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Gonorrhea (caused by the Neisseria gonorrhoeae (NG) bacterium) is the second most-
commonly reported sexually transmitted infection (STI) in the United States (US) and can cause
serious, permanent reproductive sequalae in females. Gonorrhea rates have increased rapidly
in the US throughout the last 3 decades, while profound racial disparities have stubbornly
persisted with non-Hispanic Black (NHB) populations experiencing the greatest burden of
disease. In geographic depictions of gonorrhea rates, the US Southeast is highlighted as the
area of highest morbidity. Concerningly, NG has developed antimicrobial resistance (AMR) to
nearly all drugs historically used for treatment. AMR NG is more common among men who
have sex with men (MSM), which may be related to the more frequent use of antibiotics for STI
treatment in this population.

While racial disparities in gonorrhea rates are well-described, our understanding of variation in

the magnitude of these disparities within the US is lacking. Reduction of racial disparities is a



core goal of the 2021-2015 US National Strategic Plan for STls; it is therefore imperative that
national and local public health programs know where such disparities are greatest for
interventions to have greatest impact. Similarly, national data demonstrating increases in
gonorrhea rates among females may obscure informative variation in localized trends. Areas
with later or earlier increases in gonorrhea rates, with high or low rates of disease, may share
characteristics influential in gonorrhea epidemiology. There is also currently conflicting
evidence about the role of individual-level antibiotic use on the development of AMR
gonorrhea. A study of Dutch clinic attendees identified an association between AZM use and
AZM resistance, while two reviews of surveillance data from the UK found no such association.
In this dissertation, we sought to fill these gaps in our knowledge of gonorrhea epidemiology
through several related but distinct analyses. First, we examined the geographic variation in
county-level gonorrhea rates among NHB and non-Hispanic White (NHW) females using
national gonorrhea surveillance data obtained from the US Centers for Disease Control and
Prevention. We created a series of maps to depict the spatial distribution of within- and
between-race disparities (relative and absolute) in gonorrhea rates. We then used group-based
trajectory models to identify and characterize distinct groups of counties with similar
trajectories of NG rates in these populations separately. Lastly, we examined the association
between individual-level receipt of AZM for sexually transmitted infection treatment and
subsequent NG infection with reduced susceptibility to AZM among attendees of the Public
Health Seattle-King County Sexual Health Clinic (SHC).

We found that nearly all US counties had NHB female gonorrhea rates >3x those in NHW

females, with NHB females in most highly populated counties experienced >9-fold difference in



gonorrhea rates. Additionally, NHB females in counties in the south had lower rates of
gonorrhea compared to NHB females in the Midwest and West. In our analysis of county-level
spatiotemporal gonorrhea trends, we identified 9 distinct gonorrhea trajectories for NHB, 3 of
which experienced declines in case rates from 2003-2018; conversely, all 7 identified
trajectories among NHW females were characterized by stable or increasing rates of gonorrhea.
Furthermore, counties with similar gonorrhea trajectories were sometimes, but not always, in
close proximity. Finally, we found evidence for an association between receipt of AZM in the
prior 30 days and having an AMR NG infection among SHC attendees.

Our first analysis highlights pervasive yet variable racial disparities in gonorrhea; further, these
disparities are often greater outside the US south. These findings counter damaging regional
stereotypes, provide evidence to refocus prevention efforts to areas of highest disparities, and
suggest that monitoring racial disparities can function as an actionable public health metric.
Our second analysis confirmed that national data do obscure a highly heterogenous gonorrhea
epidemic for both NHW and NHB females. These two exploratory analyses should prompt
further analysis into the differential drivers of gonorrhea morbidity. Lastly, our finding of an
association between AZM use and AZM-resistance underscore the timeliness of updated STI

treatment guidelines that reduce the utilization of AZM in populations at high risk for AMR NG.
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Chapter 1. Introduction

Gonorrhea (caused by the Neisseria gonorrhoeae (NG) bacterium) is the second most-commonly reported
sexually transmitted infection (STI) in the United States (US):. NG can infect the male and female
urogenital tracts, the rectum, and the oropharynx. Male urogenital infections commonly cause male
urethritis, and major complications of cervicovaginal infections include chronic pelvic pain, secondary
infertility, and ectopic pregnhancy?. NG infection during pregnancy can cause intrauterine inflammation

and result in low birth weight® and preterm birth?.

Concerningly, the gonococcus has progressively developed resistance to nearly all drugs historically used
for treatment®. MSM experience a higher burden of antimicrobial resistant (AMR) NG than heterosexuals;
in 2020, 9.2% of NG isolates from a US sample of MSM had reduced susceptibility to azithromycin (AZM),
compared to 4.3% of isolates from a comparable sample of men who have sex with women exclusively®.
The disparity in rates of AMR between MSM and heterosexual populations may be driven by the higher
frequency of antimicrobial therapy for bacterial STIs (including NG and Chlamydia trachomatis [CT])
among MSM®. An analysis of clinical data from the Public Health Seattle-King County (PHSKC) Sexual
Health Clinic (SHC) found that AZM is the most prescribed antibiotic for MSM, who received on average 1
dose every 2 years from 2016-2018’. Many of these doses are given as epidemiologic therapy after contact
to a partner(s) with NG or CT infection before confirming the patient has either infection®. The
exceptionally long half-life of AZM® exposes both NG and commensal Neisseria species (which can transfer
resistance determinants to NG'>!!) to subtherapeutic levels, leading to selective pressure for emergence

of resistant strains.

There is currently conflicting evidence regarding the relationship between individual-level AZM exposure
and subsequent AZM resistance in persons with NG infection. In vitro studies have demonstrated that

exposure to erythromycin (a similar macrolide) induces high-level macrolide resistance in NG strains with



low-level resistance??, and there have been isolated case reports of de novo selection for AZM resistance

t1¥14 However, population-level and clinical studies have

in individuals receiving NG treatmen
demonstrated mixed results, with 1 study demonstrating a positive association between the AZM use in
the previous 30 days and higher AZM minimum inhibitory concentrations (MIC) and 2 others
demonstrating no association between having an AZM-resistant infection and AZM use in the prior 6
months® or 3 years®® (inferred from STI surveillance records). Understanding the relationship between

individual-level antibiotic therapy and AMR NG has implications for the current clinical model of frequent

testing and antibiotic treatment of STls in MSM.

In addition to the emergence of AMR NG, gaps in our knowledge of the population-level epidemiology of
NG challenge our ability to effectively prioritize areas and populations with highest morbidity for intensive
control and prevention. Among US females, gonorrhea rates have increased rapidly in almost all
populations throughout the last decade, and profound racial disparities have persisted*’. However,
geographic variation in the magnitude of these disparities are poorly described. Current maps of NG

1819 obscuring important distinctions in the

morbidity provide an outsize focus on geographic space
distribution of population-level morbidity, while race- and sex-stratified maps do not explicitly depict
racial disparities. More comprehensive maps incorporating underlying population size and the magnitude
of racial disparities will allow public health to focus on areas with highest morbidity and generate
opportunities to identify and address social determinants of health creating the epidemiologic contexts

driving racial disparities in NG rates®®23,

Similarly, spatiotemporal trends in female NG morbidity have only inconsistently assessed beyond the
state and national level. Although NG rates have increased for all race/ethnicity groups?, it is not known
whether all areas of the US experienced these increases concurrently. Understanding localized
heterogeneity in these trends may be key to identifying group-level factors most influential in NG

epidemiology such as socioeconomic or population characteristics, or effective local public health



programs and policies. Uncovering these spatiotemporal patterns may also inform our understanding of

population-level transmission dynamics.

To fill these gaps in our knowledge of NG epidemiology, we propose a set of analyses to evaluate the
association between individual-level receipt of AZM for STI treatment and subsequent NG infection with
AZM reduced susceptibility (Chapter 2), describe the geographic heterogeneity of within and between-
race disparities in NG among non-Hispanic White and non-Hispanic Black US females (Chapter 3), and
characterize the spatiotemporal epidemiology of NG among US females by classifying and mapping
counties based on their trajectories of NG morbidity among non-Hispanic Black and non-Hispanic White
females (Chapter 4). To conclude, we will discuss the implications of our findings for clinical management
of persons at high risk for AMR NG and provide recommendations for future work building on our findings

that may inform strategic approaches to NG control and prevention.



Chapter 2. “It’s not just the Southeast - geographically pervasive racial
disparities in Neisseria gonorrhoeae between Non-Hispanic Black and
White US females”

Abstract

Background: Spatial analyses of gonorrhea morbidity among females often highlight the southeastern
US but may not provide information on geographic variation in the magnitude of racial disparities; such
maps also focus on geographic space, obscuring underlying population characteristics. We created a
series of visualizations depicting both county-level racial disparities in female gonorrhea diagnoses and
variations in population size.

Methods: We calculated county- and region-level race-specific relative rates (RelR) and between-race
rate differences (RD) and rate ratios (RR) comparing gonorrhea case rates in non-Hispanic Black (NHB) vs
non-Hispanic White (NHW) females. We then created proportional symbol maps with color representing
counties’ RelR/RD/RR category and symbol size representing counties’ female population.

Results: Gonorrhea rates among NHB females were highest in the Midwest (718.7/100,000) and West
(504.8), rates among NHW females were highest in the West (74.1) and Southeast (72.1). RDs were
highest in the Midwest (654.3 excess cases/100,000) and West (430.7), while RRs were highest in the
Northeast (12.4) and Midwest (11.2). Nearly all US counties had NHB female rates >3x those in NHW
females, with NHB females in most highly populated counties experiencing 29-fold difference in
gonorrhea rates.

Conclusions: Racial disparities in gonorrhea were not confined to the Southeast; both relative and
absolute disparities were equivalent or larger in magnitude in areas of the Northeast, Midwest, and
West. Our findings help counter damaging regional stereotypes, provide evidence to refocus prevention
efforts to areas of highest disparities, and suggest a useful template for monitoring racial disparities as

an actionable public health metric.



Introduction

Racial disparities are a well-described and persistent hallmark of gonorrhea epidemiology among females
in the US, where non-Hispanic Black [NHB] females experience the highest rates of infection®*%. Racial
disparities in rates of gonorrhea and other STls in the US are fueled by social and sexual network factors
that create contexts of higher risk for NHB females?:232627 |n response to these long-standing inequities,
the US Department of Health and Human Services established the reduction of STl-related racial
disparities as a core goal of the 2021-2025 STI National Strategic Plan?.Achieving these goals will require
focused efforts designed to reach specific populations experiencing the highest burden of disease, which
in turn requires a comprehensive understanding of the geographic distribution of cases and where racial

inequities in disease rates are greatest.

The 2021-2025 Strategic Plan also includes the reduction of NG rates in the US South as a key indicator
among their disparities goals. However, prior analyses have revealed that rates of gonorrhea 2>* and
other STIs3¥32 are higher outside the South. Spatial visualizations of gonorrhea morbidity, which the
Centers for Disease Control and Prevention’s (CDC) annual Sexually Transmitted Disease surveillance
reports have routinely included, represent geographic distribution at the state or county level with color
scales to represent the rate or count of gonorrhea cases®, which draws attention to the Southeastern US
as the area with the highest concentration of counties with the highest rates of gonorrhea. However,

1819 and tend to obscure the size and

these maps focus attention primarily on geographic space
composition of the underlying population to which these metrics apply. Counties with similar rates but
vastly different population sizes are depicted in the same color, potentially obscuring important
distinctions in the distribution of population-level morbidity. Proportional symbol maps are one way to
potentially overcome this limitation by using variations in the size, color, and/or shape of symbols to

depict multiple dimensions of the underlying data, with symbol size representing underlying population

size and color representing burden of disease. The CDC has recently made race- and sex-stratified county-



level maps of gonorrhea rates available through a web application, which allows comparison of rates
among different groups in a geographic area®. However, these maps do not depict variation in the

magnitude of disparities between race groups.

We attempt to enhance the current view of NG morbidity by more fully visualizing the geographic
heterogeneity of county-level absolute and relative disparities in NHB and NHW female gonorrhea cases
in the US. We focus on gonorrhea among females because the reproductive sequalae are more severe in
cisgender females as compared to males, and rates in males may be more sensitive to the local
epidemiology of gonorrhea in MSM?3* as well as the geographic heterogeneity of the MSM population®.
These maps depict the number and geographic distribution of NHB and NHW females experiencing
differential rates of reported gonorrhea cases in the US and highlight locations where intensive control

and prevention measures may have the largest impact on reducing racial disparities.

