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Abstract

Background—The speed with which a pathogen circulates in a sexual network is a function of
network connectivity. Cross-sectional connectivity is a function of network features like
momentary degree and assortative mixing. Temporal connectivity is driven by partner acquisition
rates. The forward-reachable path has been proposed as a summary measure of these two aspects
of transmission potential. We use empirical data from San Francisco and Atlanta to estimate the
generative parameters of the forward-reachable path and compare results to the HIV/sexually-
transmitted infection (STI) epidemics in each city.

Methods—We used temporal exponential random graph models to estimate the generative
parameters for each city’s dynamic sexual network from survey data. We then simulated stochastic
dynamic networks from the fitted models and calculated the forward-reachable path for each
realization, overall and stratified by partnership type and demographics.

Results—The overall mean and median paths were higher in San Francisco than in Atlanta. The
overall paths for each city were greater than the sum of the paths in each individual partnership
network. In the casual partnership network, the mean path was highest in the youngest age group
and lowest in the oldest age group, despite the fact that the youngest group had the lowest mean
momentary degree and past-year partner counts.

Conclusions—The forward-reachable path by age group revealed additional utility of the
measure beyond the temporal and cross-sectional network connectivity measures. Other non-
network factors are still necessary to infer total epidemic potential for any specific pathogen.
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INTRODUCTION

In HIV and sexually transmitted infection (STI) research, the framework of sexual networks
has furthered our understanding of the potential drivers of pathogen prevalence and
incidence at the population level. 23 The empirical network epidemiology literature has
mostly focused on key network features that are directly observable in survey data:
momentary degree (number of ongoing partnerships at a point in time), assortative mixing
(partnership formation between individuals with the same or similar attributes), and
cumulative degree (number of partnerships over a given period of time).# All of these
features influence network connectivity and, therefore, epidemic potential. Generally, lower
mean momentary degree among individuals means less connectivity in the network.4=’
However, in networks with a low mean degree, the more skewed the distribution of
individual degrees, the greater the connectivity within the network.# Partnership concurrency
(momentary degree = 2) also affects epidemic potential by facilitating HIV/STI
transmission, specifically during periods of heightened biologic transmissibility (acute HIV
infection).28:9 Conversely, networks with high levels of assortative mixing and different
levels of within-group connectivity may modify transmission by restricting an epidemic
within a smaller, high prevalence group.19:11 These cross-sectional network features are only
one component of the temporal coevolution of networks and pathogen spread.11-14 In
dynamic networks, cross-sectional degree and mixing features interact with the partner

acquisition rates, the more familiar “number of partners” accumulated over a period of time.
8

The forward-reachable path is one potential informative population-level metric that
captures the impact of both cross-sectional and temporal network features on emergent
temporal connecitivity.1®16 The forward-reachable path quantifies the maximum number of
nodes (persons) each index node is connected to directly (through their own partners) and
indirectly (through partners of partners) over time. The forward-reachable path represents an
upper threshold for epidemic potential, quantifying the specific contribution of the network
to the epidemic dynamics; it does not predict epidemic size, since that also depends on the
transmissibility of the pathogen and factors that modify transmissibility, as well as the
duration of infection. Comparing the average forward-reachable paths by group (e.g., age or
race—ethnicity) can provide insight into differential contributions to network connectivity,
without the assumptions of a full-scale infectious disease transmission model.1’

The forward-reachable path itself cannot be directly observed from empirical data; however,
many of the network features that help to drive variation in the path are observable. These
observable features can be used to estimate generative network models for estimating the
path.16

There is a small but growing literature on using observable network statistics to infer
epidemic potential in sexual networks.14 Research on the forward-reachable path has
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explored the relative contributions of the cross-sectional and temporal network features on
the growth rate of the path, and found that each feature can push temporal network
connectivity over an epidemic threshold when the other is too low to do so alone.18 This is
consistent with observations that low levels of concurrency (about 5%) could double the path
in a population that had very low partner acquisition rates (about 1 every 3 years).2 It is an
open empirical question whether the cross-sectional or temporal network features will
dominate the generation of the forward-reachable path in any specific population.

