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Abstract

Background.—Zika virus (ZIKV) can be transmitted sexually but the risk of sexual transmission
remains unknown. Most evidence of sexual transmission is from partners of infected travelers
returning from areas with ZIKV circulation.

Methods.—We used data from the US national arboviral disease surveillance system on
travel-and sexually acquired ZIKV disease cases during 2016-2017 to develop individual-level
simulations for estimating risk of male-to-female, male-to-male, and female-to-male sexual
transmission of ZIKV via vaginal and/or anal intercourse. We specified parametric distributions to
characterize individual-level variability of parameters for ZIKV persistence and sexual behaviors.

Results.—Using ZIKV RNA persistence in semen/vaginal fluids to approximate infectiousness
duration, male-to-male transmission had the highest estimated probability (1.3% [95% confidence
interval, Cl, .4%-6.0%] per anal sex act), followed by male-to-female and female-to-male
transmission (0.4% [95% ClI, .3%—.6%] per vaginal/anal sex act and 0.1% [95% CI, 0%—.8%)]

per vaginal sex act, respectively). Models using viral isolation in semen vs RNA detection to
approximate infectiousness duration predicted greater risk of sexual transmission.

Conclusions.—While likely insufficient to maintain sustained transmission, the estimated risk
of ZIKV transmission through unprotected sex is not trivial and is especially important for
pregnhant women, as ZIKV infection can cause severe congenital disorders.
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While most Zika virus (ZIKV) transmission occurs via Aedes mosquitos, evidence also
exists for transmission through sexual contact [1], as well as through intrauterine, perinatal,
blood transfusion, and laboratory exposure [2-7]. In addition to these reports, ZIKV RNA
has been detected in blood, urine, semen, vaginal or cervical fluids, and saliva, as well as
other body fluids [8-10].

Additional evidence suggests the possible importance of sexual transmission, especially by
men. Transmission via semen has been observed as long as 32—41 days after symptom onset,
and infectious virus has been detected in semen for up to 69 days after onset [11-14]. ZIKV
RNA has been detected over even longer time periods. A systemic analysis by Counotte

et al reported a median duration of RNA in semen of 40 days with a maximum of 370

days [15]. Detection of ZIKV in cervicovaginal fluids has been less common and mostly of
shorter duration. Infectious virus has been found at 3 days and viral RNA up to 6 months
after symptom onset [16—18], with Counotte et al reporting a median duration of RNA in
the female genital tract of 14 days [15]. Correspondingly, most documented cases of sexual
transmission of ZIKV have been from symptomatic men to their female partners, although
male-to-male and asymptomatic male-to-female sexual transmission also have been reported
[1, 19-23]. In the United States, 1 case of female-to-male sexual transmission with the
possible presence of menstrual blood was reported [24]. In addition, a report from France
presented the possibility of male-to-female transmission through oral sex in a couple that
also had vaginal intercourse without ejaculation [25].

Assessing the risk of ZIKV sexual transmission is challenging as sexual and vector-borne
transmission are generally impossible to differentiate in areas with Aedes vector mosquitos
and substantial transmission of ZIKV. ZIKV outbreaks have not occurred in areas without
vector-borne transmission, and the estimated reproductive number for ZIKV infection by
sexual transmission alone is less than 1 [26]. While the estimated contribution of sexual
transmission in ZIKV epidemics is low, sexual transmission might contribute to the higher
incidence observed in women relative to men [27]. No studies have estimated risk of sexual
transmission of ZIKV per sex act. Furthermore, potential differences in the probability of
sexual transmission by type of sexual contact have not been described. In this analysis,

we used data from the US national arboviral disease surveillance system (ArboNET) from
2016 to 2017 on travel- and sexually acquired ZIKV disease occurring in areas without
documented local transmission to develop individual-level simulations for estimating risk of
male-to-female, male-to-male, and female-to-male sexual transmission of ZIKV.

METHODS

Cases of ZIKV disease in the United States are reported to ArboNET, a passive surveillance
system managed by the Centers for Disease Control and Prevention and state health
departments. All cases had clinically compatible illness and laboratory confirmation
according to the Council of State and Territorial Epidemiologists (CSTE) case definitions
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for confirmed and probable ZIKV disease [28]. Travel-associated cases had recent travel

to areas with active ZIKV transmission, and cases were designated as sexually acquired
when their only known risk factor was sexual contact with a partner with recent travel to an
area with active ZIKV transmission [20]. For travel- and sexually acquired cases of ZIKV,
individual-level data were available on sex, age group (<18, 18-25, 25-34, 35-44, 45+
years), case status, and month of symptom onset. Frequencies of sexual transmission type
(male-to-male, etc.) were available by year of symptom onset.

