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Abstract

Objective—Sexual partner concurrency is common among men who have sex with men (MSM)
and may increase the probability of HIV transmission during recent (acute or early) infection. We
examined the relationship between concurrency and HIV transmission network characteristics
(proxies for HIV transmission) among MSM with recent HIV infection.

Design—Observational study integrating behavioral, clinical, and molecular epidemiology.

Methods—We inferred a partial HIV transmission network using 986 HIV-1 po/ sequences
obtained from HIV-infected individuals in San Diego, California (1996-2015). We further
analyzed data from 285 recently HIV-infected MSM in the network who provided information on
up to three sexual partners in the past three months, including the timing of intercourse with each
partner. Concurrency was defined as sexual partners overlapping in time. Logistic and negative
binomial regression were used to investigate the link between concurrency and HIV transmission
network characteristics (i.e., clustering and degree or number of connections to others in the
network) among these MSM.

Results—Of recently HIV-infected MSM (N=285), 54% reported concurrent partnerships and
54% were connected by =1 putative transmission link to others (i.e., clustered) in the network
(median degree=1.0; interquartile range: 0.0-3.0). Concurrency was positively associated with HIV
transmission network clustering (adjusted odds ratio=1.83, 95% confidence interval [CI]:
1.08-3.10) and degree (adjusted incidence rate ratio=1.48, 95% ClI: 1.02-2.15)

Conclusions—Our findings provide empirical evidence consistent with the hypothesis that
concurrency facilitates HIV transmission during recent infection. Interventions to mitigate the
impact of concurrency on HIV transmission may help curb the HIV epidemic among MSM.
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INTRODUCTION

Acute and early HIV infection, characterized by a high viral load and increased
infectiousness [1], contribute disproportionately to HIV transmission [2]. One factor
hypothesized to enhance HIV transmission during acute and early infection is sexual partner
concurrency [3], where “sexual intercourse with one partner occurs between two acts of
intercourse with another partner” [4]. Concurrency reduces the time between sexual partner
acquisition, and thus may facilitate HIV transmission by increasing the probability of
exposing an uninfected partner during the highly infectious period following HIV
acquisition from an infected concurrent partner [4].

Simulation studies have demonstrated the impact of concurrency on the spread of HIV
during acute and early infection [5-7]; however, most epidemiologic studies to date have not
been appropriately designed to empirically evaluate the role of concurrency [8, 9]. Advances
in molecular epidemiologic methods support HIV transmission network inference through
the identification of HIV-infected individuals with genetically related viruses [10-12]. As
such, research that combines behavioral, clinical, and molecular epidemiology to assess the
relationship between concurrency and HIV transmission network characteristics (i.e.,
clustering and degree [number of connections to others in the network]) could provide
empirical evidence to better evaluate the hypothesis that concurrency facilitates HIV
transmission.

Men who have sex with men (MSM) continue to bear the greatest burden of HIV infection
in the United States, and account for the majority (68%) of HIV infections diagnosed among
adults and adolescents [13]. Previous research suggests concurrency is common among
MSM in the United States, with 63% of MSM surveyed in New York City reporting
concurrent partners in the past three months [14] and 45% of MSM evaluated in a national,
web-based survey reporting concurrent partners in the past six months [15]. Thus, even a
small increased risk of HIV transmission due to concurrency during acute or early infection
could have a substantial impact on the HIV epidemic among MSM.

To investigate the influence of concurrency on HIV transmission, we examined the
association between concurrency and HIV transmission network characteristics using
behavioral, clinical, and molecular epidemiologic data from MSM with recent (i.e., acute or
early) HIV infection.