Here we investigate the forward-reachable path in the context of men who have sex with
men (MSM) sexual networks in San Francisco and Atlanta. There are substantial differences
in the epidemiology of HIV and bacterial STIs among MSM between these two cities,
reflecting differences in both transmission dynamics and public health responses.18 New
HIV diagnoses declined in San Francisco by 13% between 2017 and 2018.19 In Georgia,
HIV cases have remained stable over the last decade and Atlanta currently has the second
highest rate of new HIV diagnoses among major U.S. cities.18:20 Conversely, the rate of
gonorrhea among men in San Francisco was almost double that of men in Atlanta in 2018,
with cases increasing faster in San Francisco than in Atlanta.2! Primary and secondary
syphilis infection among men has remained mostly stable in both cities, although it was
slightly higher in San Francisco. Examining the forward-reachable path in each city-specific
network may provide insight into the interaction between network epidemic potential,
properties of the pathogens and clinical interventions that impact transmission rates.

Our study investigates the characteristics of the estimated forward-reachable path for these
specific local populations, with a model rooted in empirical survey data from those
populations. We estimated the path in a multi-step process, using methods recently
developed for statistical network estimation and simulation. We described how the path
evolves over time, overall and within partnership types, across each city, and examined
whether the overall path could be decomposed into the contributions of each partnership
type. We also stratified the one-year forward-reachable path estimates by age and race—
ethnicity to explore how network reachability differed by demographic sub-groups, and
whether these varied consistently with the observable network statistics, and the
epidemiologic disparities in pathogen incidence.

METHODS
Study Design.

We used egocentrically sampled sexual network data from ARTnet, a web-based study of
MSM conducted between 2017 and 2019, to fit sexual network models for San Francisco
and Atlanta MSM.22 Participants for ARTnet were recruited through the American Men’s
Internet Survey (AMIS), an annual web-based national survey.23 ARTnet eligibility criteria
included male sex at birth, a current male gender identity, lifetime history of sexual activity
with another man, and age between 15 and 65. Participants provided information on their
sexual partnerships, but the partners were not sampled directly. After deduplication within
and across survey waves, ARTnet had a final sample size of 4,904 participants reporting on
16,198 sexual partnerships. The study was approved by the Emory University Institutional
Review Board.
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We followed a four-step procedure to estimate the forward-reachable path in each city,
summarized in Figure 1. The procedure uses empirical data from a sample to make
inferences about the complete network of a target population.3 This approach does not
directly model an infectious disease process. Instead, it relies on a network model to
estimate connectivity within the network via the FRP. Analyses were conducted using the
Statnet R packages.242> Analysis code may be found at: https:/github.com/EpiModel/
NetAnalysis-SF-ATL.

Step 1a: Individual-Level Empirical Network Measures.

We used the individual-level network measures (Table 1) to derive population-level
summary statistics (Step 1b in Figure 1), which we then input as data (technically, the
“sufficient statistics”) to estimate the parameters of network models for each city (Step 2 in
Figure 1). Descriptive statistics of the participants and their reported partnerships are
described elsewhere.22 We categorized partnerships as main (partner considered a boyfriend,
significant other, or life partner), casual (an ongoing relationship, but not a main partner),
and one-time contacts. Age was categorized into 10-year intervals. Race—ethnicity was
dichotomized as Black non-Hispanic/Hispanic versus White non-Hispanic/Other.

Individual-level network measures included momentary degree for main and casual
partnership types (overall and stratified by age and race—ethnicity), past-year cumulative
partnership counts for all partnership types, partnership durations, and assortative mixing by
age and race. We calculated momentary degree as the average of the number of ongoing
partnerships on the day of study. We estimated partnership durations (in weeks) for main and
casual partnerships from partnership age (the difference between the survey date and the
partnership start date) for extant partnerships.22 Assortative mixing by age and race—
ethnicity was the proportion of partnerships between individuals in the same demographic
category. Additional network measures used in the model (cross-network degree and risk
quintile stratification) are provided in the eAppendix, eTable 1.

Step 1b: Population-Level Empirical Network Statistics.

To calculate these statistics we multiplied the individual-level measures from Step 1a by the
race—ethnicity distribution for each city and a population size of 10,000 MSM.26 Although
this population size is smaller than the estimated MSM population size in each city
(approximately 145,972 in San Francisco and 102,642 in Atlanta),2” the FRP measures are
standardized so a smaller number is used for computational efficiency.