Modeling Approach

To estimate the risks of sexual transmission, we developed stochastic individual-level
simulation models to estimate the number of sex acts among infected travelers that could
potentially result in ZIKV transmission. Due to the lack of data on and likely much lower
transmission risk of oral sex and insertive anal sex, only vaginal and receptive anal sex acts
(ZIKV infected partner inserts penis into anus of uninfected partner) were considered as
potentially infectious in the male-to-female transmission model, receptive anal sex acts for
male-to-male transmission model, and vaginal sex acts for the female-to-male model. The
sequential components of the models are described in Figure 1.

Using the number of potentially infectious sex acts per traveler generated from parameter
estimates, we performed 10 000 simulations for each of the 3 sexual transmission types

to generate these values for each reported male or female traveler with ZIKV disease
reported to ArboNET. For each simulation, we summed the total number of unprotected
infectious sex acts (NunprotectedintectioussexActs) @mong travelers who traveled without their
partner and the total number of individuals that had at least 1 unprotected infectious sex act

(N TravelersWithUprotectedInfectiousSexA ct) .

N UnprotectedIn fectiousSexActs — 2 NUnprotectedIn fectiousSex Acts

NTraueler:Wzthnprmected[n,/ecNﬂusSexAcI = z lOneOrMﬂreUnprulectedlnfecn‘muSexAc!sv

Where /oneormoreunprotectedintectioussexActs = 1 1 MipfactioussexActs > 0 and

loneormoreUnprotectedintectioussexActs = 0 1F Mipfectioussexacts = 0. To calculate the probabilities
of sexual transmission of ZIKV per infected individual who had at least 1 unprotected sex

act with an infected traveler, we divided the number of reported sexually acquired cases by
the respective denominators.

NSexualIyAcqu[releKV

Pr(ZIKV transmission pertraveler) =
N TravelersWithUnprotectedin fectious Sex Act

N Sexualiyacquiredziky
Pr(ZIKV transmission per sex act) = ————rt YEAUICCE2T

Unprotectedlin fectioussexActs
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From the simulations, we computed asymptotic, 95% score confidence intervals (CI) for
the probabilities of interest described while accounting for uncertainty in the unknown,
true sample sizes, as detailed in the Supplementary Material. Briefly, we assumed that the
number of positives given the sample size was binomially distributed with parameters the
given sample size and the probability of interest. We then estimated the distribution of the
(random) sample size from the simulated data and marginalized against this distribution
to compute the distribution for the number of positives, as a function of the probability

of interest. This marginal distribution for the number of positives formed the basis for
inference, including maximum likelihood point estimation and CI construction.

Assumptions and Parameter Estimates

All cases of ZIKV disease were symptomatic and therefore represented a subset of all
infections that may have occurred. For the purpose of this study, we assumed that travel-
associated mosquito-acquired and sexually acquired infections were equally likely to have
been symptomatic and reported such that both types of cases represent a similar proportion
of the true total number of each type of infection. We assumed that the probability of
sexual transmission of ZIKV was likely to be low and short lived, such that on average
most infected travelers would sexually transmit ZIKV to fewer than 1 person. We also
assumed that the infectious period in travelers began after their return to the United States,
sexual behavior during the infectious period was consistent with estimates from nationally
representative samples, and ZIKV sexual transmission occurred via vaginal and receptive
anal sex acts. Model assumptions are listed in Table 1 and parameters are described in Table
2.

Based on the criteria for reporting sexually acquired ZIKV disease cases to ArboNET,
ZIKV disease cases in sexual partners who travelled together would not be classified as
sexual transmission as both partners would have also experienced risk of vector-borne ZIKV
transmission. In 2016 and 2017, an estimated 23%—24% of overseas travelers from the
United States were accompanied by their partner and an additional 13% were accompanied
by family (which might also reflect travel with a partner) [29, 30]. We therefore assumed
that 23%-37% of travelers traveled with their partner and characterized this probability with
a uniform distribution:

PrvavelingWish Parener~Uniform(0.23, 0.37)

An infected traveler either traveled alone ( 7ravelAlone = 1) or did not (7ravelAlone = 0), so
for each individual traveler, we sampled from a Bernoulli distribution where the probability
of traveling alone is 1 minus the probability of traveling with a partner:

Travel Alone~Bernoulli (1 — pryavetingwithpartmer)

For the male-to-male transmission model, we used a Bernoulli distribution to approximate
the proportion of male travelers that had sex with male partners (oassp) using national
population estimates the proportion of men who engaged in same-sex behavior in the past
year [31]:

J Infect Dis. Author manuscript; available in PMC 2023 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Major et al.