METHODS

Study Population

Our study population was drawn from two cohorts of HIV-infected individuals in San Diego,
California. The first cohort consists of newly HIV-diagnosed and antiretroviral therapy
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(ART) naive adults and adolescents identified at University of California, San Diego
(UCSD) HIV screening centers in central San Diego between January 1996 and June 2015.
An estimated date of infection (EDI) was calculated using a previously reported algorithm
[16] and persons =16 years of age with recent infection were subsequently enrolled in the
San Diego Primary Infection Resource Consortium (SD-PIRC). As previously described
[17], between 1996 and 2006, individuals reporting recent exposure or symptoms consistent
with acute HIV infection were classified as having recent infection in the presence of one of
the following: (1) negative HIV antibody (Ab) test (enzyme-linked immunoassay [EIA] or
rapid test) followed by positive HIV Ab test in the past 12 months, (2) negative HIV Ab test
and positive HIV RNA, or (3) positive HIV Ab test and detuned EIA results consistent with
early infection (Vironostika LS EIA, bioMerieux; Durham, NC). Beginning in 2007,
individuals seeking HIV testing were staged according to the UCSD Early Test screening
algorithm, which includes rapid HIV Ab testing followed by detuned EIA testing for those
with positive rapid test results and HIV nucleic acid amplification testing (NAAT) for those
with negative rapid test results [18]. Individuals with detuned results consistent with early
infection or positive NAAT results were classified as having recent HIV infection. Partner
services were offered to recently HIV-infected individuals to facilitate HIV testing of their
recent sexual and needle-sharing contacts. The second cohort consists of HIV-infected
individuals who initiated care at the UCSD HIV clinic and contributed blood samples to the
Center for AIDS Research (CFAR) Network of Integrated Clinical Systems (CNICS)
between July 2007 and August 2013. Clinical data needed to determine the stage of HIV
infection (recent vs. chronic) at the time of sample collection were not available for this
cohort. UCSD's Institutional Review Board approved the study protocols, and all study
participants provided written informed consent.

Data Collection

HIV-1 pol sequences—CNICS participants and individuals screened by the SD-PIRC
provided blood samples to detect genotypic drug resistance via bulk sequencing (GeneSeq
HIV-1; LabCorp, Burlington, NC or Viroseq v.2.0; Celera Diagnostics, Alameda, CA) of the
partial HIV-1 po/ coding region, which included the protease gene and between 305 and 335
5’ amino acids of the reverse transcriptase gene. LabCorp and the UCSD Antiviral Research
Center employed standard methods combined with investigator review when necessary to
rule out contamination during RNA isolation, amplification, and sequencing.

Computer-assisted self-interviews (CASIs)—CNICS participants did not complete
CASIs. SD-PIRC participants completed CASIs during one of three data collection waves
(Wave 1: 2002 to 2008; Wave 2: 2009 to May 2011; Wave 3: June 2011 to 2015) to
ascertain:

I ndividual-level characteristics: Socio-demographics (age; race/ethnicity; education),
sexual behaviors (past three months) (number of male sexual partners), and illicit drug use
(past three months) (marijuana; methamphetamine; ecstasy; amy| nitrite; cocaine; gamma-
hydroxybutyric acid; ketamine; and heroin). Illicit drug use was only collected from 2003 to
2008 during Wave 1.
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Partner-level characteristics: Wave 1 CASIs collected partner-specific data on up to three
sexual partners in the past 12 months, Wave 2 CASlIs collected partner-specific data on up to
two sexual partners in the past three months, and Wave 3 CASIs collected partner-specific
data on up to three sexual partners in the past three months. CASIs collected each partner's
age, gender, HIV status, as well as the relationship type (main [primary sex partner] vs. non-
main [regular partner, friend, acquaintance, one-time partner, unknown partner, trade
partner]) and sexual behaviors practiced with each partner (i.e., any condomless anal
intercourse [CAI] [Waves 1 and 2] and frequency of CAI [Wave 3]). CASIs also elicited
information on the timing of sexual partnerships: “How long ago did you first have sex with
[sex partner]?” and “How long ago did you last have sex with [sex partner]?” in days, weeks,
months, or years.

HIV Transmission Network Inference

HIV-1 pol sequences from 986 HIV-infected individuals (800 screened by the SD-PIRC and
186 CNICS participants) were used to infer a partial HIV transmission network, using HIV-
TRACE (www.hivtrace.org) following the protocol outlined in Wertheim et al. [12] and
Oster et al. [19]. Intra-host HIV-1 po/evolution is slow resulting in <1% divergence from
baseline sequences even up to nine years following infection [20], thus this approach can be
used to infer HIV transmission networks among HIV-infected individuals of any infection
stage.Sequences were codon-aligned and processed using a modified Smith-Waterman
algorithm [21] and subtyped according to Subtype Classification Using Evolutionary
Algorithms (SCUEAL) [22]. Possible contaminants closely related to common laboratory
controls (e.g., HXB2) were resequenced. Tamura-Nei 93 (TN93) genetic distances [23] were
measured between all pairs of sequences to identify individuals with highly genetically
similar HIV-1 strains. Individuals whose sequences had a TN93 genetic distance <1.5% were
connected by putative transmission links [12, 24]. In previous work, the mean genetic
distance between two randomly selected sequences from SD-PIRC participants was 5.83%
(SD=1.46%) and only 0.25% of pairwise distances were less than 1.5% [25]. In a sensitivity
analysis, we excluded codons associated with drug resistance mutations [26] to examine
their impact on the structure of the network.