Step 2: Network Model Estimation.

We fit three exponential random graph models to the population-level network statistics to
estimate the generative parameters of the underlying sexual partnership networks: cross-
sectional models for one-time partnerships and temporal models for main and casual
partnerships. The estimand of an exponential random graph model is the log odds of a
partnership between each dyad in the network, conditional on the rest of the network.
Temporal exponential random graph models model the likelihood of formation and
dissolution of partnerships per unit time.
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Step 3: Dynamic Network Simulation.

We then used these three fitted models to simulate complete, multilayer dynamic networks
in weekly time steps for 5 years. In the simulation, edges formed and dissolved based on the
model parameters. We assumed a closed population, so the node set remained constant. The
network was simulated as three interacting layers (one per partnership type) with a shared
node set and a unique edge set; dependencies between the layers were captured in “cross-
network” terms. The layers were simulated sequentially at each weekly time step to account
for any changes in the other edge layers (all time-varying nodal attributes were updated each
week). We report on one simulation to demonstrate the variability in the forward-reachable
path across individuals.

Step 4: Forward Reachable Path Estimation.

The forward-reachable path is an individual-level count of the temporally ordered chain of
edges for each node across a sequence of nodes by a specific time point (see the eAppendix
for a conceptual demonstration). Our main outcome measure was the time-varying forward-
reachable path, estimated weekly for each node. Descriptive analyses provide estimates of
the mean, median, and interquartile range (IQR) for the distribution of this forward-
reachable path across nodes. We calculated paths for the complete three-layer partnership
network and also the paths in the isolated network layers representing each partnership type.
Calculating the forward-reachable path within each partnership type stratum enabled us to
evaluate a counterfactual question: what was contribution of each partnership type in
isolation compared with the complete three-layer network? This decomposition also
demonstrates whether the impact of each network is additive or interactive. For the year one
forward-reachable path estimates, we stratified the analysis by race and age group. This
analysis allowed us to identify the relative reach of each subgroup.

RESULTS

Empirical Network Statistics.

The individual-level empirical network measures are provided in Table 1 and 2. For all three
types of partnerships, momentary degree and cumulative counts were higher in San
Francisco than in Atlanta, both overall and within age and race—ethnicity categories. For the
persistent partnerships, the mean degree was 0.47 for main and 0.88 for casual in San
Francisco and 0.40 for main and 0.54 for casual in Atlanta. The past-year cumulative counts
of main partners were only slightly higher than their corresponding momentary degrees,
whereas counts for casual partnerships were 40%-70% higher than casual momentary
degree. The stratified cumulative counts followed the same patterns as the stratified
momentary degree estimates. The one-time partnership counts were over twice as high in
San Francisco (10) as in Atlanta (4.0). For both cities, there were small differences in degree
and counts by race—ethnicity, but stronger patterns by age group. Among casual partnerships
the oldest age group had the highest mean degree (1.2 for San Francisco and 0.74 for
Atlanta) and the youngest age group had the lowest mean degree (0.46 for San Francisco and
0.30 for Atlanta).
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Assortativity decreased with age: individuals in the youngest age group had the highest
probability of a same-age partner and those in the oldest age group had the lowest
probability. Within race—ethnicity categories, those in the White/Other group had a higher
probability of a same-race partner than those in the Black/Hispanic group.

The relational age of both main and casual partnerships varied by the age group of each
partner. For both cities, among partnerships between individuals in the same age group, the
mean relational age of the partnerships increased with age of the persons. For main
partnerships, the mean relational age of the partnerships in San Francisco ranged from 71
weeks among 15-24-year-olds to 1155 weeks among 55-64-year-olds; in Atlanta, it ranged
from 72 weeks to 1168 weeks in those two groups. For casual partnerships, these estimates
ranged from 47 weeks to 140 weeks for San Francisco and 48 weeks to 145 weeks for
Atlanta.

Forward-Reachable Path.