Page 5

Pusy~Bernoulli(pasa acrivityinpasivear)

We estimated the infectious period (¢paysinfectiouszik\) for each male traveler with 1 of 2
different indicators of ZIKV infectiousness in semen: (1) the detection of live ZIKV by viral
isolation and (2) the detection of ZIKV RNA. Due to limited available data on viral isolation
in vaginal fluids, the infectious period in female travelers was estimated using ZIKV RNA
persistence data only. For each indicator, we used a log-normal distribution to characterize
individual-level variability based on the median (m) and log standard deviation (o). We used
a median of 42 days for ZIKV RNA in semen, a median of 10 days for viral culture in
semen, and a log standard deviation of 0.65 for both distributions [32, 33]. For ZIKV RNA
in vaginal fluids, we used a median of 1 day and a log standard deviation of 0.95 [15, 32]:

tDaysinfectious zikvy ~LLOgNormal(m, o)

To estimate the average number of sex acts per day (/1sexactsperpay), We used published data
from the National Survey of Family Growth for median vaginal acts among men and women
[34]. To estimate the average number of anal sex acts, we considered published estimates

of opposite sex engagement in anal sex from the National Survey of Sexual Health and
Behavior [35, 36] and secondary analyses of men who have sex with men (MSM) data from
the HIVNET Vaccine Preparedness Study, General Social Survey, and National Health and
Social Life Survey [37, 38]. We approximated the distributions for average sex acts per day
with a LogNormal distribution, using median (m) vaginal and anal acts per 28 days (d) for
opposite sex partners and median anal sex acts per 365 days for MSM. We assumed that half
of the estimated average anal sex acts per day among MSM were insertive (O/sertiveAnatach
where an infected traveler might transmit ZIKV through semen.

ASexacisperpay~LOgNormal(m, ¢)/d

DPinsertiveanal e ~0-5

The individual-level number of potentially infectious vaginal and/or anal sex acts among
travelers who traveled without their partner was sampled from a Poisson distribution, where
the proportion of male travelers that had sex with male partners (osssp9) and the proportion
of anal sex acts among infected male travelers with male partners that were insertive
(Prnsertive Act) Were only applied to the male-to-male model.

nlnfectinu.vSexAcrx~POisson( Travel Alone X prrsy X AsexactsperDay X PlusertiveAnalAct X tDayxZIKVlnSme)
For the probability of condom use during vaginal and anal sexual intercourse (Ocondomuse)
we used published data from the National Survey of Sexual Health and Behavior and

estimates from the National HIV Behavioral Surveillance System, and applied a Beta
distribution [39, 40]. We also used a Beta distribution to estimate effectivity of condom
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use in preventing transmission using estimates from National HIV studies for opposite sex
couples and MSM [41, 42]. Then, we estimated the probability of effective condom use by
multiplying condom use and condom effectivity probabilities:

Pcondomuse~Beta(a, f)

DCondomEf fectivity~Betala, f)

DEffectiveCondomUse = PCondomUse X PCondomEf fectivity

The number of unprotected vaginal and/or anal sex acts per traveler
(MUnprotectedintectiousSexActs) @sumed a binomial distribution of the individual-level number
of sex acts and the probability of no or ineffective condom use (1 -pefrectivecondomise):

NUnprotected Infectious SexArl:NBlnomlal(nln Jectious Sex Acts» | = DEffective Condom Use)

Sensitivity Analyses

To evaluate the sensitivity of transmission probability estimates to plausible changes in
parameters, we conducted sensitivity analyses for the male-to-female model using ZIKV
RNA persistence in semen to approximate duration of infectiousness. We varied parameter
inputs according to their upper and lower 95% Cls from the data source or, for the
proportion of individuals who traveled with a partner, to the upper and lower distribution
boundaries. Transmission probabilities per unprotected infectious sex act and per traveler
with =1 unprotected infectious sex act were recalculated for each parameter variation.