Methods
We used surveillance data on rates of reported gonorrhea cases in females of all ages reported to the

National Notifiable Disease Surveillance System (NNDSS) from all 50 US states for years 2015-2018 as of
September 25, 2019, stratified by age and race and aggregated by month at the county level®. The number
of cases in stratified cells for which age and/or county/state of residence were missing were excluded
from the analysis (22,766; 2.7%). Because a substantial proportion of cases (19%) were reported with
missing race and/or ethnicity (hereafter referred to as race/ethnicity) data, we redistributed cases in
stratified cells missing this information using a missing at random assumption based on that county’s
distribution of known age group and race/ethnicity data for female cases reported that year (single
imputation). Previous work evaluating gonorrhea cases reported to the CDC’s STD Surveillance Network

(SSuN), a supplemental surveillance system that collects detailed demographic information on a random

1 County-level aggregate case data were obtained from the Division of STD Prevention, National Center for HIV, Viral
Hepatitis, STD, and TB Prevention, US Centers for Disease Control (CDC) under an approved Data Use Agreement.



https://www.cdc.gov/nchhstp/default.htm
https://www.cdc.gov/nchhstp/default.htm

sample of gonorrhea cases in participating jurisdictions, found relatively minor differences in the

racial/ethnic distribution of fully ascertained cases vs those reported to NNDSS.

Metrics for total and race-specific county-level gonorrhea morbidity

We calculated annual county-level rates of reported gonorrhea cases among NHW and NHB females per
100,000 population using the US Census Bureau’s population estimates®” as denominators. Rates were
reweighted to the age/sex/race distribution of the 2010 Decennial US Population to adjust for differential
age distributions across counties, as rates of STls are typically highest in adolescents and young adults.

County-level annual rates were averaged over the 2015-2018 period to stabilize the estimates.

We calculated race-specific county- and regional-level relative rates (RelRs) for NHW and NHB females
using the county and regional-level female race-specific rate as the numerator and the national female
race-specific rate as the denominator. Relative rates were assigned to one of the following RelR
categories: <0.50, 0.50-0.74, 0.75-0.89, 0.90-1.09 (approximately equal to the national rate), 1.10-1.24,
1.25-1.49, 1.5+. We then created two race-specific proportional symbol maps, with the color of the circle
representing relative rate category and the size representing the total number NHW or NHB female

residents in that county.

To assess the extent to which areas with relatively high female gonorrhea rates in NHW also experienced
relatively high rates of gonorrhea in NHBs, we calculated the female-population Spearman’s rank
correlation coefficient® between county-level gonorrhea race-specific rates in NHW and NHB females,
stratified by US region (Northeast, Southeast, Midwest, and West?®) and weighted by counties’ female
population. We also created a scatterplot of county-level race-specific relative rates with NHW RelRs on
the x-axis and NHB RelRs on the y-axis to visually depict, using color to denote the county’s region and

point size to represent the county’s female population. This scatterplot provides a visualization of the



proportion and distribution of counties that are of higher/lower relative risk for both race groups

simultaneously.

We also evaluated measures of both absolute and relative disparity in rates of reported gonorrhea
between NHW and NHB females, considering both metrics to be important measures of health equity>*~
41 We calculated the absolute disparity in gonorrhea rates by subtracting the county-level 4-year average
gonorrhea rate in NHW females from the 4-year average gonorrhea rate in NHB females to obtain a rate
difference (RD). We calculated the relative disparity by calculating the rate ratio (RR) of the 4-year average
gonorrhea rate in NHB females divided by the 4-year average gonorrhea rate in NHW females. County-
level RDs were assigned to 1 of 6 groups: <-25.0 per 100,000 population (indicating higher rates among
NHW females compared to NHB females), -25.0 - 24.0 (approximately equal rates in both groups), and
quartiles for RDs >25/100,000 (25-174, 175-314, 315-489, 490+). Similarly, county-level RRs were assigned
to 1 of 6 groups as follows: <0.80 (higher rates among NHW females), 0.80-1.19 (indicating approximately
equal rates in both groups), and quartiles for relative rates >1.20 (1.20-3.64, 3.65-5.74, 5.75-8.99, 9.0+).
If there were no cases among NHB or NHW females in a county, we imputed a small rate (0.25/100,000)
to enable calculation of racial disparities metrics. These RD and RR disparity categories were mapped using
the approach described above, with circle color representing each county’s RD/RR category and circle size
representing the NHB female population of each county. We plotted the NHB female population to depict

the population most affected by disparities in gonorrhea rates.

Finally, we calculated NHW and NHB-specific RelRs, RDs, and RRs in each of the 4 US regions (Northeast,

Southeast, Midwest, and West).

Data suppression



Counties that met any of the following criteria for >1 year 2015-2018 were excluded: 1) counties with
total female population <100 or <100 NHW and/or NHB females for all metrics and 2) counties with >50%

of reported female gonorrhea cases missing race/ethnicity for race-stratified metrics.

Statistical Analysis and Software

All data management and statistical analysis was performed in SAS version 9.4. Maps were created in R

using the urbnmapr*? package.

Results
Geographic and Population distribution of race-specific female gonorrhea morbidity

The overall national rate of reported gonorrhea cases among females during 2015-2018 was 124.7 per
100,000 population, varying substantially by region, from 150.2 in the Southeast to 75.8 in the Northeast.
As described in prior reports?®, national rates also varied by race, with rates of 495.9 and 64.1 among NHB
and NHW females, respectively (Table 1). However, these estimates obscure regional variations in race-
specific gonorrhea epidemiology. Among NHW females, the highest rates occurred in the West (74.2) and
Southeast (72.1), the rate in the Midwest was somewhat lower (64.1), and the lowest rate occurred in the
Northeast (28.8). Among NHB females, the rate of gonorrhea was highest in the Midwest (718.7) and

second highest in the West (504.8), with lower rates in the Southeast (464.6) and Northeast (357.8).

Reflecting region-specific rates, highly populated counties in the West had NHW-specific rates that were
higher relative to the US rate (depicted as orange to red circles) (Figure 1). Counties in and around San
Francisco, Portland, Oregon, and southeast of Seattle had higher relative morbidity compared to the US
rate for NHW females compared to counties in the Los Angeles area. Most counties in the Southeast had
higher morbidity relative to the US rate among NHW females, but this was not consistently observed in
the most populated counties; for example, the Miami-Dade, Houston, Raleigh-Durham, and Atlanta metro

areas all had lower relative morbidity while Dallas-Fort Worth, Oklahoma City, and Nashville had high



relative morbidity. Midwestern counties were similarly mixed, with the areas around Chicago, Detroit,
and Minneapolis having lower NHW-specific relative rates compared to the US rate than Indianapolis,
Columbus, Cleveland, and Kansas City. In contrast, highly populated counties along the Northeastern
seaboard were almost universally categorized as having lower relative race-specific morbidity for NHW

females (depicted as blue circles).

A map of county-level relative gonorrhea rates among NHB females demonstrated both similarities and
differences from the map of rates in NHW females. Major urban areas of the Southeast, including the
Atlanta metropolitan area, Houston, Dallas-Fort Worth, and nearly all counties in southeast Florida, had
lower or equivalent morbidity relative to the US rate for NHB females, though Baltimore, New Orleans,
and Memphis had high levels of relative morbidity. Less populated Southeastern counties were a mix of
both higher and lower than US NHB-specific relative rates. In contrast, most counties in the Midwest had
higher than average relative morbidity for NHB females regardless of population size, with most of the
NHB female population residing in metropolitan areas with high relative morbidity (Chicago, Detroit,
Indianapolis and Cleveland, Cincinnati, and St. Louis). There was a notable concentration of high NHB
female-specific relative morbidity counties, of varying population size, both along the Mississippi River
from northern Louisiana to lllinois and north through the Midwest, as well as in states along the Ohio
River Valley, including Indiana, Michigan, and Ohio. Most counties in the Northeast had lower than
average relative morbidity for NHB female residents, apart from urban centers in Western New York and

Pennsylvania.

Figure 2 presents a scatterplot of county-level NHW- and NHB-specific rates relative to the US average
race-specific rates. The diagonal dashed line denotes counties with equal race-specific relative rates of
gonorrhea among NHB and NHW females relative to national rates in these groups (i.e., relative local race-
specific rates are higher or lower than national race-specific rates by comparable proportions). The

scatterplot is divided into four quadrants denoting whether counties had higher/lower female NHW- and



NHB specific rates relative to race-specific US rates; for example, counties in the upper righthand quadrant
had relative rates 21.0 for both NHW and NHB females, while those in the lower righthand quadrant had
relative rates 21.0 for NHB females and <1.0 for NHW females. Most Northeastern counties had race-
specific relative rates <1.0 for both NHB and NHW females. The majority of Western and Southeastern
counties had higher race-specific relative rates in NHW females compared to NHB females, denoted as
circles mainly above the diagonal line of equal race-specific relative rates. In contrast, many Midwestern
counties had higher race-specific relative rates in NHB females than in NHW females. The population-
weighted Spearman’s correlation coefficient between female NHW- and NHB-specific relative rates for all
US counties was 0.56 (p<0.01), regional population-weighted correlation coefficients were highest in the
West (0.66), lowest in the Northeast (0.53), and 0.58 and 0.57 in the Southeast and Midwest, respectively.
County-level race-specific average rates and relative rate categories and NHW/NHB female populations

can be found in Supplemental Table 1.

County-level Absolute and Relative Disparities between NHW, and NHB females

Nationally, NHB females experienced an excess of 431.8 cases/100,000 over the rate in NHW females
(Table 1). The absolute disparity in gonorrhea rates between NHW and NHB females was high in all areas
of the US but was highest in the Midwest (654.6 excess cases/100,000) and West (430.6) and lowest in

the Northeast (329.0) and Southeast (392.5).

The proportional symbol map of county-level rate differences illustrates our finding that highly populated
Midwestern counties generally had the largest absolute disparities (490+) in the US (Figure 3A). However,
counties with the largest absolute disparities were identified in all US regions, including the Northeast and
West. Northern Virginia, Georgia, and southeastern Florida had lower than average absolute differences
in gonorrhea rates, though the rate differences were still all larger than 25 excess cases per 100,000

population.



Relative disparities in gonorrhea diagnoses were high nationally, with NHB females experiencing a rate
that was 7.7-fold the rate among NHW females. In contrast to absolute disparities, NHB-NHW rate ratios
were highest in the Northeast (12.4); this reflected the very low relative rate of gonorrhea in NHW females
in the region vs. the relative rate in NHB females (0.45 vs. 0.72) (Table 1). Rate ratios were also high in the
Midwest (11.2); here the difference was driven by the very high relative rate in NHB (1.45), while the rate
in NHWs was identical to that observed nationally. Rate ratios were lower in the Southeast (6.4) and West
(6.8). The geographic distribution of counties with the highest relative disparities was somewhat different
than those with the highest absolute disparities; notably, a higher proportion of counties in the Northeast
and Southeast with comparatively lower absolute disparities had relative disparities 29.0 (e.g., parts of
Virginia, the New York City metro area, and Massachusetts). In contrast, some areas with larger absolute
disparities experienced smaller relative disparities, notably the Dallas-Fort Worth metro area and counties
comprising the Los Angeles and San Francisco metro areas. As with absolute disparities, almost all counties
in the US had NHB female gonorrhea rates 23.7 times the rate experienced by NHW females, with NHB

females in most metro areas experiencing >5.8-fold difference in rates.

Discussion
In this analysis, we examined the epidemiology of gonorrhea among women using detailed visualizations

of between- and within-race disparities in county-level average case rates in NHW and NHB females. We
found that profound disparities by race were ubiquitous, perhaps reflecting the pervasiveness of
structural racism, social, and network factors that leave Black women structurally more vulnerable to high
rates of STIs?*?’. However, our findings also demonstrate the heterogeneity of these disparities and

challenges a view of the Southeast as somehow distinct from other parts of the US?%43,

Although the absolute burden of NG cases among NHB and NHW females is indeed highest in the
Southeast, that reality does not owe to unique patterns of disparities or outsized race-specific rates, but

rather is influenced by the region’s concentration of persons often subject to the same race-associated



vulnerabilities pervasive throughout the US. Indeed, we found that absolute disparities were highest in
the Midwest and West, driven in large measure by rates of gonorrhea among NHB women that were
higher than other regions. In contrast, relative disparities were highest in the Northeast, where rates in
both NHW and NHB females were lowest, but where the relative rate in NHW females (compared to the
US NHW rate) was lower than that in NHB females. These results are similar to analyses of NHB-NHW
disparities in HIV32 and syphilis diagnoses®! among US females, which found the highest relative disparities
of both infections in the Northeast, but higher absolute disparities and NHB female-specific rates outside
of the Midwest, which may indicate differences in social determinants most influential in these infections

compared to gonorrhea.