The forward-reachable path results are shown in Table 3 and Figures 2—4. Overall, the 1-year
forward-reachable paths reached more individuals in San Francisco than in Atlanta: on
average 80% of individuals were reachable in San Francisco compared to 50% in Atlanta
after 1 year (Table 3, Column 1). Main partnership networks, characterized by long
partnership durations (low turnover) and low degree, on average connected only a small
proportion of the population in both cities (<0.02%) within 1 year. Greater differences
between cities emerged in the casual and one-time partnership networks. The average
percent of the population reachable after 1 year among casual partnerships was 1.4% in San
Francisco and 0.08% in Atlanta. For one-time partnerships, the 1-year average forward-
reachable path was over 20% in San Francisco and about 5% in Atlanta. For both cities, the
overall path was substantially larger than the sum of the three isolated network paths,
indicating that the cross-network connectivity plays a large role in overall population
connectivity.

The distribution of individual 5-year forward-reachable path trajectories by partnership type
and city are visualized in Figures 2 (casual and one-time partnerships) and 3 (main
partnerships). The main partnership forward-reachable paths rose slowly and reached few
individuals (less than 30 per 10,000 in both cities). For San Francisco, the casual partnership
paths rose more slowly than one-time partnership paths but reached a higher fraction of the
population by year 5. In Atlanta, the one-time partnership paths both rose faster and reached
more individuals than the casual partnership FRPs. Figures 2 and 3 also shows the profound
variation in the individual FRP trajectories, indicating a substantial degree of heterogeneity
in reachability across persons in each city. This variability in individual trajectories is also
reflected in the 1-year FRPs, as shown in the IQRs in Table 3. For example, in Atlanta the
IQR for the overall network was 12 to 7448 per 10,000.

This variability in forward-reachable path trajectories is strongly associated with age, but not
with race—ethnicity. In general, the patterns were consistent across the different path
measures. At 1 year, in both cities, the average path among casual partnerships was highest
(or tied for highest) in the youngest age group (190 in San Francisco and 10 in Atlanta) and
lowest in the oldest age group (101 in San Francisco and 5 in Atlanta) (Table 3). Age
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variation in the forward-reachable path, particularly in the casual partnership layer,
continued to emerge over five years (Figure 4). At year 5, 15-24-year-olds continued to have
the highest forward-reachable path, and 55-64-year-olds had the lowest casual network
paths in both cities. The ratio of casual paths by these two age groups widened in Atlanta
(2.0 to 2.1) but decreased in San Francisco (1.9 to 1.4) as a result of the overall path
trajectory in each city (see eAppendix, eTable 2). This age pattern in forward-reachable
paths varied inversely with the individual-level empirical network statistics for the casual
network (Table 1), where the oldest age group had the highest levels on both momentary
degree and cumulative counts of casual partnerships. By contrast, in the one-time network,
both the forward-reachable path and the individual-level empirical network statistics varied
in the same direction: higher for older age groups.

DISCUSSION

In this study, we examined the forward-reachable path in sexual networks of MSM in San
Francisco and Atlanta, two cities with differing HIV and STI epidemic trends. Overall, paths
were considerably higher in San Francisco than in Atlanta, suggesting that networks in San
Francisco had a greater potential for HIV/STI transmission than networks in Atlanta. In both
cities, the overall forward-reachable path was larger than the sum of the paths in the
networks for each specific partner type, so these interacting layers combine in a non-additive
way. There was profound individual-level variation in the estimated paths that displayed
systematic patterns by age for the casual and one-time networks, but little correlation with
race—ethnicity. Surprisingly, differences in the casual partnership path by age varied
inversely with the differences in individual-level network statistics by age, while differences
in the one-time partnership path by age varied consistently with the differences in network
statistics by age.

In San Francisco HIV rates have been decreasing but bacterial STI rates (particularly
gonorrhea) are increasing faster than in Atlanta. Conversely, in Atlanta HIV rates remain
stable and high.19-21 Given these differences, we might expect the underlying sexual
networks in these two cities to have unique structural features generating different forward-
reachable paths. If the forward-reachable path predicts the relative differences in the
observed epidemics well, it might be used as an alternative data-driven approach to estimate
epidemic potential in a network in lieu of more complex transmission modeling approaches.
The geographic differences in our estimated paths correspond broadly to the bacterial ST
diagnosis trends in San Francisco and Atlanta but are less correlated to the geographic
differences in HIV diagnoses. We believe this may reflect the impact of clinical
interventions, and these comparisons offer a unique window into these dynamics.