Available data on the EDI, date of diagnosis, and date of sample collection were then
examined for putative transmission links involving =1 individual or node with recent
infection to infer (1) the putative source of infection for nodes with recent infection and (2)
whether the putative transmission event occurred during the source's period of recent
infection. For links connecting two nodes with recent infection, the putative direction of
transmission was inferred if the EDI of the putative recipient was >30 days after that of the
putative source. If the recipient's EDI was within 180 days of that of the source, the putative
transmission event was inferred to have occurred during the source's period of recent
infection. For links connecting one node with recent infection and another with chronic
infection, the putative direction of transmission was inferred if the EDI of the node with
recent infection (i.e., putative recipient) occurred after the date of diagnosis or sample
collection of the node with chronic infection (i.e., putative source). For links connecting one
node with recent infection and another with an unknown stage of infection, the putative
direction of transmission was inferred if the EDI of the node with recent infection (i.e.,
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putative recipient) was >30 days after the date of diagnosis or sample collection of the node
with an unknown stage of infection (i.e., putative source). For directed putative transmission
links involving =1 node with chronic or an unknown stage of infection, transmission events
were inferred to have occurred during the source's period of chronic infection.

Exposure of Interest: Sexual Partner Concurrency

Concurrency was defined as overlapping sexual partnerships in the past three months.
Participant responses to questions about the timing of sexual partnerships were converted
into days to determine the dates of first and last sex with each partner. To identify concurrent
partners, we compared the dates of first and last sex for each pair of partners reported by a
participant. If periods of sexual activity with each partner in a pair overlapped, the partners
were considered “concurrent”. If periods of sexual activity with each partner in a pair did not
overlap, the partners were considered “non-concurrent”. If periods of sexual activity with
each partner in a pair only overlapped by a single day, the partners were also considered
“non-concurrent” because we could not determine whether the partnerships truly overlapped
or whether sex with one partner only began after the sexual partnership with the other
partner had ended. From this partner-level data, we classified participants with at least one
pair of concurrent partners as having concurrent partners in the past three months and
participants with only non-concurrent partners as having no concurrent partners in the past
three months.

Outcomes of Interest: HIV Transmission Network Characteristics

Outcomes of interest were obtained from the inferred HIV transmission network, and
included clustering and degree. Clusters were defined as groups of =2 individuals connected
by putative transmission links (directed or undirected) within the network, such that HIV-1
pol sequences from clustered individuals were <1.5% genetically distant from the sequence
of at least one other individual in the cluster. Degree was defined as an individual's number
of putative transmission links (directed or undirected) to other individuals in the network.

Statistical Analysis

To examine the relationship between sexual partner concurrency and HIV transmission
network characteristics among recently HIV-infected MSM, we restricted our analysis to
285 SD-PIRC participants with recent HIV infection who met the following criteria:
completed CASI within one year of EDI, biologically male, reported sex with a man in the
past three months, and provided data needed to classify concurrency (Figure 1). Participants
recruited as sexual contacts of previously enrolled participants were excluded due to the
potential for correlated outcomes. First, we calculated descriptive statistics overall and by
CASI wave. Next, we used logistic regression to examine the effect of concurrency on
clustering within the HIV transmission network. We then used negative binomial regression
(due to evidence of over-dispersion) to examine the effect of concurrency on HIV
transmission network degree. Final models were adjusted for potential confounders at the
individual- (age, race/ethnicity, education, and number of male sexual partners) and
partnership-level (relationship type and CAIl with recent sexual partners — based on partner-
specific data). Models were also adjusted for enrollment year to control for potential
differences over time or by CASI wave. In sensitivity analyses, we examined the effect of
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concurrency on clustering and degree measures derived from the HIV transmission network
inferred in the absence of codons associated with drug resistance mutations. Analyses were
performed using SAS 9.3 (SAS Institute, Inc.; Cary, NC).

RESULTS

HIV Transmission Network

HIV-1 pol sequences from 986 HIV-infected individuals (591 recent; 182 chronic; 213
unknown stage) were used to infer a partial HIV transmission network (Figure 2). The
network consisted of 730 putative transmission links involving 47% (462/986) of individuals
overall, and 50% (295/591), 51% (93/182), and 35% (74/213) of individuals with recent
infection, chronic infection, and an unknown stage of infection, respectively. It was possible
to infer the putative direction of transmission for 454 links (62%) and the putative direction
and timing (recent vs. chronic) of transmission for 453 links (62%), of which 18% (80/453)
were inferred to have been established during the putative source’s period of recent
infection. Mean cluster size was 3.2 (SD=2.7; min=2; max=21), with 62% of clusters
consisting of dyads. Consistent with previous research [12, 19, 27], findings from our
sensitivity analysis excluding codons associated with drug resistance mutations had little
impact on the structure of our inferred network (5 linked individuals became unlinked; 1
unlinked individuals became linked).