We chose to examine both relative and absolute racial disparities to provide a more comprehensive and
balanced picture of the burden of gonorrhea in both populations. Absolute disparity metrics incorporate
the scale of the disease measure being compared and provide a better sense of overall rate of disease in
the population**. This is best illustrated by the large absolute disparities we identified in Midwestern
counties, which accurately reflect the high rates of gonorrhea among NHB females in this region.
Conversely, relative disparity metrics are inherently scaleless and uninformative about underlying rates
of disease. For example, we identified similarly high relative disparities in the Midwest and Northeast
despite vastly different rates of disease among NHB females in these two regions. Previous work has
demonstrated that a simultaneous increase in relative disparities and reduction in absolute disparities is
often an interim stage as burden of disease declines in both populations*®*!; as demonstrated in previous
work, monitoring temporal changes in both metrics, along with group-specific rates of disease, is

therefore critical to ensuring both groups progress towards reduced morbidity**.

The maps produced in our analysis can offer two main advantages for visualizing racial disparities in
gonorrhea and other conditions. First, these maps explicitly detail geographic patterns of multiple

disparity metrics and allow for comparisons of geographic patterns by these different metrics.. Despite a



laudable emphasis on reducing racial disparities, the 2021-2025 National STI Strategic Plan does not
clearly define specific disparity measures and quantifiable targets®; we hope this work could contribute
to setting such goals and help prioritize jurisdictions with highest disparities. Additionally, our maps
provide a level of granularity that highlights the heterogeneity in disparities within regions along with
population size, providing a more detailed characterization of the influence different geographic areas

have on national and regional trends.

We had hoped to identify a subset of counties in which the rate of gonorrhea among NHB females was
equal to, or less than, the rate among NHW females and explore characteristics of these counties in future
analyses. However, such counties were rare and home to very few NHB females, suggesting that racial
disparities are a ubiquitous feature of gonorrhea epidemiology in the US; as such, subsequent analyses
will necessarily involve exploring factors influential in the degree rather than the presence of disparities.
For example, segregation of communities by racial identity* has resulted in neighborhood conditions that
sustain higher STI endemicity through inequitable access to education, economic opportunity, and
housing, and sexual health care. The greater disparities for NHB females residing in the Northeast and
Midwest revealed in our analysis may be a reflection of contexts created by highly racially segregated
communities; of the 10 most racially segregated metropolitan areas in the US, all but one (Miami-Miami
Beach-Kendall) are located in the Northeast or Midwest*. Given the large variation in social conditions
within counties, analyses of the role of social determinants on STI disparities within smaller geographic

units, such as the census tract or zip code, should also considered where data permits.

We acknowledge several potential limitations of our analysis. Assessment of race/ethnicity, gender, and
sex is not standardized across reporting jurisdictions and may lead to systematic differences in
ascertainment and inaccurate reflection of these identities. Data from suppressed counties were not
included; however, this was a small proportion of reported cases (8%), and only 4% and 6% of the NHB

and NHW population, respectively, lives in counties where data were suppressed. Virtually all laboratory-



confirmed diagnoses are reported to public health departments given that gonorrhea is a nationally
notifiable disease, but populations with lower access to screening are likely under-diagnosed. However,
the United States Preventive Services Task Force recommends annual gonorrhea screening for sexually
active females <24 years and females >25 years at increased risk for infection’. Finally, our depictions of
geographic variation in within-race gonorrhea rates should not be used to compare morbidity between

NHB and NHW given the large disparities observed.

In summary, our maps provide a more comprehensive geographic visualization of NG epidemiology
among US females that contributes a novel perspective to previous work locating high NG morbidity
outside of the US Southeast. Our findings can focus public health efforts on specific localities with highest
morbidity and disparities, which exist in all US regions. Our results can also contribute to development of
template for monitoring racial disparities as an explicit and actionable public health metric that is worthy
of a detailed and comprehensive national roadmap to elimination. Finally, we hope that our work will
prompt future efforts to uncover and address systemic sociocultural causes, mediating factors, and
pathways underlying the large and ubiquitous disparities in STI morbidity and ultimately lead to increased

health equity.



Tables and Figures

Figure 1: Map of average county-level relative Neisseria gonorrhoeae rates, 2015-2018, a) White, non-
Hispanic county-level age-adjusted female rate relative to national rate among White females, b) Black,
non-Hispanic female county-level age-adjusted rate relative to national rate among Black non-Hispanic
females
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Figure 2. County-level Black Female NG Rate relative to the National NG Rate in Black, non-Hispanic
Females with County-level White Female NG Rate relative to the National NG Rate in White, non-
Hispanic Females
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Figure 3. Maps of A) County-level Black Female-White Female Rate Difference B) County-level Black
Female-White Female Rate Ratio
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Table 1. Average US and regional gonorrhea population, cases, rates in non-Hispanic Black (NHB) and
non-Hispanic White (NHW) females, 2015-2018

rate’

United Midwest Northeas | Southeas West
States t t
NHW Female Population 100,240,311 | 26,173,39 | 18,900,98 | 35,755,36 | 19,410,57
4 2 2 1 9
. 12,331,99
NHB Female Population 21,079,157 3,690,971 | 3,334,123 4 1,722,070
NHW Female gonorrhea cases 62,394 16,766 5,230 25,796 14,402
NHB Female gonorrhea cases 104,522 26,541 11,931 57,347 8,703
NHW Female gonorrhea Rate! 64.1 64.1 28.8 72.1 74.2
NHB Female gonorrhea Rate! 495.9 718.7 357.8 464.6 504.8
NHB Female-NHW Female Rate 431.8 654.6 329.0 392.5 430.6
Difference
ReglonaI.N3HB Female-NHW Female 77 11.2 124 6.4 6.8
Rate Ratio
NHV:I Relative rate compared to US i 1.00 0.45 112 116
rate
NHB Relative rate compared to US i 1.45 0.72 0.94 1.02

Rates calculated from 4-year average population and reported cases may differ slightly from rates
presented below, which are the average of 4 single-year rates
ZRate Difference= NHB female gonorrhea rate — regional NHW female gonorrhea rate

3Rate Ratio= NHB female gonorrhea rate/regional NHW female gonorrhea rate

4*NHW female gonorrhea rate/US NHW female gonorrhea rate
> NHB female gonorrhea rate/US NHB female gonorrhea rate




Chapter 3. Diverging Neisseria gonorrhoeae morbidity in NHW and NHB
non-Hispanic females: Application of group-based trajectory modeling to
trends in county-level morbidity 2003-2018

Abstract
Introduction

National trends in gonorrhea rates may obscure local variations in morbidity. We used Group-based
Trajectory Models to identify groups of counties with similar gonorrhea rate trajectories among Non-

Hispanic White (NHW) and Non-Hispanic Black (NHB) females.
Methods

Using county-level data on gonorrhea cases in US NHW and NHB females 2003-2018, we used group-
based trajectory models to estimate rate trajectories separately for NHB and NHW females. We assessed
models with 1-15 groups and selected final models based on fit statistics and identification of divergent
trajectory groups with distinct intercepts and/or slopes. We mapped counties by assigned trajectory

group and examined the association of county characteristics with group membership.
Results

We identified 7 distinct trajectory groups for NHW females and 9 distinct groups for NHB females. All
identified groups for NHW female morbidity experienced increasing gonorrhea rates; trajectories of NHB
female morbidity were diverse and included 3 groups with a net decline in gonorrhea rates. Counties with
higher NHW female morbidity had lower male:female adult sex ratios, lower health insurance coverage,
and lower marital rates. Counties with higher NHB female morbidity were more urban, experienced higher

rates of poverty, and lower rates of marriage.
Conclusion

National data obscure a highly heterogenous gonorrhea epidemic for both NHW and NHB females.
Morbidity patterns did not always follow geographic proximity, which could be explained by variation in
social determinants of health. This exploratory analysis should prompt further analysis into the differential

drivers of gonorrhea morbidity.



Introduction

Gonorrhea (caused by the Neisseria gonorrhoeae [NG] bacterium) is the second most-commonly reported
sexually transmitted infection (STI) in the US*. Among females, NG infection is associated with serious
reproductive sequalae®**8, Between 2015-2020, the NG rate among US females increased from 106.3 to
172.7 cases per 100,000 females*°, the highest level since 199124, with all US states experienced varying
levels of increased rates®. During this same period, NG rates among non-Hispanic White (NHW) females
increased 70%, while rates among non-Hispanic Black (NHB) females increased 21%. The extent to which
these increases affected all areas of the US simultaneously versus affecting different areas at different
times is uncertain. Identification of areas with heterogenous trends could help identify macro-level factors
that influence NG epidemiology and perhaps identify spatiotemporal patterns in how gonorrhea

epidemics spread.

While there is a robust body of work on individual-level behavioral risk factors for NG, social determinants
of risk?275051 ' and disparities in subpopulations defined by race®?>3, age®*, and sexual orientation?>°>°,
there is considerably less published research characterizing heterogeneity and correlates of population-
level spatiotemporal trends. In part, this reflects difficulty summarizing large-scale variation in such trends
with traditional descriptive methods. Group-based trajectory models (GBTM) are a class of finite mixture
models that can identify and define groups of individuals following similar trajectories of a characteristic
over time®’. These models are increasingly recognized as a powerful tool for group-level longitudinal
epidemiologic data and have recently been used for county-level analyses of trends in all-cause mortality>®
and SARS-CoV-2 infection®® in the US. To our knowledge, GBTM has not been used to characterize such

trends in NG or other STls.

In this exploratory analysis, we used GBTMs to characterize the spatiotemporal epidemiology of NG
among US females by classifying and mapping counties based on their trajectories of NG morbidity among
NHB and NHW females. We chose to compare these two populations because NHB females experience
the highest rates of NG, while NHW females constitute the largest racial group in the US and have
historically experienced far lower rates of NG °>. We then sought to identify and characterize areas where
trends in race-specific female NG morbidity anticipated or diverged from national trends during the period

examined. This stratified approach also allowed us to assess how trends varied between NHB and NHW.



Methods

NG is a nationally notifiable condition, and all laboratories and medical providers are required by law to
report diagnoses to local health departments, which subsequently report to state STI control programs
and finally to the National Electronic Telecommunications System for Surveillance (NETSS) at the US
Centers for Disease Control and Prevention (CDC). We used surveillance data on NG cases reported for
years 2003-2018 as of September 25, 2019, aggregated by year at the county level and stratified by race
and ethnicity2. We initially examined trends in NG epidemiology among all females; however, we found
that the racial composition of counties’ population was the strongest predictor of identified group

membership by a factor of >5 (results not shown).

For each race-stratified model, we used data from counties that 1) reported >1 NHW or NHB female NG
case each year and/or 2) reported an average of >2 NHW or NHB female NG cases annually to retain
counties with substantial but inconsistent morbidity. County-level NHW and NHB female-specific rates
per 100,000 were calculated using the total number of NHW or NHW female residents each year as the
denominator; population data was obtained from the US Census®’. County-level NHB and NHW female
NG rates were log-transformed due to a highly skewed distribution (NHW females: median 80.7/100,000,
mean 121.3, range 0.6-3,039.3; NHB females: median 462.3/100,000, mean 627.4, range 1.6-8,792.6).

We used the SAS Proc Traj®® procedure to estimate county-level rate trajectories separately for NHB and
NHW females. This procedure estimates a discrete mixture model to identify and cluster individual time-
series data into groups with similar trajectories®®. Unlike hierarchical or latent growth analysis, GBTM does
not assume that the underlying trajectories within a population follow a continuous distribution. For each
race-stratified procedure we estimated a model with 1 group with a cubic trend and sequentially
increased the number of groups by 1 until reaching 15 groups, assessing Bayesian Information Criteria
(BIC), Akaike’s Information Criteria (AIC), log-likelihood, percentage of group membership, and average
posterior probabilities of group membership (AvePP*’) as indications of model fit. The AvePP is the mean
posterior probability of counties’ membership in each of n groups. After the addition of each group, the
model was assessed for fit; if the cubic term of any group(s) was not statistically significant («=0.05), a
model including quadratic and linear terms only for those group(s) was estimated and compared to the

previous model; if the quadratic term of that group was not statistically significant, a model with a linear

2 County-level aggregate case data were obtained from the Division of STD Prevention, National Center for HIV, Viral
Hepatitis, STD, and TB Prevention, US Centers for Disease Control (CDC) under an approved Data Use Agreement.



https://www.cdc.gov/nchhstp/default.htm
https://www.cdc.gov/nchhstp/default.htm

term only was estimated for that group and if no terms were significant, an intercept-only trajectory for
that group was estimated®. Final model selection was based on fit statistics and identification of divergent

groups with distinct intercepts and/or slopes.