Rates of HIV diagnosis have been declining in San Francisco recently, a reflection of their
efforts to reduce the HIV epidemic through improved testing, linkage to HIV care, and
scaling-up HIV pre-exposure prophylaxis.1® These advances in HIV prevention might
mitigate the impact that network factors have on the risk of HIV. If so, then the divergence
between the forward-reachable path and the new diagnosis is a metric for assessing the
population level efficacy of prevention activities. In this particular comparison, it suggests
that San Francisco’s public health HIV prevention and treatment efforts are even more
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effective than the simple comparison of diagnosis rates suggests: they have achieved greater
reductions in HIV diagnoses despite having a higher underlying epidemic potential.

In contrast to HIV, rates of bacterial STIs are rising in San Francisco, and rising faster than
rates in Atlanta.2 This is consistent with the higher forward-reachable paths for San
Francisco that we estimated based on the empirical network statistics. It is tempting to
speculate that this reflects the fact that the prevention services for STIs in San Francisco
have not been improved as dramatically as that for HIV, but the reality is likely more
complicated. Higher STI case rates in San Francisco may reflect increased screening for
STIs among PrEP users.28 However, recent modeling has suggested that PrEP ST screening
could decrease STI incidence through this improved case detection.2?

For both cities, casual and one-time partnerships contributed the most to the overall size of
the forward-reachable paths. This is not surprising: for both partnership types, the turnover
rate was faster and the cumulative number of partnerships higher than with main
partnerships, resulting in greater temporal connectivity. But as the divergence between the
forward-reachable paths and the HIV trends makes clear, reachability is only a measure of
potential. Transmission also depends on non-network factors: the properties of a pathogen
(e.g., per-act transmission probabilities), the behavior within partnerships (e.g., condom use
and frequency of sex), and engagement with clinical care .30-33 In general, the closer the
transmission probability is to 100 percent, the better the path will approximate the realized
transmission path. Therefore, the forward-reachable path might be less useful for predicting
epidemic size for infections like HIV than for higher transmission probability STIs like
gonorrhea.34 But the forward-reachable path remains an accurate measure of epidemic
potential. Shorter partnerships with high rates of acquisition provide one mechanism of
connectivity, longer partnerships with low acquisition rates but overlapping intervals provide
another. The relative contribution of each to HIV and STI acquisition and transmission is an
empirical question, and here the forward-reachable path may help to quantify this
unobserved population characteristic.2

This is the first study to our knowledge to estimate the forward-reachable path using
empirically based network models. The findings suggest that estimates of the path can
provide unique insights into epidemic potential above and beyond individual-level network
statistics like momentary degree and cumulative partnership counts. For example, in the
casual partnership networks, the oldest group had the highest momentary degree and
cumulative number of partners. Both would suggest that their path should be higher. Instead,
the oldest age group had the lowest mean path, and the youngest age group had the highest
mean path at all points in time (Figure 4; eTable 2). The reason may be in part due to
partnership duration: older MSM may have more ongoing casual partnerships than younger
MSM, but their partnerships lasted much longer (Table 1). In the one-time partnerships, the
age differences in the network statistics (cumulative rate over time) and the paths were as
expected: higher rates in the network statistics for older men translated into larger paths.

Interestingly, the forward-reachable path also provides additional information above the
cumulative partner counts, which theoretically reflect this temporal network feature of
partnership turnover. This is likely because the empirical survey captured only the past year
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of partnership history, whereas the mean durations even for the youngest age pairings are
approaching one year. The forward-reachable path therefore allows for longer-horizon
insights into network connectivity, while still exploiting feasible egocentric network study
designs that minimize participant response burden and measurement error.22

Finally, it is worth highlighting the substantial individual-level variability in the forward-
reachable path. This suggests that the short-term potential for an epidemic outbreaks or new
clusters is dependent upon which nodes seed the transmission process. Observed epidemic
indicators, too, may reflect this underlying variation in reachability, with large stochastic
variations that should not be overinterpreted. These large variations in individual
reachability were more strongly correlated to age than to race—ethnicity. This may reflect the
group-level behavioral heterogeneity of nodes as well as mixing between those groups.
Because the assortative mixing between demographic groups was less than 100%, the
forward-reachable path of one group may be influenced by the average connectivity in
another group. Prior literature has demonstrated the potential of assortative mixing to
sustain, but not necessarily generate, group-level disparities in disease risk and prevalence
over time.1.2