Characteristics of Recently HIV-infected MSM SD-PIRC Participants who Completed CASIs

Recently HIV-infected MSM participants (N=285) were predominantly White (60%), well
educated (90% completed some college), had a median age of 33 years (interquartile range
[IQR]: 26, 40), and had been HIV-infected for a median of 84 days (IQR: 40, 103) (Table 1).
In the past three months, 60% reported illicit drug use (excluding marijuana); 41% used
amyl nitrite, 29% used methamphetamine, and 21% used ecstasy. When asked about sexual
partners (up to three in Wave 1 and 3; up to two in Wave 2) in the past three months, 37%
reported =1 main sexual partner and 75% reported CAI with =1 sexual partner. Fifty-four
percent reported concurrent sexual partners and 54% were connected by >1 putative
transmission link to others (i.e., clustered) in the network (median degree=1.0; IQR: 0.0,
3.0).

Among putative transmission links involving =1 recently HIV-infected MSM participant
(486 links), it was possible to infer the putative direction of transmission for 351 (72%) links
and the putative direction and timing (recent vs. chronic) of transmission for 350 (72%)
links. A participant was inferred to be the putative source of HIV in 57% (199/351) of
putative transmission links established at any point during follow-up, and of those links 23%
(45/199) were inferred to have been established during the participant’s period of recent
infection. Thirty-two percent of participants were inferred to be the putative source of HIV
in =1 putative transmission link established at any point during follow-up and 16% were
inferred to be the putative source of HIV in =1 putative transmission link established during
their period of recent infection.
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Sexual Partner Concurrency and HIV Transmission Network Characteristics among
Recently HIV-infected MSM SD-PIRC Participants who Completed CASIs

Compared to recently HIV-infected MSM participants without concurrent partners, those
with concurrent partners were more likely to cluster in the network (61% vs. 46%; p=0.01)
and had a higher mean network degree (2.7 [SD=4.0] vs. 1.7 [SD=3.0]; p=0.02) (Table 2).
After adjusting for enrollment year, age, race/ethnicity, education, number of male sexual
partners, relationship type with recent sexual partners, and CAIl with recent sexual partners,
concurrency was positively associated with HIV transmission network clustering (adjusted
odds ratio=1.83, 95% confidence interval [CI]: 1.08, 3.10) and degree (adjusted incidence
rate ratio=1.48, 95% ClI: 1.02, 2.15). Findings from sensitivity analyses examining the effect
of concurrency on clustering and degree measures derived from the HIV transmission
network inferred in the absence of codons associated with drug resistance mutations were
nearly identical. A greater proportion of participants with concurrent partners was inferred to
be the putative source of HIV in =1 putative transmission link established at any point
during follow-up (38% vs. 25%; p=0.02) and =1 putative transmission link established
during their period of recent infection (19% vs. 12%; p=0.17; although not statistically
significant).

DISCUSSION

Previous epidemiologic studies have primarily investigated the link between an individual's
recent concurrency and prevalent HIV status, and thus have not provided sufficient evidence
to evaluate the hypothesis that concurrency during recent infection increases an individual's
probability of HIV transmission [9]. In this study, we utilized information from an inferred
partial HIV transmission network to gain insight on an individual's possible history of HIV
transmission. Our combined use of behavioral, clinical, and molecular epidemiologic data
allowed us to examine the relationship between concurrency and HIV transmission network
characteristics (proxies for HIV transmission) [28] among MSM with recent HIV infection,
and thus better evaluate the concurrency hypothesis.

We found that concurrency during recent infection among MSM in San Diego, California
was associated with having =1 putative transmission link (i.e., clustering) and the number of
putative transmission links (i.e., degree) to others in the inferred HIV transmission network.
The proportion of participants inferred to be the putative source of HIV in =1 putative
transmission link established during their period of recent infection did not differ in a
statistically significant manner by concurrency. However, 38% of participants with
concurrent partners were inferred to be the putative source of HIV in =1 putative
transmission link established at any point during follow-up compared to only 24% of
participants without concurrent partners. These discrepant findings are likely explained by
the fact that 77% of putative transmission links where participants were inferred to be the
putative source of HIV were not established during their period of recent infection.
However, due to incomplete sampling, particularly during the brief but highly infectious
period following HIV acquisition, these links may represent transmission pathways that
include unobserved intermediates who acquired HIV from participants during recent
infection and subsequently transmitted the virus to linked individuals captured in our partial
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HIV transmission network. While our findings do not provide direct evidence that
concurrency facilitates HIV transmission during recent infection, they are consistent with the
concurrency hypothesis and suggest concurrency during recent infection is associated with
HIV transmission among MSM.