We mapped counties by assigned trajectory group using the urbnmapr package® in R to examine their
geospatial distribution. We then calculated the number of NHB and NHW female NG cases each identified
group of counties contributed to the national annual total and the 2018 NHW and NHB female population

residing in counties comprising each identified group.

Finally, we examined the association of county-level characteristics with trajectory group membership
separately for the NHW and NHB female models. We obtained the following characteristics from the US
Census American Community Survey (ACS) 5-year estimates covering the period of 2008-2018: 1) % of
NHW/NHB adults with income <100% of the Federal Poverty Level (FPL), 2) % of NHW/NHB persons age
>15 who are married, 3) % NHW/NHB adults without health insurance, and 4) income inequality as
measured by Gini coefficient. We elected to use the 5-year ACS estimates because: 1) 5-year estimates
are available for all counties regardless of population size and because our goal was to understand the
effect of general social/economic conditions represented by these characteristics on the trajectory of
female NG morbidity. We also examined the ratio of males to females (age 215) for NHW/NHB adults,
derived from Census population estimates. For ACS and population characteristics, we examined both the
average value of each variable over all 5-year estimates and the percent change in each characteristic
between the earliest and most recent estimates. We also included the 1990, 2006 and 2013 county
urbanicity from the National Center for Health Statistics’ Urban-Rural Classification Scheme for Counties®
as a weighted average of these three estimates (0.1875*1990 estimate), (0.4375*2006 estimate) and

(0.375*2013 estimate), and as a % change in the county’s urbanicity classification between these years.

For each race-stratified model, we constructed two multinomial logistic regression models to estimate
adjusted odds ratios (aORs) and 95% confidence intervals for the effect of these county-level covariates
on trajectory group membership relative to membership in the trajectory group most resembling the
national average trajectory for that race group. aORs were reported as a function of a change in 1 standard
deviation (SD) in each covariate. In both models, we controlled for the proportion of the population that

was NHW and NHB.

Results

NHW female model



We selected a model with 7 distinct trajectory groups for county-level NHW female NG rates in 1,785
counties with sufficient data for inclusion in the analysis. Excluded counties (N=1,360) reported an average
of 0.76 cases annually; 123 counties (3.9%) reported no female NG cases 2003-2018. Model fit continued
to improve with increasing numbers of groups (Supplemental Table 1); however, we were unable to obtain
convergence for models with >13 groups. The inclusion of an eighth or more groups produced only roughly
parallel additional groups, with little emergent difference between group intercepts and slopes
(Supplemental Figure 1). The AvePP for all 7 groups was higher than Nagin’s suggested criteria of >0.70°’
(Table 1A).

The NHW model with 7 groups included a distinctive group of counties that experienced stable NG rates
from 2003-2008 followed by a >500% increase in rates between 2008-2018 (Group 6 in Figure 1B). The
rise in NG rates in this group — which comprised only 2.5% (N=79) of included counties and 4% of reported
NHW female cases in 2018 (Table 2) - antedated a roughly simultaneous increase in groups 3, 4, 5, and 7.
Group 7 counties experienced the highest morbidity until 2015, after which it was overtaken by group 6.
Group 6 counties were located primarily in the Southeast and Mississippi river delta, California, New
Mexico, and WA State, and were often located adjacent to the more numerous and populous group 7
counties (Figure 1A). However, this pattern of adjacency was not consistently observed in WA State or
northern California. Despite being home to only 17% of the NHW female population in the US, counties

in these 2 groups contributed 35% of all reported cases among NHW females in 2018.

Counties in 6 of identified 7 groups experienced increases in the NG rate among NHW females, but the
size of this increase varied dramatically, from 46% (group 1) to 352 (group 6); in absolute terms, these
changes varied from 3.7 to 141 cases per 100,000 (Table 1A). Groups 3, 4, 5, and 7 experienced roughly
parallel trajectories of NG morbidity. Although we observed some geographic clustering of counties by
trajectory group (e.g., group 7 included clusters of counties along the Mississippi, in the Carolinas, and in
California and group 2 and 3 counties were clustered in the northeast), many groups included counties
were widely dispersed across different regions of the U.S. For example, counties in the largest group
(group 5), comprising 17% of all US counties and home to 29% of NHW females, were located throughout
all US regions. We identified a small group of counties (group 1, N=23) with very low rates that contributed
<1% of all cases among NHW females in 2018. Counties in group 1 were mainly located in rural areas of
the Northeast and mountain West. One other group with stably low rates (group 2) was identified and

counties in this group were clustered in the Northeast and Midwestern states.

NHB female model



We selected a model with 9 distinct trajectory groups for county-level NHB female gonorrhea rates in
1,265 counties with sufficient data. Excluded counties (N=1,878) reported an average of 0.45 cases; 850
counties (27%) reported no NG cases among Black females. Model fit continued to improve with
increasing numbers of groups (Supplemental Table 2) up to 15 groups. The inclusion of a tenth or more
groups produced only roughly parallel additional groups, with little emergent difference between group
intercepts and slopes (Supplemental Figure 1). The AvePP for all 9 groups was higher than Nagin's

suggested criteria of 20.70% (Table 1B).

The trajectories observed among NHB females were more diverse that those observed for NHW, though
as in NHW, most groups experienced increases in gonorrhea rates between 2015-2018. The identified
groups fell into three general patterns. In the first pattern, two groups had initially stable rates that later
increased (groups 6 and 7, Figure 2B). These groups experienced the largest relative and absolute changes
in gonorrhea rates over the 15-year period of observation. Counties in these groups were distributed
throughout the Southeast, West, and Midwest. Group 6 was small but distinctive with a low initial rate in
2003 that increased >150% between 2009-2018 (Figure 2B) and comprised 2.3% (N=30) of included
counties and 0.4% of reported cases among NHB females in 2018 (Table 1B), with no obvious geographic
pattern. Secondly, four groups (3, 5, 8, 9) experienced declines in NG rates between 2003-2015 followed
by increases from 2015- 2018 (Table 1), with a net decline over the 15-year study period in three of these
four groups. Group 9 counties, with consistently highest rates, were concentrated in the Midwest with a
notable cluster at the juncture of Oklahoma, Texas, and Arkansas. Group 8, the largest group, comprised
12% of counties home to 35% of NHB females and contributed >40% of cases in 2018; counties in this
group were concentrated in the Southeastern US. Finally, counties in groups 1, 2, and 4 had roughly stable
rates 2003-2018, though rates in all 3 groups were >100/100,000 for all years observed and increased 13-
37 cases/100,000 (Figure 2B). Most counties in group 2 (205-220/100,000 in all years) were clustered in
the Northeast and Washington, DC metro area. A very small group of counties (group 1, N=37) had
consistently low morbidity (115.8 to 146.3/100,000). Counties in group 1 were home to 2.2% of US NHB
females and clustered in the Northeast but were also found in California, Washington state, Utah, and

Florida (Figure 2).
NHB and NHW females residing in counties comprising each trajectory group

A cross-tabulation of the number of NHW and NHB females residing in each identified NHB and NHW
trajectory groups are presented in Supplemental Table 3. The majority of the NHW female population

residing in group 7 counties (the group with the highest morbidity among NHW females) was evenly



distributed between the two groups of counties with highest NHB female morbidity (group 8 [43%] and
group 9 [39%]). Similarly, over 30% of NHW females residing in group 1 (with the lowest morbidity for
NHW females) were residents of the counties with lowest NHB female morbidity (groups 1 [22%] and 2
[10%]) and no NHW females residing in group 1 were residents of counties with high morbidity for NHB
females (groups 6-9). However, NHW females in group 6, which experienced a similar rate of increase as
group 7, were more evenly distributed across all identified NHB trajectory groups; the same pattern was
observed for groups 2-5. We observed a similar pattern of distribution for the NHB female population.
45% of NHB females residing in group 9 (with the highest morbidity in NHB females) were residents of
counties in the group with highest NHW female morbidity (group 7), and 36% were residents of counties
in NHW group 5 (with the third highest morbidity among NHW females by 2018). No NHB females residing
in the counties with lowest NHB morbidity (groups 1 and 2) were residents of the groups with highest

NHW female morbidity (groups 6 and 7).
Logistic models of county-level characteristics associated with group membership

Figures 3A and 3B plot the adjusted ORs (aORs) and 95% confidence intervals for county characteristics
significantly associated with membership in at least 1 identified NG trajectory group in the NHW female
and NHB female models, respectively. Numerical results are shown in tabular format in Supplemental

Tables 4 (NHW) and 5 (NHB).

In the NHW female model, aORs compare the odds of membership in each group relative to group 5 (the
group closest to the national trajectory for NHW females). Factors associated with membership in groups
with lower morbidity in NHWs included a higher average ratio of adult NHW males to NHW females and
a smaller proportion of the population being uninsured. Rural counties were more likely to be members
of groups with higher morbidity. County-level income inequality and poverty among NHW adults were
not associated with NHW trajectory group membership (Supplemental Table 3). In the NHB female model,
aORs compare the odds of membership in each group relative to group 8 (the group closest to the national
trajectory in NHB females). Counties in group 9 (the highest morbidity counties) were characterized by
greater urbanicity, a higher proportion of Black adults with incomes below the federal poverty line, and a
lower percentage of married Black adults. Conversely, counties in group 1 (the lowest morbidity group),

were characterized by a low proportion of Blacks lacking health insurance but higher income inequality.



Discussion

In this analysis, we used GBTM to describe the spatiotemporal variation in NG rates among US NHW and
NHB females between 2003 and 2018. Our findings highlight the profound geographic heterogeneity in
trends in gonorrhea rates, and how these trends may vary at the local level between NHB and NHW
women. Among NHWs, rates increased in almost all groups defined by our model, though the relative
and absolute magnitude of that increase was highly variable. Rate trajectories among NHBs were more
diverse than among NHWSs, with 3 groups of counties experiencing a net decline in female case rates
between 2003-2018. While we observed instances of geographic clustering of trajectory groups, with
most counties in the low morbidity groups located in the northeastern and midwestern states, we also
found that counties experiencing similar trajectory patterns were often widely distributed. Several factors
associated with county membership in high or low morbidity clusters, including male to female ratios,
poverty, and insurance status, highlight the potential role of social determinants of health in shaping

gonorrhea epidemiology.

The geographic patterns we observed among trajectory groups should generate new hypotheses about
the drivers of NG epidemiology. Counties with similar trajectories may have linked epidemics,
epidemiologically separate but parallel epidemics shaped by shared social determinants, or separate
epidemics driven by distinct causes. For example, in the NHW model, the increasing rates in group 6
counties predated a similar rate of increase in frequently geographically adjacent group 7 counties by 6
years. This may suggest that increased transmission in group 6 counties fueled the subsequent rise in
adjacent group 7 counties; alternatively, higher transmission in group 7 counties may have spilled over
into adjacent group 6 counties. This pattern is supported by previous work showing that areas of
concentrated NG transmission may drive morbidity in geographically proximate areas®. However, the
wide distribution of counties in the same trajectory group could alternatively be explained by economic
or other connections to more distal high morbidity areas®We also observed that much of the NHW
population of high morbidity NHW counties were also residents of high NHB counties, and vice versa. This
may indicate that NG transmission networks are not as racially assortative as those previously identified

in studies of HIV transmission networks®”.

Given national trends of increasing NG morbidity in both NHW and NHB females, the identification of
trajectory groups with decreasing or stably low rates among both groups was somewhat unexpected and
likely points to underlying geographic heterogeneities in upstream factors influential in STl epidemiology.

Some of these, such as marital rates®® %, poverty?>7%7%, and health insurance coverage’?, are supported by



previous work. However, a number of associations we identified were surprising. For example, rural
counties were more likely to have higher morbidity for NHW females, while urban counties had higher
morbidity for NHB females, indicative of multiple, possibly disparate, population-level determinants of NG
risk. We also found that low adult sex ratios were not significantly associated with high NG morbidity in
the NHB female model, despite multiple studies that have linked lower male to female ratios with higher
rates of STls among persons of Black race in the US’>74, Similarly, we found that income inequality was
inversely associated with membership in the lowest morbidity trajectory for NHB females, contradicting
previously described associations between income inequality and STls for both NHW and NHB persons’>™
77, However, a 2013 study of NG rates in US metropolitan areas found the association between income
inequality and NG rates was attenuated after controlling for racial geographic segregation’®, a factor we
were unable to account for. We should emphasize that our analysis of county-level factors associated with
group membership was ecological in nature and does not imply a causal, temporal relationship between
changes in these characteristics and NG morbidity. However, the goal of our analysis was to examine the
general socioeconomic conditions associated with identified NG trends, which is more salient as our view

of STl risk broadens from individual-level factors to the social context in which individuals exist.