Computing Environment

RESULTS

All distribution approximations and simulations were performed in R 4.0.4 [43]. The full
code is available from the corresponding author.

During 2016-2017, 3446 female cases and 1888 male cases of travel-acquired ZIKV disease
and 49 female cases and 3 male cases of sexually acquired ZIKV disease were reported to
ArboNET. All sexually acquired female cases had suspected male-to-female transmission;

2 of the sexually acquired male cases had suspected male-to-male transmission and 1 had
suspected female-to-male transmission. Other parameters for the model are detailed in Table
2; the results of the simulations to estimate unprotected infectious sex acts per traveler and
among all travelers as well the number of travelers with =1 unprotected infectious sex act are
reported for each model in Supplementary Table 1.

The probability of male-to-female transmission per male traveler with =1 unprotected
infectious vaginal or anal sex act varied from 4.2% (95% CI, 3.2%-5.6%) when based
on ZIKV RNA detection to 6.4% (95% ClI, 4.9%-8.5%) when based on ZIKV isolation
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(Table 3). The probability of male-to-female transmission per unprotected vaginal or anal
sex act was 0.4% (95% Cl, .3%-.6%) based on ZIKV RNA detection and 1.8% (95% ClI,
1.4%-2.5%) when based on ZIKV isolation.

The estimated risk for sexual transmission of ZIKV was greatest and had the most
uncertainty for male-to-male transmission with probabilities of 5.6% (95% CI, 1.5%—
20.3%) and 9.9% (95% ClI, 2.7%-36.1%) per male traveler with =1 unprotected infectious
insertive anal sex act, based on ZIKV RNA detection and ZIKV isolation, respectively. The
probability of male-to-male transmission per sex act was 1.3% (95% ClI, .4%-6.0%) based
on ZIKV RNA detection and 5.6% (95% ClI, 1.5%-25.6%) when based on ZIKYV isolation.

Estimates were lowest for female-to-male transmission. The probability of transmission for
female-to-male per female traveler with =1 unprotected infectious vaginal sex act was 0.2%
(95% Cl, 0%-1.3%) based on ZIKV RNA detection, and the transmission probability per
unprotected vaginal sex act was 0.1% (95% ClI, 0%—.8%).

In the sensitivity analyses performed for male-to-female transmission, the lowest and highest
estimates for the probability of ZIKV transmission per male traveler with =1 unprotected
infectious sex act were 3.8% and 4.7%, with both estimates generated from varying the
proportion of individuals that travel with their partner across its distribution boundaries
(Table 4). The probability of transmission per unprotected infectious vaginal and anal sex
acts varied from 0.37% to 0.53%, with both estimates generated from varying the infectious
period across the 95% CI boundaries for ZIKV RNA persistence in semen. Variations in
condom use and effectiveness had the smallest effects on both transmission probability
estimates.

DISCUSSION

Comprehensive studies of ZIKV sexual transmission are complicated by the primary role

of mosquito-borne transmission and an inability to differentiate vector-borne and sexual
transmission. However, the large scale of the 2016—-2017 pandemic led to many travel-
associated infections and a unique opportunity to assess sexual transmission risk among
cases detected in travelers and their subsequent sex partners. The majority of reported
sexually acquired cases (n = 49) were due to male-to-female transmission. Our analysis
estimated a probability of male-to-female transmission per unprotected sex act of 0.4%
based on RNA detection and an even greater risk for male-to-male transmission of 1.3% per
sex act. This latter estimate had the highest uncertainty due to the low number of observed
cases (n = 2) and relatively lower number of expected male-to-male sex acts among infected
travelers. Risk was estimated to be lowest for female-tomale, with a transmission probability
of 0.1% per sex act.

The difference between estimates made using ZIKV RNA persistence vs ZIKV isolation as
proxies for infectiousness and results of the sensitivity analysis indicate that the duration of
the infectious period is a key source of uncertainty, particularly for estimating transmission
probability per unprotected sex act. Approximating this period using RNA positivity resulted
in lower risk estimates as the extended infectious period increases the number of potentially
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infectious sex acts while the number of reported cases remains the same. In contrast,
presence of infectious virus is more challenging to measure, resulting in fewer available
data and additional limits to sensitivity. Therefore, the infectious period approximated
from the infectious virus data may underestimate the true infectious period and, therefore,
overestimate risk as a shorter infectious period would mean that there are fewer infectious
sex acts.

