hundred trajectories for which the value of Ly, was the highest.
Surveillance

The surveillance system estimates the percentage of cases which are resistant to the antibiotics
used for the treatment of gonorrhea. Once that value reaches 5%, a decision to switch to a different
antibiotic is being made. We model surveillance of resistance to the current first-line antibiotic
(ceftriaxone).
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Since only a certain percentage of cases is included in the monitoring, there is an estimation
error:

&~N(0, [*C29),

where K is the number of isolates and y, is the percentage of diagnosed cases resistant to
ceftriaxone at year ¢ (percentage resistant).

In 2018, a total of 8628 isolates were submitted [23]. We used this data as this is the most recent
ones we were aware of. Based on the number of isolates provided by GISP and eGISP participating
clinics [7], we assumed that 0.25% of those 8628 isolates came from GISP and the remaining 0.75 came
from eGISP. In [24], the data on the percentage of the urethral isolates that come from MSM
attending the STD clinics participating in GISP are provided (about 37% in 2018). We assumed that
the percentage of isolates that come from MSM attending the clinics participating in eGISP is the
same. Therefore, we assumed that 2394 isolates were used in eGISP and 796 isolates were used in
GISP.

A surveillance system was modeled as the sum of the percentage resistant and the estimation
error. We recorded the year when the 5% percentage resistant is detected under GISP and eGISP
surveillance systems. We also recorded when the percentage resistant reaches 5% in real life.

After that we compare the accuracy of the two surveillance systems. For each trajectory, we
calculated it as number of correct predictions divided by total number of predictions.

Also, for each trajectory, we computed the estimation error as:

E=ltst, 1,

where t, is the year when the percentage resistant reached 5% in real life and t; is the year when
the 5% percentage resistant is detected under a surveillance system. Then the average estimation
error was computed.

We also calculated sensitivity (the probability that when the percentage of resistant cases passes
5% a surveillance system correctly detects that) and specificity (the probability that if the percentage
of resistant cases is below 5% a surveillance system correctly informs that) for both systems.

Results

1. Calibration results

The results for 25 years of simulation of the selected 100 trajectories along with the calibration
targets and confidence intervals are presented in Figure 1.
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Figure 1. The results for 25 years of simulation of the selected 100 trajectories along with the
calibration targets and confidence intervals.

In Figure 2, percentage of detected cases in different anatomical sites is shown.
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Figure 2. Percentage of detected cases in different anatomical sites.
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The histograms of the posterior distributions are presented in the supplementary material.
2. Surveillance results

We calculated the accuracy of GISP and eGISP surveillance systems using 8628 isolates. We ran
the simulations for 25 years. For the analysis, we only used the trajectories for which the percentage

resistant was reached both in real life and under both surveillance systems. The results are shown in
Table 2.

Table 2. Accuracy of GISP and eGISP surveillance systems when 8628 isolates were submitted.

Average time  Average time

when when 5%
Simulation percentage percentage Estimation Accuracy Sensitivity = Specificity
experiment resistant resistant is error (years) (%) (%) (%)
reaches 5% detected
(years) (years)
Real life 15.4 (8.1, 24)
eGISP 15.3 (7, 24) 0.16 (0, 2) 89 96.5 92
GISP 16.24 (8.1,24) 0.85(0,3.4) 48 48 97

The accuracy of eGISP is 41% higher than the accuracy of GISP.

We also varied the number of samples to see its effect. In particular, we simulated the situation
when 1000 isolates and 15000 isolates were submitted. The results are presented in the Tables 3 and
4. In case the percentage resistant was not reached for some of the trajectories used for the analysis
under GISP or eGISP, the longer simulations (e.g. 35 years) were run.

Table 3. Accuracy of GISP and eGISP surveillance systems when 1000 isolates were submitted.

Average time  Average time

. . when when 5% . e o
Simulation Estimation ~ Accuracy Sensitivity Specificity
experiment percentage percentage error (years) (%) (%) (%)

P resistant reaches  resistant is y
5% (years) detected (years)
Real life 15.4 (8.1, 24)
eGISP 15.35 (7, 24) 0.43 (0, 2) 66 80.7 79
GISP 16 (7,24.4) 0.94 (0, 3.4) 44 49 82

Table 4. Accuracy of GISP and eGISP surveillance systems when 15000 isolates were submitted.

Average time  Average time

. ) when when 5% L e e
Simulation Estimation =~ Accuracy Sensitivity Specificity
experiment percentage percentage error (years) (%) (%) (%)

P resistant reaches  resistant is y
5% (years) detected (years)
Real life 15.4 (8.1, 24)
eGISP 15.38 (7, 24) 0.11 (0, 1.4) 92 97 95
GISP 16.2 (8.1, 24) 0.8 (0, 3.4) 46 47 97

The results are presented graphically in the Figure 3.
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Figure 3. Evaluating efficiency of GISP and eGISP for different number of isolates.

As expected, including isolates from the non-urethral sites has increased the accuracy, sensitivity
and specificity of the original GISP surveillance system and reduced the estimation error.

Increasing the number of isolates improves all the criteria for eGISP. Changing that number from
1000 to 8628 has increased the accuracy by 22%, while increasing it further to 15000 has resulted in
just 3% increase. So, the number of estimates used in 2018 appear reasonable.

However, for the original GISP we can see a different trend. Initially, the accuracy increased, but
later it decreased again. It remains between 44% and 48% regardless of the number of samples used.
The estimation error declines though as the number of isolates increases. Sensitivity decreases slightly
as we increase the number of samples, while specificity increases and remains at 97% level for 8628
and 15000 isolates.

Discussion

In this paper we presented a novel agent-based model of gonorrhea transmission among the US
MSM population, which was employed to evaluate the performance of several American surveillance
systems for monitoring the spread of AMR gonorrhea. Our results show that incorporation of the
non-urethral isolates increases the accuracy of monitoring the spread of AMR gonorrhea among the
US MSM population. The accuracy of eGISP ranges between 66% and 92%, while for GISP it is
between 44% and 48%. We also determined that increasing the number of estimates results in
improving all the criteria for eGISP, while for GISP there is no particular trend.

While conducting this research, we assumed a full adherence to the guidelines for the first-line
treatment, which might not always be the case. Also, we could not find the actual data on the
percentage of isolates that come from MSM attending the clinics participating in eGISP. In addition,
in the current version of our model all the contacts were assumed to be casual. Incorporating
formation of partnerships as well as condom usage and aging of population would improve the
accuracy of forecasting. In terms of future research directions, it would be interesting to evaluate the
performance of the two surveillance systems also taking into account the costs involved.

Acknowledgement: A special thanks goes to Dr. Reza Yaesoubi from Health Policy and
Management, Yale University for his helpful advises.
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