We acknowledge several limitations that may have affected our analysis. Surveillance does not capture
all NG infections, particularly asymptomatic and extragenital (i.e., pharyngeal and rectal) infections which
are less likely to be diagnosed and reported. However, because NG is a nationally notifiable condition, we
expect that data captured a large proportion of infections. Because current gender is inconsistently
collected across jurisdictions reporting NG case data, female sex may not reflect the gender identity of
persons within the data. We also note several important strengths of our analysis. We are not aware of
prior publications using GBTM to characterize spatiotemporal trends in the morbidity of NG or any other
STl in the US. We believe this approach provides a unique insight into spatiotemporal trends in NG rates
that are not apparent when viewing a series of static maps with sequential annual rates. We utilized a
nationally representative dataset comprising virtually all reported cases of NG among females and
representative of over 97% of all NHW and NHB female NG cases reported during the period examined.
Furthermore, the results of our logistic models of group association generally reflect prior work linking

social determinants of health with NG morbidity, giving us confidence in our findings.
Conclusions

In this analysis, we have shown that the gonorrhea epidemic in US NHW and NHB females is highly

heterogenous. This heterogeneity did not consistently follow patterns of geographic proximity, which



points to variation in the social determinants of health driving inequities in STI morbidity. Our results
should also generate further research into the factors shaping shared epidemic trajectories across

multiple geographies.



Tables and Figures
Table 1. Model trajectories, number and percent of assigned counties, and average posterior probabilities and rates per 100,000 in counties assigned to a) each
of 9 groups for non-Hispanic White females, and b) each of 7 groups for non-Hispanic Black females

Model for White Female County-level morbidity (7 groups)
. Average Counties White Female Cases 2003 Cases 2018 Rate Rate Abs.olute Rate % Rate
Trajectory Posterior N (%) Population 2018 N (%) N (%) 2003 2018 Difference Change
Probability 2003-2018 2003-2018
1 91.5 23 0.7% 1,583,207 1.6% 100 0.3% 222 0.3% 7.9 11.6 +3.7 +46.6%
2 78.4 125 4.0% 7,846,150 7.8% 2,410 6.7% | 2,509 | 3.3% 30.4 314 +0.9 +3.0%
3 91.7 243 7.7% 16,227,450 16.2% | 2,506 7.0% | 4,911 | 6.4% 16.4 36.4 +20.0 +121.7%
4 85.5 424 13.5% | 21,291,177 21.3% | 4,581 12.7% | 14,437 | 18.9% | 23.1 84.5 +61.4 +266.4%
5 88.6 534 17.0% | 29,155,695 29.1% | 12,799 35.5% | 25,281 | 33.1% 44 99.1 +53.2 +115.7%
6 80.9 79 2.5% 2,009,678 2.0% 703 2.0% | 3,139 | 4.1% 40 181.0 +141.0 +352.5%
7 92.5 357 11.4% | 15,365,112 15.3% | 12,152 33.8% | 23,742 | 31.1% | 82.9 183.3 +99.3 +119.8%
No Data - 1,357 43.2% 6,638,996 6.6% - - - -
Total - 3,145 100% | 100,117,465 100.0% | 36,008 100% | 23742 | 100% 35.6 76.3 +40.7 +114.3%
Model for Black Female County-level morbidity (9 groups)
. Average Counties Black Female Cases 2003 Cases 2018 Rate Rate Abs_olute Rate % Rate
Trajectory Posterior N (%) Population 2018 N (%) N (%) 2003 2018 Difference Change
Probability 2003-2018 2003-2018
1 92.4 37 1.2% 468,672 2.2% 424 0.4% 682 0.6% | 115.8 | 146.3 +30.5 +26.3%
2 76.5 63 2.0% 929,456 4.4% 1,375 | 1.2% | 2,038 | 1.8% | 205.9 | 219.0 +13.1 +6.3%
3 78.8 64 2.0% 365,115 1.7% 1,119 | 1.0% | 1,100 | 1.0% | 526.3 | 358.8 -167.5 -31.8%
4 78.2 209 6.6% 3,437,789  16.1% 9,392 | 85% | 9,841 | 8.7% | 336.5 | 373.5 +37.1 +11.0%
5 76.9 157 5.0% 2,016,848 9.5% 8,816 | 8.0% | 7,987 | 7.1% | 522.3 | 413.2 -109.1 -20.9%
6 84.5 30 1.0% 165,063 0.8% 128 0.1% 504 0.4% | 172.1 | 497.9 +325.7 +189.3%
7 77.6 220 7.0% 2,432,153  11.4% 9,906 | 9.0% | 12,165 | 10.8% | 439.5 | 615.7 +176.1 +40.1%
8 86.4 372 11.8% | 7,546,352  35.4% | 42,587 | 38.7% | 46,860 | 41.5% | 685.8 | 708.8 +23.1 +3.4%
9 90.6 113 3.6% 3,681,157 17.3% | 36,398 | 33.0% | 31,095 | 27.5% | 1037.4 | 966.0 -71.4 -6.9%
No Data - 1,877 59.7% | 283,557 1.3% - - - -
Total - 3,145 100% | 21,326,162 100.0% | 110145 | 100% | 113010 | 100% | 586.3 | 529.9 -66 -11.3%




Figure 1. Spatial distribution of White Female NG Rate Trajectory Groups and Average county-level White female NG rate
by group
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Figure 2. Spatial distribution of Black Female NG Rate Trajectory Groups and Average county-level Black female NG rate
by group
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Figure 3. Adjusted odds ratios (aORs) of a) White Female NG Rate trajectories® and b) Black Female NG Rate trajectories® and 95% confidence intervals (Cl) for

demographic and socioeconomic variables significantly associated with group membership in each model®
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Supplemental Table 1. Parameters, BIC, and AIC for models with 1-15 groups

Black Females

White Females

Groups AIC BIC A BIC AIC BIC A BIC

1 -19536.9 -19549.8 -32380.4 -32394.1

2 -16777.9 -16803.6 2746.14 -27728.6 -27756.0 4631.44
3 -15972.3 -16010.9 792.76 -26311.3 -26352.5 1396.94
4 -15577.2 -15628.7 382.19 | -25800.5 | -25855.4 490.44
5 -15402.1 -15466.4 162.29 | -25589.5 | -25658.1 190.68
6 -15308.6 -15385.7 80.67 -25570.6 -25636.5 22.92
7 -15296.5 -15371.1 14.64 | -25434.3 | -25513.9 115.95
8 -15226.4 -15306.1 64.95 -25248.5 -25341.8 165.41
9 -15145.8 -15246.1 60.01 | -25217.9| -25316.7 22.5
10 -15117.6 -15230.7 1539 | -25099.7 | -25209.4 101.91
11 -15119.3 -15229.9 0.8 -25187.4 -25297.1 -87.67
12 -15091.7 -15215.1 14.78 | -25252.6 | -25359.6 -61.12
13 -15114.3 -15224.9 -9.72 -24919.0 -25097.4 227.65
14 -15124.3 -15237.4 -12.54 -

15 -15111.7 -15232.5 4.87 -




Supplemental Table 2A. % counties per group for Non-Hispanic White Females models with 1-13 Groups, 2B. % counties per group for Non-Hispanic

Black Females models with 1-15 groups,

Model

2A.

2 Group
3 Group
4 Group
5 Group
6 Group
7 Group
8 Group
9 Group
10 Group
11 Group
12 Group
13 Group
2B.

2 Group
3 Group
4 Group
5 Group
6 Group
7 Group
8 Group
9 Group
10 Group
11 Group
12 Group
13 Group
14 Group
15 Group

Supplemental Table 3. White Non-Hispanic Female (WNH) Population Residing in WNH and Black Non-Hispanic (BNH) Female Trajectory Group Counties

Group
1
44.90%
17.90%
10.90%
6.70%
1.50%
1.40%
1.00%
0.80%
0.60%
0.50%
0.50%
2.20%

38.8%
18.1%
5.4%
3.8%
3.4%
2.9%
2.7%
2.8%
2.8%
2.7%
2.5%
0.6%
0.6%
0.5%

Group
2
55.10%
44.10%
31.50%
18.90%
13.80%
7.70%
7.30%
4.60%
3.90%
1.00%
1.00%
5.00%

61.2%
45.6%
27.4%
19.7%
16.2%
6.5%
5.7%
4.8%
4.5%
4.1%
3.0%
2.3%
2.3%
1.2%

Group
3

37.90%
35.50%
31.10%
23.10%
13.30%
10.60%
6.80%
3.20%
4.60%
2.70%
6.90%

36.3%
43.1%
31.8%
14.1%
15.3%
14.0%
2.6%
2.4%
2.8%
6.7%
2.6%
2.9%
2.6%

Group
q

22.10%
30.40%
8.60%

23.40%
17.00%
18.00%
10.90%
6.50%

3.90%

12.40%

24.1%
33.9%
19.6%
30.3%
16.3%
5.3%
4.8%
18.5%
4.3%
6.2%
2.7%
5.3%

Group
5

12.90%
19.90%
5.00%
4.80%
6.30%
6.10%
17.60%
7.30%
8.50%

10.9%
35.0%
6.6%
6.2%
17.8%
19.6%
6.0%
5.3%
6.0%
6.0%
1.5%

Group
6

33.20%
19.70%
24.90%
4.60%
12.30%
6.30%
20.80%
4.30%

11.9%
29.3%
15.2%
15.7%
14.8%
12.1%
11.7%

3.9%

9.1%

8.8%

Group
7

29.50%
24.50%
24.10%
23.60%
22.90%
4.30%

1.90%

9.2%
30.0%
28.4%

9.1%
18.3%
14.0%
10.0%

6.4%

2.6%

Group
8

9.90%
24.90%
5.20%
4.30%
5.60%
4.60%

9.7%
13.4%
15.9%
12.6%

8.6%
11.8%

9.5%
13.9%

Group
9

9.90%
24.00%
4.00%
5.00%
17.40%

9.2%
18.1%
10.6%
12.4%
14.8%
14.1%

5.2%

Group
10

10.10%
8.80%

21.90%
19.00%

8.0%
9.8%
18.7%
9.6%
9.8%
11.8%

Group
11

23.40%
2.20%
1.40%

2.5%
10.4%
5.1%
8.4%
5.8%

Group
12

24.70%
6.90%

2.4%
3.6%
5.9%
9.5%

Group
13

9.60%

23.4%
18.9%
18.8%

Group
14

3.4%
10.1%

Group
15

2.4%



White Female Population by Trajectory Group

White Female Trajectory Group

7,546,352
3,681,157

0%

0%

14%

0%

1%

15%

0%

No Data 1 2 3 4 5 6 7
White
Female N=6,638,996 N=1,583,207 N=7,846,150 N=16,227,450 N=21,291,177 N=29,155,695 N=2,009,678 N=15,365,112
Population
Black White Black White Black White Black White Black White Black White Black White Black White Black
Black Female Female Female Female Female Female Female Female Female Female Female Female Female Female Female Female Female Female
Trajectory Group Population Population Population|Population Population| Population Population | Population Population | Population Population | Population Population | Population Population | Population Population
(Col %) (Row %) (Col %) (Row %) (Col %) (Row %) (Col %) (Row %) (Col %) (Row %) (Col %) (Row %) (Col %) (Row %) (Col %) (Row %)
No Data 283,157 93% 59% 15% 35% 24% 5% 25% 1%
1 468,672 0% 22% 3% 18% 7% 0% 0% 0%
2 929,456 0% 10% 5% 11% 14% 2% 2% 0%
3 365,115 1% 0% 4% 7% 6% 2% 6% 0%
4 3,437,789 2% 0% 11% 17% 24% 13% 25% 3%
5 2,016,848 1% 8% 25% 4% 4% 8% 5% 6%
6 165,063 0% 0% 0% 3% 3% 0% 8% 0%
7 2,432,153 2% 0% 3% 4% 10% 17% 15% 7%
8 1% 0% 20% 1% 7% 37% 14% 43%
9

39%




Supplemental Table 4. Logistic Model of County Group Membership compared to Group 5 — White Female