There are several limitations to our analysis. ARTnet relied on participant-reported
information, therefore, there is the potential for error in the reporting of the behavioral data
we used to parameterize our network models. For instance, there might be biases in the
reported number, length, and type of partnerships that favor fewer, longer term partnerships
over many, shorter term ones. This could potentially result in an underestimate of the mean
degrees and one-time partnership rates or an overestimate of the partnership durations in
Table 1. Lower mean degrees or rates coupled with longer partnerships durations would slow
the speed with which individuals connect in the network resulting in lower 5-year forward-
reachable paths. Mean degree of persistent (main or casual) partnerships might also be
underestimated because data on those partnerships were restricted to a participant’s five
most recent partnerships in the past year. Only 37 respondents reported 5 or more persistent
(main/casual) partners so the resulting underestimate for the forward-reachable paths would
small. Further, we modeled the total number of one-time partners in the past year, not
constrained to this past-five limit; this accounted for the skewed right tail in that partnership
distribution. For example, the rate of one-time partnerships in San Francisco in Table 1 was
about 10 one-time partners per year. Another potential limitation is that we recruited a
convenience sample of MSM, which might limit the generalizability of our results. In
particular, online studies may not well represent racial/ethnic minority MSM.3° This could
be one reason for the similar forward-reachable path estimates between Black and White
MSM. To minimize the biases associated with this, we weighted our estimates in Table 1 by
the race—ethnicity distribution in each city.26

Conclusions.

The forward-reachable path provides a useful approach to estimate connectivity in a
dynamic network. The structure of a network corresponds to differences in the path, as was
demonstrated in sexual networks of MSM from San Francisco and Atlanta. For some
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populations, the temporal network structure may provide different conclusions about the
epidemic potential in the population than the cross-sectional network structure. Future
research should assess how well the forward-reachable path can predict the epidemic
potential projected by a full transmission model to determine whether it is a viable
alternative approach to inferring epidemic potential.
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Figurel.

The network analysis process. Step (1a): Estimate individual-level empirical network
measures. Step (1b): Combine estimates from 1a with population-level demographic weights
to estimate population-level empirical network statistics. Step (2): Fit network models using
exponential random graph models (ERGMs) for one-time partnerships and temporal
ERGMs for partnerships with duration (main and casual partnerships). Inputs for these
models come from step 1b. Step (3): Simulate the complete networks over time for each city.
Step (4): Estimate and compare the forward reachable paths (FRPs) for each city.
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Figure 2.
Estimated distribution of forward reachable path (FRP) evolution over a 5-year period for

casual and one-time sexual partnership networks of MSM in San Francisco and Atlanta.
Each line represents the trajectory of connectivity in the network over time, for a specific
node from time 0. Casual partnerships are defined as an ongoing relationship, but not a main
partner, and one-time as partnerships are those without duration, occurring only once. The
number connected, or reachable within the network, is on the Y-axis and the time step in
weeks is the X-axis.
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Figure 3.

Estimated distribution of forward reachable path (FRP) evolution over a 5-year period for
main sexual partnership networks of MSM in San Francisco and Atlanta. Each line
represents the trajectory of connectivity in the network over time, for a specific node from
time 0. Main partnerships are defined as partners considered a boyfriend, significant other,
or life partner. The number connected, or reachable within the network, is on the Y-axis and

the time step in weeks is the X-axis.
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Figure 4.

Average proportion of the San Francisco (solid lines) and Atlanta (dashed lines) populations
connected within sexual networks of casual partnerships of MSM over a 5-year period by
age category. The Y-axis shows the average proportion of the 10,000 MSM connected, or
reachable, in the network over time. The X-axis shows the time step in weeks. In San
Francisco, reachability ranged from around 40-65% over 5-years, whereas in Atlanta,
reachability ranged from around 4-8% over 5-years.
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