Our findings should be considered in the context of several limitations. First, social
desirability bias and recall bias may have led to inaccurate or incomplete reporting of
partner-specific data and HIV transmission risk behaviors. As such, some participants may
have been misclassified with respect to concurrency since our definition of concurrency
depends on accurate measurement of the timing of reported sexual partnerships. Second,
participants reported a median of six sexual partners in the past three months. Because
detailed partner-specific data, including the timing of sexual intercourse, were only collected
for up to three partners, we may have underestimated the prevalence of concurrency.
However, it is unlikely that any potential misclassification of participants’ concurrency
status was differential with respect to the HIV transmission network characteristics of
interest. Third, CASlIs varied slightly by data collection wave, which limited the covariates
that could be examined across all waves. Fourth, our inferred HIV transmission network
represents an incomplete network given that we based our inference on HIV-1 po/sequences
obtained from a convenience sample of HIV-infected individuals. Fifth, although we utilized
SD-PIRC participants’ clinical data to calculate EDIs and infer the putative direction and
timing of transmission, these data cannot determine with certainty whether or when
transmission actually occurred between individuals connected by putative transmission
links. The presence of a putative transmission link (directed or undirected) between two
individuals indicates that their viruses were genetically related, as such links may represent
transmission pathways that include unobserved intermediates or a shared common source of
infection (observed or unobserved). Finally, due to our small sample size we were unable to
examine the relationship between concurrency and the putative direction and timing of
transmission in multivariate analyses.

The prevalence of concurrency (54%) in our sample of recently HIV-infected MSM is
similar to that documented in previous studies (45% to 63%) [14, 15]. Our findings
combined with those from simulation studies [5-7], suggest this high prevalence of
concurrency may contribute to the disproportionate burden of HIV among MSM in the
United States and point to the need for HIV prevention strategies that mitigate the effect of
concurrency on HIV transmission within this population. One strategy might include the
expansion of indications for pre-exposure prophylaxis (PrEP) use among MSM in the United
States to include sexual partner concurrency. PrEP use among MSM who report concurrent
sexual partners could reduce their risk of HIV acquisition from HIV-infected sexual partners,
and thus their subsequent probability of transmitting HIV to uninfected concurrent sexual
partners. Future research should explore the impact of PrEP use in the context of
concurrency on HIV incidence among MSM, as well as factors associated with sexual
partner concurrency at the individual- and partnership-level to inform PrEP delivery
strategies.
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986 HIV-infected individuals
(HIV-1 pol sequences)

182 Chronic HIV infection (SD-PIRC participants only)
213 Unknown HIV infection stage (27 SD-PIRC and 186 CNICS participants)

v

A 4

591 Recent HIV infection
(SD-PIRC participants only)

113 Enrolled priorto 2002
116 Did not complete CASI

\ 4

A 4

362 Completed CASI within 1 year of EDI

5 Biological female

35 No male sexpartners (past3 months)

25 Missing data needed to classifyconcurrency

12 Recruited as a sex partner of an enrolled participant

v

285 Final concurrency analysis sample

Figurel.
Flowchart of recently HIV-infected MSM SD-PIRC participants who contributed to the

analysis examining the relationship between sexual partner concurrency and HIV
transmission network characteristics (MSM=men who have sex with men; SD-PIRC=San
Diego Primary Infection Resource Consortium; CASI=computer-assisted self-interview;
EDI=estimated data of infection).
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SD-PIRC participant Undirected transmission link

CNICS participant —p Directed transmission link established during chronicinfection

- No concurrentpartners  ———p Directed transmission link established during recentinfection

Concurrentpartners

Unknown concurrencystatus

Figure2.
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Partial HIV transmission network inferred among 186 Center for AIDS Research (CFAR)
Network of Integrated Clinical Systems (CNICS) and 800 San Diego Primary Infection
Resource Consortium (SD-PIRC) participants. Only the 462 participants who clustered (i.e.,
had a putative transmission link to =1 other individual) in the network are shown.
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