Model
Covariate Group Unit (1 SD) AdJUSteq Odds 95% ClI
Ratio

1 1.743 1.03 2.951
. . 2 1.3 1.046 1.616
White A‘(jl\‘jl':tF‘;’eX Ratio 3 5.9% 1.381 1.129 1.69
Average 2003-2018 4 1.204 1.013 1.431
6 0.897 0.668 1.204
7 0.83 0.713 0.965
1 0.732 0.395 1.357
. . 2 0.903 0.712 1.146
White A‘(jl\‘jl':tF‘;’ex Ratio 3 2.8% 0.616 0.491 0.773
% Change 2003-2018 4 0.74 0.621 0.881
6 0.845 0.645 1.106
7 1.012 0.885 1.158
1 0.878 0.482 1.602
County Urbanicity 2 0.989 0.756 1.292
(1=Urban Metro, 3 1.43 0.995 0.793 1.249
6=Noncore/Rural) 4 0.987 0.821 1.188
Average 2003-2018 6 1.455 1.033 2.049
7 1.394 1.155 1.682
1 1.138 0.647 2.001
County Urbanicity 2 1.021 0.822 1.269
(1=Urban Metro, 3 0.55 0.933 0.779 1.119
6=Noncore/Rural) 4 1.095 0.952 1.259
Difference 2003-2018 6 1.128 0.878 1.451
7 0.956 0.837 1.093
1 1.622 0.875 3.008
2 1.114 0.84 1.479
Income Inequality (GINI) 3 0.03 1.131 0.887 1.44
Average 2003-2018 4 ' 0.856 0.7 1.048
6 0.822 0.571 1.184
7 0.883 0.73 1.068
1 0.877 0.5 1.538
2 1.131 0.893 1.433
Income Inequality (GINI) 3 5.3% 0.984 0.801 1.21
% Change 2003-2018 4 1.088 0.932 1.272
6 1.136 0.884 1.46
7 1.014 0.883 1.166
1 0.56 0.228 1.379
% White Adults Earning 2 0.809 0.547 1.196
3 4.4% 0.758 0.554 1.037

<100% Federal Poverty
Level Average 2003-2018 4 1.233 0.97 1.567
6 1.438 0.982 2.105
7 0.917 0.726 1.158
1 2.6% 1.055 0.688 1.618




) . 2 0.98 0.741 1.296

% White Adults Earning 3 1173 0.955 144
<100% Federa;l Poverty 4 0.934 0.813 119

Leve

% Change 2003-2018 j 18;‘2 833; 11-23352
1 0.544 0.289 1.024

2 0.903 0.68 1.2
% White Adults Married 3 4.7% 0.719 0.565 0.915
Average 2003-2018 4 1.262 1.031 1.544
6 0.991 0.704 1.394
7 0.783 0.646 0.948
1 0.626 0.355 1.103
2 1.009 0.789 1.291
% White Adults Married 3 6.5% 0.959 0.766 1.202
% Change 2003-2018 4 1.014 0.852 1.207
6 0.87 0.656 1.153
7 0.941 0.817 1.085
1 0.199 0.077 0.512
% White Adults without 2 0.436 0.303 0.627
Health Insurance 3 3.7% 0.363 0.271 0.486
N — osst Lo | o
7 1.192 0.988 1.439

1 0.918 0.521 1.62
% White Adults without 2 0.979 0.771 1.242
Health Insurance 3 17.1% 1.139 0.941 1.378
S ssesToms | am
7 0.815 0.694 0.956




Supplemental Table 5. Logistic Model of County Group Membership compared to Group 8 — Black Female

Model
Covariate Group Unit (1 SD) AdJUSteq Odds 95% Cl
Ratio

1 1.423 0.98  2.065

2 1.025 0.687  1.53
ke Adul , 3 1.201 0.897 1.608
Blac A‘i:/lt:FS)ex Ratio 4 0.45 1.201 0974  1.48
Average 2003-2018 5 0.979 0.777  1.233
6 1.2 0.808  1.784
7 0.985 0.804  1.206

9 0.817 0595  1.12
1 1.075 0782  1.479
2 1.078 0.77  1.508
ek Adul . 3 0.807 0.592  1.099
(M:BF;"C Adult Sex Ratio y 1 12.3% 1.028 0.845  1.249
Change 2003-2018 5 0.781 0.621  0.983
6 1.082 0.777 1506
7 0.829 0.68  1.009
9 0.816 0.626  1.063
1 1.033 0575  1.856
N 2 1.101 0719  1.688
County Urbanicity 3 1.123 0753  1.673
éi&g;ii?e'\//';x:” 2 1.51 1.008 0788  1.289
Weighted Average 2003- > 1.354 1.038 1.766
5018 6 0.95 0.553  1.632
7 1.219 0.964  1.543
9 0.496 0.368  0.668
1 0.811 0.432  1.523
N 2 0.986 0.7 1.389
County Urbanicity 3 0.827 0635 1.078
Difference 4 0.59 0.923 0773  1.102

(1=Urban Metro,
5 0.996 0.821  1.208
6=Noncore/Rural) ) 1296 0,902 1862
Change 2003-2018 : : :

7 1.043 0.877  1.241
9 0.859 0.681  1.083
1 1.84 1102  3.072
2 0.912 0.611  1.361
3 0.902 0.607  1.341
Income Inequality (GINI) 4 3.2% 0.943 0.736 1.207
Average 2003-2018 5 0.911 0.702  1.183
6 0.928 0.535  1.608
7 0.8 063  1.016
9 0.967 0.714  1.309

Income Inequality (GINI) 1 5.7% 0.942 0.554 1.6
% Change 2003-2018 2 0.924 0.635  1.343




% Black Adults Earning

Health Insurance
Average 2003-2018

3
4
5
6
7
9
1
2
3
<100% Federal Poverty 4 9.9%
Level 5
Average 2003-2018 6
7
9
1
2
% Black Adults Earning 3
<100% Federal Poverty 4 34.2%
Level 5
% Change 2003-2018 6
7
9
1
2
3
% Black Adults Married 4 6.9%
Average 2003-2018 5
6
7
9
1
2
3
% Black Adults Married 4 26.2%
% Change 2003-2018 5
6
7
9
1
2
. 3
% Black Adults without 4 4.7%
5
6
7
9
1

53.1%

0.923
1.023
0.936
0.568
0.841
0.922
0.495
0.254
0.561
0.541
0.548
1.088
0.677
1.53
1.012
0.986
1.201
0.919
0.997
1.13
0.898
1.09
1.364
1.455
1.655
1.935
1.053
1.785
1.047
0.672
0.784
1.181
1.185
0.85
1.11
1.107
0.907
1.012
0.596
0.808
0.977
1.221
1.308
0.756
1.151
1.053
1.205

0.667
0.852
0.777
0.354
0.706
0.724
0.278
0.144
0.354
0.394
0.392
0.605
0.505
1.047
0.703
0.73
0.93
0.749
0.799
0.786
0.731
0.816
0.785
0.935
1.108
1.453
0.778
1.054
0.798
0.463
0.487
0.907
0.942
0.674
0.932
0.76
0.746
0.804
0.379
0.551
0.698
0.982
1.054
0.476
0.942
0.819
0.903

1.278
1.23
1.129
0.912
1.001
1.174
0.883
0.451
0.889
0.744
0.766
1.957
0.907
2.235
1.457
1.331
1.552
1.127
1.245
1.627
1.102
1.458
2.37
2.263
2.473
2.576
1.426
3.024
1.374
0.975
1.264
1.538
1.489
1.071
1.322
1.612
1.104
1.273
0.936
1.186
1.368
1.517
1.625
1.203
1.408
1.355
1.608



% Black Adults without
Health Insurance
% Change 2003-2018

OiIN|OO|Lnn|b|W|N

1.021
1.115
1.227
0.987
1.228
1.238
0.931

0.618
0.841
0.95
0.688
0.904
0.975
0.617

1.686
1.479
1.583
1.416
1.666
1.571
1.406



Chapter 4. Prior exposure to azithromycin and azithromycin resistance
among persons diagnosed with Neisseria gonorrhoeae infection at a
Sexual Health Clinic 2012-2019

Abstract

Background

There is conflicting evidence on whether prior azithromycin (AZM) exposure is associated with reduced

susceptibility to AZM (AZM®S) among persons infected with Neisseria gonorrhoeae (NG).
Methods

The study population included Public Health-Seattle & King County Sexual Health Clinic (SHC) patients with
culture-positive NG infection at 21 anatomic site whose isolates were tested for AZM susceptibility 2012-
2019. We used multivariate logistic regression to examine the association of time since last AZM
prescription from the SHC in <12 months with subsequent diagnosis with AZM®® NG (minimum inhibitory
concentration [MIC] 22.0 ug/ml) and used linear regression to assess the association between number of
AZM prescriptions in £12 months and AZM MIC level, controlling for demographic, behavioral, and clinical

characteristics.
Results

Atotal of 2,155 unique patients had 2,828 incident NG infections, 156 (6%) of which were caused by AZMF®
NG. AZM® NG was associated with receipt of AZM from the SHC in the prior 29 days (adjusted odds ratio
[aOR] 6.76, 95% Cl 1.76-25.90), but not with receipt of AZM in the prior 30-365 days. Log AZM MIC level
was not associated with the number of AZM prescriptions within €12 months (Adjusted correlation [aCor]
0.0004, 95% Cl -0.04, 0.037), but was associated with number of prescriptions within <30 days (adjusted

coefficient [aCoef] 0.56, 95% Cl 0.13-0.98)



Conclusion

Recent individual-level AZM treatment is associated with subsequent AZM® gonococcal infections. The
long half-life and persistence of subtherapeutic levels of AZM may result in selection of resistant NG

strains in persons with recent AZM use.

Introduction

Neisseria gonorrhoeae (NG) has progressively developed resistance to all antimicrobials previously used
for its treatment,®, leading the US Centers for Disease Control and Prevention (CDC) to declare
antimicrobial resistant (AMR) NG an urgent health threat’. In December 20208, the US CDC changed its
treatment recommendation for uncomplicated gonorrhea from a two-drug regimen of ceftriaxone 250mg
and 1gm of azithromycin (AZM) to ceftriaxone 500mg monotherapy. This change was prompted by
surveillance data demonstrating an increase in the percentage of Gonococcal Isolate Surveillance Project
(GISP) isolates with an AZM minimum inhibitory concentrations (MICs) 22.0 ug/ml (indicating reduced
susceptibility to AZM [AZMF®®] from 0.6% in 2013 to 5.1% in 2019; among 2019 isolates from men who
have sex with men (MSM), 8.8%* had an elevated MIC to AZM. Current British guidelines have similarly
dropped the inclusion of AZM as a second agent in treating gonorrhea®, though European® and

Australian®® guidelines continue to recommend AZM-inclusive regimens.

Currently, there is conflicting evidence regarding the relationship between individual-level AZM exposure
and subsequent AZM resistance in persons with NG infection. Exposure to erythromycin in vitro induces
high-level macrolide resistance in NG strains with low-level resistance!?, and there have been numerous
case reports of de novo selection for AZM resistance during NG treatment>4, A study of STl clinic patients
in the Netherlands found that NG isolates from persons who had received AZM in the preceding 30 days
had higher AZM MICs than isolates from patients who received AZM 31-60 days prior to diagnosis and

persons with no exposure to AZM in the preceding 60 days®. These findings are at odds with two UK



studies which evaluated the association of prior NGU, CT, or NG diagnoses >, or NG alone!®— proxies for

AZM exposure —and AZM® in persons with culture positive NG and found no such association.

We used data collected in the Public Health Seattle-King County (PHSKC) Sexual Health Clinic (SHC) to
evaluate the association between individual-level receipt of AZM for STI treatment and subsequent NG
infection with AZM®S. We hypothesized that AZM treatment in <12 months preceding NG diagnosis would
be associated with AZM®® NG, and receipt of more courses of AZM would be associated with higher AZM

MiICs.

Methods

Study Design, Study Population, Clinical Protocols & Demographic and Behavioral Data

The study population included all patients from the PHSKC SHC with culture-positive NG at 21 anatomic
site whose isolates were tested for AZM resistance between January 1, 2012, and December 31, 2019.
Patients presenting to the clinic answered questions detailing demographic information, sexual history,
and reason(s) for clinical visit using a computer assisted self-interview (CASI). During the visit, clinicians
verified sexual histories and documented exam findings, testing and treatment. Throughout the study
period, clinic policy recommended clinicians obtain specimens for culture from 1) persons with urethral
discharge and diplococci detected on gram stain, 2) persons with symptoms of NG (cervicitis, PID,
urethritis, proctitis, etc.), 3) persons reporting sexual contact to a partner with NG, or 4) persons who
previously tested positive for NG on molecular tests and are returning for treatment.. Among men who
have sex with men (MSM) evaluated as contacts to NG, clinicians collected culture specimens from all
exposed anatomical sites. Among men who have sex with women exclusively (MSW) and women
evaluated as contacts, from 2012-2016, clinicians collected only genital culture specimens; after 2016,

cultures were collected from all exposed anatomic sites; after 2016, clinicians added pharyngeal cultures



for individuals who reported performing oral sex in the past 2 months. In 2019, all MSW and women were

screened at the oropharynx regardless of their report of oral sex.

AZM Susceptibility Data

AZM susceptibility testing was performed at the University of Washington Neisseria Reference Laboratory
(NRL). From 2012-2016, urethral isolates were tested by agar dilution method?®®, while isolates from
extragenital and endocervical sites were tested using the Kirby-Bauer disk diffusion method using the
CDC’s protocol and azithromycin disk diffusion zone diameter breakpoints®. Isolates tested by Kirby-
Bauer disk diffusion with AZM zone diameters <30 mm (equivalent to agar dilution AZM MIC 20.5-1
pg/mL) were also tested by agar dilution. We imputed a low AZM MIC (0.25) for cultures with AZM zone
diameters >30mm. AZM susceptibility testing of isolates collected from 2017-2019 was performed by
Etest®. Isolates were classified as having AZM® if the MIC was >2.0 pg/ml. If patients had a culture-
positive infection at >1 anatomic site, we included the site with highest AZM MIC; if the MICs at multiple
anatomic sites were equal, we randomly selected one anatomic site to include. Isolates were linked to

patients’ medical records by the PHSKC SHC data manager to create a de-identified dataset for analysis.

Statistical Analyses

We used a retrospective cohort study design comparing AZM use in the preceding 12 months between
persons with NG infection with AZM® and without AZMP®®. Characteristics of patients with and without
AZM®S NG infections were compared using chi-square tests for categorical variables. We categorized
timing of last prescription for 1g or 2g AZM from the SHC in the preceding 12 months into 1 of 5 categories:
<30 days, 30-89 days, 90-179 days, 180-364 days, no AZM in past 365 days). We then examined the
association of timing of last prescription with having an NG infection with AZM®® using univariate and
multivariate logistic regression for clustered outcomes to account for persons with >1 visit in the study

period. We then examined the association between the number of 1 or 2g AZM prescriptions in the prior



12 months and log AZM MIC (due to the fact that MICs are a measured by dilution) using Spearman’s rank
correlation and multivariate partial Spearman’s rank correlation®® with robust standard errors. We
examined the association between the number of AZM prescriptions in the prior <30 days and log AZM
MIC using univariate and multivariate linear regression due to the abundance of ties produced by the
smaller range of possible prescriptions in this time period in Spearman’s rank correlation. Multivariate
models adjusted for anatomic site of infection (penile urethral, cervicovaginal, rectal, or pharyngeal),
number of sexual partners in <12 months (0, 1, 2-4, 5-9, 210, missing), self-reported HIV status, year (2012-
2013, 2014-2015, 2015-2017, 2018-2019) and season of NG diagnosis (December-February, March-May,
June-August, September-November)®, race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic
[any race], non-Hispanic Asian/Pacific Islander/Multiple Races, Declined/Missing/Unknown), patient’s
gender and sex of sex partner(s) (cisgender MSM, cisgender MSW, cisgender female,
genderqueer/trans/non-binary), age in years, and number of clinic visits in the prior 12 months. We also
repeated the univariate and multivariate models on restricted datasets of 1) only pharyngeal and rectal
isolates and 2) penile urethral isolates, given the higher proportion of AZM® infections detected at
extragenital sites®. As a sensitivity analysis, we also imputed higher (1.0) and lower (0.125) MIC values
forisolates that did not meet the threshold for Kirby-Bauer disk diffusion for each linear regression model.
Analyses were conducted using Stata software v15.1 (StataCorp, College Station, Texas). An o of 0.05 was

considered significant.

Human Subjects Protection

The University of Washington’s Human Subjects Division determined that all analyses were performed as
part of gonorrhea surveillance and control activities and were thus non-human subject research as defined

by federal and state regulations



Results

Study Population and Univariate Associations of Demographic and Clinical Characteristics with AZM? NG

Between 2012- 2019, 2,155 unique patients were diagnosed with 2,828 culture-positive NG infections,
156 (6%) of which had isolates with AZMP®S. Cisgender MSM, persons identifying as transgender,
genderqueer and/or non-binary, and persons of Hispanic ethnicity were more likely to have an AZM® NG
infection (Table 1). Isolates from the rectum and pharynx were more likely to be AZM®® compared to penile
urethral and cervicovaginal isolates. There were no significant differences between persons with AZM®®
and susceptible isolates by self-reported HIV status or age. Persons with an AZM® NG infection were more
likely to report having 210 partners in the previous 12 months (35% vs 24%, p=0.02). The proportion of
NG isolates with AZM® increased between 2012 and 2019, from 0% to 9% (p<0.001). However, there was
no significant association between AZM® and season of diagnosis or the number of clinic visits or AZM
prescriptions in the 12 months prior. The geometric mean of AZM MIC in persons with susceptible isolates
was 0.24 (range 0.03-1.0) and the geometric mean in persons with AZM® isolates was 2.42 (range 2-256)

(data not shown).

Univariate and Multivariate Regression Models

Of the 156 patients with AZM® NG infections, 115 (74%) had not received a prescription for AZM from
the SHC in <365 days, 4 (2.6%) received a prescription in £29 days prior to a subsequent NG diagnosis, and
37 (24%) had received AZM in £30-364 days prior to NG diagnosis (Table 2). These proportions were similar
when restricting to persons with extragenital vs penile urethral infections. In univariate analysis, diagnosis
with AZM® NG was associated with prescription of AZM in <30 days (Odds Ratio [OR] 3.52, 95%
Confidence Interval [CI] 1.32-9.38) compared to having no prescription for AZM in the previous 365 days
(Table 2); this association was stronger after adjustment for clinical, demographic, and risk behavior

characteristics (adjusted odds ratio [aOR] 6.76, 95% Cl 1.76-25.90). Having a prescription for AZM in 30-



89 days, 90-179 days, or 180-364 days prior was not associated with having AZM®® NG in either univariate
or multivariate logistic regression. In the multivariate model restricted to persons with a rectal or
pharyngeal infection, having an AZM prescription in the prior 30 days was associated with having an NG
infection with AZM®® compared to having no AZM prescription in the prior 365 days (aOR 5.40, 95% Cl
1.24-23.43) (Table 2); having a prescription for AZM in 30-89 days, 90-179 days, or 180-364 days prior was
not associated with having AZM®® NG rectal or pharyngeal infection in either univariate or multivariate
logistic regression. Although there was no association of AZM®® penile urethral infection and receipt of
AZM in the 30 days prior to diagnosis, we observed only 7 such infections and the aOR was similar to that

observed for other anatomic sites (aOR 8.17, 95% Cl 0.65-103.18).

Log AZM MIC was not associated with the number of AZM prescriptions from the SHC in the 12 months
prior to NG diagnosis (adjusted correlation [aCorr] 0.0004, 95% Cl -0.04, 0.037)(Table 3). This positive,
non-significant relationship was also observed in the model restricted to rectal and pharyngeal infections
(aCorr0.049, 95% Cl -0.011-0.11) (Table 3). For each additional AZM prescription in the past 30 days there
was a 0.56 (95% C.l. 0.13-0.98) increase in the log AZM MIC in multivariate analysis (Table 4). This
relationship was also significant when restricted to extragenital infections (a Coef 0.55, 95% Cl 0.03-1.08),
but not penile urethral infections alone (aCoef 0.52, 95% C.I. -0.27, 1.32). There were no substantial
differences in the strength, direction, or significance of these associations when varying the imputed MIC

for samples not meeting Kirby-Bauer disk diffusion threshold (data not shown).

Discussion

We found evidence for an association between recent (<30 days) receipt of AZM and subsequent AZMF®®
NG infection. This relationship persisted when we restricted our analyses to extragenital infections. While
the positive association between AZM receipt and NG infection with AZM®® among persons with a penile

urethral infection was not statistically significant, the similar effect size for this estimate along with wide



confidence bounds may indicate we did not have sufficient statistical power to detect such an association
if it exists. We also found a significant relationship between the number of exposures to AZM and
increasing levels of resistance in NG infections acquired within 30 days, but not with the cumulative
number of AZM exposures in the prior year. . These findings support our hypothesis of a relationship

between recent AZM use and the development of AZM resistance in NG infections at an individual level.

Prior work has identified two potential mechanisms by which AZM resistance emerges; direct selection
through exposure to AZM for STI infections (which this analysis was primarily designed to detect), and
bystander selection through individual and community-level exposure to AZM for non-NG/STI infections®*.
Our results suggest that direct selection related to STI treatment occurs. AZM therapy could lead to
selective pressure on chromosomal mutations conferring AZM®® given the long half-life of AZM and
intracellular persistence of subtherapeutic levels up to 20 days®. This period closely corresponds to the
30-day exposure period in which we observed a strong association with AZM®. These results, which are
consistent with results of the aforementioned Dutch study that found an association between AZM®® NG
infection and AZM receipt in the same exposure period, provide strong evidence of a link between
individual-level AZM use and emergence of AZM® in NG infections. Our results contradict two UK studies
finding no association between AZM exposure and AZM resistance'>!¢, However, both these studies used
surveillance data to infer AZM exposure from STI*® or NG diagnoses. This may have led to

misclassification of AZM exposure categories, particularly when using only NG diagnoses.

Our findings may also point to the role of commensal bacterial species in development of resistance. NG
is highly adept at acquiring resistance determinants due to its propensity for genome modification via
passive uptake of exogenous genetic material. Exposure to macrolides can induce resistance mutations in
commensal Neisseria and other bacterial species plentiful in the human oropharynx®2%, These

mutations may then be acquired by NG during a subsequent infection via conjugal transfer!®!!, Pharyngeal



and rectal infections are often asymptomatic and can persist for longer periods of time, allowing a longer
period of coexistence with commensals® and increase the chances of AMR gene transfer®. Additionally,
previous work has demonstrated low concentrations of antibiotics used for NG treatment in the
oropharynx®, leading to suboptimal concentrations that allow for emergence and proliferation of

resistant strains®’.

Despite the strong association of AZM exposure in the previous 30 days with AZM®S, the majority of
persons with an AZM® NG infection were not exposed to AZM in this time period. This suggests that AZM
resistance arises from direct selection — in at least some instances as a result of STI treatment - and then
spreads through transmission of clonal resistant strains. Whole genome sequencing (WGS) studies
detected the emergence and spread of NG with high-level AZM®S in Scotland as early as 2004, In 2015,
a cluster of NG with high-level AZM®® was detected in Britain®, and sustained transmission of this clonal
strain was documented through at least 20181%; transmission of NG strains with high-level AZM®S has

1023nd later in the US'%, The majority

been documented during the same period in Australial® and Canada
of resistant isolates included in our analysis occurred after 2017, which may indicate rapid proliferation
of newly emergent clonal strains. Additionally, the densely connected sexual networks of MSM, in

combination with frequent testing and treating, have been proposed as a mechanism by which AMR NG

strains can emerge and quickly propagate®'®.

The induction of resistant strains of NG may also result from an indirect bystander effect of population-
level AZM exposure. High levels of AZM use for indications unrelated to STI could induce NG resistance in
people with unidentified gonorrhea or who acquire gonorrhea shortly after receiving AZM. Some of the
strongest evidence for the role of population-level selective pressure comes from an ecological study
linking population-level seasonal macrolide use with seasonal variation in AZM MICs in a nationally

representative sample of NG isolates®®; we did not observe the same association between AZM®® and



seasonality in our results, possibly due to an incomplete assessment of AZM use from other clinical
sources. Other ecological studies have demonstrated similar associations between country-level
macrolide use and prevalence of AZM®® NG!%>1% We have previously demonstrated a marked increase in
AZM use for epidemiologic and empiric treatment of STls among PHSKC SHC attendees during the period
examined, particularly among MSM which may have contributed to high community-level selective
pressure for AZM® determinants among this population. The documented increase in SHC AZM
prescriptions closely correlates with the time periods in which AZM®® infections were most commonly

detected and year of infection was one of few covariates correlated with having an AZM®® NG infection.

We acknowledge several limitations that may have impacted our analysis. Between 2013-2017, only
extragenital isolates with AZM zone diameters <30mm on Kirby-Bauer disk diffusion were selected for
agar dilution, and it is possible this method misclassified some extragenital isolates with lower-level (2
ug/mL) AZM®S, We were limited to records of AZM episodes from a single sexual health clinic. Patients
may have been prescribed AZM in other clinical settings, resulting in underestimates of total AZM use and
misclassification of exposures, diminishing our statistical power. However, given that our clinic serves a
population at high risk of bacterial STls and provides regular screening and treatment, including quarterly
screening for PrEP services, we believe our data captures a large proportion of total AZM use. Finally, we
acknowledge that the sample size of patients exposed to AZM in the prior 30 days, the period of exposure
for which we identified an association with AZM®® NG, was relatively small (N=22). However, the strength
of the association identified was very strong in both univariate and multivariate analysis, and our results
align with the only other study to capture AZM prescriptions explicitly®* rather than using STI diagnoses
as proxy>®, We also note that our study included over 2,800 anatomically diverse isolates with 156 AZM®S

isolates, making this one of the largest clinic-based analyses attempting to answer this question to date.



Conclusions

In conclusion, we found an association between recent receipt of AZM for STI treatment and AZM®® NG
infections among PHSKC SHC attendees. However, most persons with AZM®® infections did not have AZM
exposure in the previous year, suggesting transmission of clonal resistant strains and AZM use for non-STI
indications also play an important role in the proliferation of AZM resistance. These findings underscore
the timeliness of updated STI treatment guidelines that reduce the utilization of AZM in populations at

high risk for NG and CT.



Tables and Figures
Table 1. Study Population Demographics, Sexual History, and Clinical characteristics by azithromycin

minimum inhibitory concentration (MIC) of current infection



AZM MIC <2.0 pg/mL AZM MIC 22.0 pg/mL p
N=2,672 (94%) N=156 (6%)
N (Col %)
Gender/Sex of Sex Partners
Cisgender Male who has Sex with Men 2,190 (82%) 140 (90%)
(MSM)
Cisgender Male who has Sex with 378 (14%) 9 (6%) 0.005
Females (MSW)
Cisgender Female 67 (3%) 2 (1%)
Transgender, Genderqueer, Non-binary 37 (1%) 5(3%)
Age in years
18-24 544 (20%) 32 (21%)
25-29 838 (31%) 49 (31%) 0.99
30-39 663 (25%) 37 (24%)
40+ 627 (23%) 38 (24%)
Race/Ethnicity
Hispanic 352 (13%) 31 (20%)
White 1,413 (53%) 90 (58%)
Black 478 (18%) 13 (8%) 0.008
Native American, Pacific Islander, Asian, 345 (13%) 17 (11%)
Multiple races
Unknown/Missing 84 (3%) 5 (3%)
Living with HIV 367 (14%) 20 (13%) 0.75
Sexual partners in past 12 months
0 698 (26%) 29 (19%)
1 63 (2%) 2 (2%)
2-4 348 (13%) 20 (13%) 0.02
5-10 365 (24%) 24 (15%)
10+ 633 (24%) 55 (35%)
Missing partner info 565 (21%) 25 (4%) 0.02
Anatomic Site of Infection
Urethra 1,468 (55%) 72 (46%)
Pharynx 486 (18%) 31 (20%) 0.04
Rectum 675 (25%) 52 (33%)
Cervicovaginal 43 (2%) 1(0.6%)
Year of Infection
2012-2013 478 (18%) 0 (0;0)
2014-2015 576 (22%) 25 (16%)
<0.001
2016-2017 748 (28%) 45 (29%)
2018-2019 870 (33%) 86 (55%)
Season
Dec-Feb 703 (26%) 46 (29%)
Mar-May 653 (24 %) 39 (25%) 0.70
June-Aug 668 (25%) 39 (25%)
Sep-Nov 648 (24%) 32 (21%)




# Prior Clinic Visits, 12 months

0 1,212 (45%) 74 (47%)

1 521 (20%) 30 (19%) 0.93
2-3 499 (19%) 26 (17%)

4+ 440 (16%) 26 (17%)

Number of Azithromycin prescriptions

in past 12 months

1] 1,821 (68%) 115 (74%)

1 561 (21%) 28 (18%) 0.4
2 187 (7%) 7 (5%)

3+ 103 (4%) 6 (4%)

IQR=interquartile range; HIV=human immunodeficiency virus




Table 2. Number and proportion of Neisseria gonorrhoeae infections with reduced azithromycin
susceptibility and association of last azithromycin dose with azithromycin resistance (minimum inhibitory

concentration [MIC] 22.0 pug/mL) in logistic regression

Univariate Multivariate
Persons with Odds 95% p Odds 95% p
AZMRS Ratio | Confidence Ratio | Confidence
infection/Persons Interval Interval
in azithromycin
exposure

category (%)
Any anatomic site of infection?
No azithromycin in past 365 days 115/1,936 (6) 1.0 i i 1.0 i i
(ref)
<30 days 4/22 (18) 3.52 1.32-9.38 0.01 6.76 1.76-25.90 0.005
30-89 days 9/216 (4) 0.69 0.34-1.39 0.30 0.75 0.35-1.61 0.46
90-179 days 10/301 (3) 0.54 0.28-1.05 0.07 0.51 -0.24-1.08 0.08
180-364 days 18/353 (5) 0.85 0.51-1.41 0.53 0.83 0.47-1.45 0.51
Pharyngeal or Rectal Infection®
No azithromycin in past 365 days 60/860 (7) 1.0 i i 1.0 i i
(ref)
<30 days 3/15 (20) 3.33 1.07-10.41 0.04 5.40 1.24-23.43 0.02
30-89 days 7/74 (8) 1.39 0.61-3.16 0.43 1.36 0.55-3.40 0.51
90-179 days 5/127 (4) 0.55 0.21-1.39 0.21 0.50 0.17-1.51 0.22
180-364 days 8/154 (5) 0.73 0.34-1.56 0.42 0.74 0.32-1.68 0.47
Urethral Infection®
No azithromycin in past 365 days 54/1,030 (5) 1.0 i i 1.0 i i
(ref)
<30 days 1/6 (17) 3.61 | 0.41-31.51 0.25 8.17 0.65- 0.11

103.18

30-89 days 2/140 (1) 0.26 0.06-1.10 0.07 0.30 0.06-1.49 0.14
90-179 days 5/174 (3) 0.53 0.21-1.36 0.19 0.51 0.18-1.47 0.21
180-364 days 10/197 (5) 0.92 0.49-1.92 0.92 0.94 0.45-1.96 0.88

AZMRs= reduced susceptibility to azithromycin

aMultivariate regression adjusted for anatomic site of infection (reference=penile urethral infection), number of sex partners in
past 12 months, year of diagnosis (reference=2012/2013), self-reported HIV infection (reference=not HIV-positive), season
(reference=summer [June-August]), race/ethnicity (reference=non-Hispanic White), gender/sex of sex partner(s)
(reference=cisgender men who have sex with men), age, and number of clinic visits in past 12 months

bMultivariate regression adjusted for number of sex partners in past 12 months, self-reported HIV infection (reference=not HIV-

positive), year of diagnosis (reference=2012/2013), season (reference=summer [June-August]), race/ethnicity(reference=non-



Hispanic White), gender/sex of sex partner(s) (reference=cisgender men who have sex with men), age, and number of clinic visits

in past 12 months



Table 3. Association of azithromycin prescriptions in the past 365 days with log azithromycin minimum
inhibitory concentration level ug/mL in univariate Spearman’s rank correlation and multivariate partial

Spearman correlation

Univariate Multivariate?
Coefficient Coefficient 95% Confidence p
Interval

Any anatomic site 0.006 0.74 0.0004 -0.04, 0.037 0.98
of infection® -0.03, 0.04
Rectal or 0.019 -0.037, 0.075 0.51 0.049 -0.011-0.11 0.11
Pharyngeal
infection®
Urethral infection® 0.001 -0.049,0.051 0.97 -0.029 -0.078, 0.020 0.24

aMultivariate correlation adjusted for anatomic site of infection (reference=penile urethral infection), number of sex partners in

past 12 months, year of diagnosis (reference=2012/2013), self-reported HIV infection (reference=not HIV-positive), season

(reference=summer [June-August]), race/ethnicity (reference=non-Hispanic White), gender/sex of sex partner(s)

(reference=cisgender men who have sex with men), age, and number of clinic visits in past 12 months

bMultivariate correlation adjusted for number of sex partners in past 12 months, year of diagnosis (reference=2012/2013), self-

reported HIV infection (reference=not HIV-positive), season (reference=summer [June-August]), race/ethnicity (reference=non-

Hispanic White), gender/sex of sex partner(s) (reference=cisgender men who have sex with men), age, and number of clinic

visits in past 12 months




Table 4. Association of azithromycin prescriptions in the past <30 days with log azithromycin minimum

inhibitory concentration level pg/mL in univariate linear regression and multivariate linear regression

Univariate Multivariate?
Coefficient 95% Confidence p Coefficient 95% Confidence p
Interval Interval
Any anatomic site 0.53 0.11-0.96 0.02 0.56 0.13-0.98 0.01
of infection®
Rectal or 0.53 0.004-1.06 0.048 0.55 0.03-1.08 0.04
Pharyngeal
infection®
Urethral infection® 0.32 -0.38,1.02 0.37 0.52 -0.27,1.32 0.20

aMultivariate regression adjusted for anatomic site of infection (reference=penile urethral infection), number of sex partners in
past 12 months, year of diagnosis (reference=2012/2013), self-reported HIV infection (reference=not HIV-positive), season
(reference=summer [June-August]), race/ethnicity (reference=non-Hispanic White), gender/sex of sex partner(s)
(reference=cisgender men who have sex with men), age, and number of clinic visits in past 12 months

bMultivariate regression adjusted for number of sex partners in past 12 months, year of diagnosis (reference=2012/2013), self-
reported HIV infection (reference=not HIV-positive), season (reference=summer [June-August]), race/ethnicity (reference=non-

Hispanic White), gender/sex of sex partner(s) (reference=cisgender men who have sex with men), age, and number of clinic

visits in past 12 months



Chapter 5. Conclusion

In this dissertation, we have addressed several key gaps in our knowledge of NG epidemiology in the US.
We have presented a more detailed and comprehensive view of NG epidemiology among females through
a series of novel data visualizations. While our first two analyses are largely descriptive, they illuminate
features of a highly heterogenous NG epidemic in US females that have not been fully described to date.
We found that large disparities in NG rates within and between NHB and NHW females are pervasive
throughout the US and rates in NHB females are often lower in southeastern states long assumed to
experience the highest rates of disease. Our analysis also revealed previously undescribed geographic and
temporal heterogeneity in NG trends among these two populations over the last 15 years. Finally, we have
also provided strong evidence for a relationship between individual-level recent AZM use and AZM

resistance.

Our finding of a relationship between AZM use and AZM resistance may challenge the current paradigm
of frequent testing and antibiotic treatment of NG and CT in MSM, who have relatively low risk of
reproductive sequalae but very high risk of AMR NG infections. One strategy for decreasing antibiotic
usage in this population is to reserve antibiotic therapy for persons with confirmed NG or CT infection.
Currently, the US CDC recommends treating persons who report exposure to a partner(s) with either
infection concurrently with testing. However, a large proportion of these persons are uninfected, leading
to unnecessary antibiotic use 18113 Until cost-effective point-of-care tests can be incorporated into
routine clinical care, the next best option may be to delay treatment of asymptomatic contacts until
infection is confirmed. An evaluation of this policy at a separate sexual health clinic in Australia found that
99% of asymptomatic contacts not treated at the time of evaluation who tested positive for NG/CT

returned for treatment within a mean time of 5 days of receiving their test results, with a very low rate of



new symptoms occurring between testing and treatment and serious sequalae!'*. Paradoxically, our

ability to effectively treat future NG may require less treatment in the present time.

The results of our geographic analyses should generate new hypotheses about the macro-level drivers of
NG morbidity in females. Our finding that counties experiencing similar trends in NG morbidity were often
widely distributed could be explained by several could be explained by the presence of distally connected
epidemics, separate epidemics shaped by shared social determinants of heightened risk, or parallel but
separate epidemics each driven by unrelated factors. Elucidating these factors could be used to inform
more effective prevention programs, which may very well fall outside the scope of traditional STl services
to include economic development, social services programs, and/or increasing access to healthcare. It is
clear from our analysis that reducing NG morbidity in females is contingent the elimination of racial
disparities. We hope that these results can be used to explicitly monitor and focus interventions in areas

with highest disparities and overall morbidity in pursuit of this goal.

In summary, we have provided a more comprehensive and nuanced view of the epidemic, and in the
process challenged several long-held truisms in our understanding of population-level morbidity and
antibiotic treatment practices. A reexamination of liberal antibiotic treatment among MSM is warranted
given the risk of resistance. The geographic heterogeneity in burden of disease among females points to
differences in upstream group-level factors shaping risk. Our results should prompt a renewed,
multidisciplinary effort to uncover and intervene on the social determinants of health most influential in

driving morbidity.
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