Higher transmission probabilities among MSM and from male-to-female compared with
female-to-male were expected based on what has been reported for other sexually
transmitted diseases [44]. These findings are also supported by data from animal studies.
In a mouse model, sexual transmission was observed from males to females but not from
females to males [45]. High levels of ZIKV replication in the testes in mice and sustained
detection of viral RNA and of virus in testicular and epididymal epithelia in mice is
consistent with the longer duration of detection seen in men compared to women [45, 46].
Rectal mucosa is also susceptible to ZIKV infection [46], and likely an important route of
transmission based on our results.

The probability of sexual transmission of ZIKV in our study is higher than what has been
reported for HIV (4—138 per 10 000 exposures) [47], but lower than that for other sexually
transmitted infections. For example, Chlamyadia transmission probability per partnership has
been estimated at 55% (interquartile range [IQR], 49%-63%) [48], while the Chlamydia
transmission probability per sex act is estimated at 10% (IQR, 6%—17%). Transmission
probabilities are even higher for gonorrhea, estimated at 46% (95% CI, 30%-62%) for
male-to-female transmission per sex act and 23% (95% ClI, 16%-32%) for female-to-male
transmission per sex act [44].

Only 2 studies have used mathematical models to estimate the reproductive number for
ZIKV sexual transmission. Gao et al used a deterministic model with surveillance data
from Brazil, Colombia, and El Salvador, and derived a reproductive number of 0.136 (95%
Cl, .009-.521) [49]. Towers et al using a deterministic model parametrized to data from
Colombia, concluded the reproductive number was “likely below one” [50]. The 2 studies
calculated the proportion of ZIKV infections resulting from sexual transmission as 3.04%
(95% Cl, .12%-45.73%) [49] and 23% (95% CI, 1%—-47%) [50]. Neither study provided
information about the transmission probability per sex act. In addition, surveillance data on
which these studies based their results did not distinguish between vectortransmitted ZIKV
and sexually transmitted ZIKV infections.

Our study had some limitations. The transmission probabilities are based on symptomatic
infections, which may have resulted in biased estimates. However, we assumed that

this reliance would equally affect the travel-acquired ZIKV cases that could potentially
transmit ZIKV sexually and the sexually acquired ZIKV cases. As our data on cases are
limited to symptomatic, reported cases, it may be biased by differences in care-seeking by
sex, detection, reporting of travel or sexual transmission cases, or other factors. Sexual
transmissions among partners who travelled together may have been misclassified as
mosquito-acquired infections during travel. For the male-to-female model, expected anal
sex acts were relatively low and combined with vaginal sex acts to obtain a single per-act
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transmission probability. However, risk estimates from the other 2 models suggest anal
sex has a higher probability of ZIKV transmission than vaginal sex. Finally, estimates for
male-to-male and female-to-male transmission were based on only 2 and 1 reported cases,
respectively.

We also made assumptions on types and consistency of sexual behaviors and the infectious
period duration that may have biased ZIKV sexual transmission risk estimates. Due to
limited evidence of ZIKV transmission through oral sex in the absence of other types

of sexual contact, we did not account for it in our risk estimates, potentially leading

to overestimation of per-act transmission risk. Additionally, we estimated the ZIKV
transmission probability for receptive anal sex, not considering scenarios where infection
may have occurred during insertive anal sex. As data on timing of ZIKV diagnosis and
symptom duration and severity among infected travelers were unavailable, we assumed
sexual behaviors were consistent with national representative sample estimates throughout
the infectious period. This may have resulted in underestimation of transmission risk

if illness and/or ZIKV diagnosis decreased sex act frequency and/or increased condom
use, reducing the number of potentially infectious sex acts. Finally, uncertainty regarding
duration of infectiousness in genital fluids greatly impacts risk estimates, and our
assumption that the entire infectious period occurred after return from travel may also have
led to underestimation of transmission risk.

Although sexual transmission is not enough to sustain ZIKV transmission due primarily to
duration of infectiousness [49, 50], our study documented that the risk among discordant
partners engaging in unprotected sex is not trivial. The risk of sexual transmission of ZIKV
is particularly relevant for women who are pregnant or planning a pregnancy, as ZIKV
infection can cause severe congenital disorders. Promoting condom use and other strategies
to prevent sexual transmission for residents and travelers visiting and returning from areas
with ongoing ZIKV transmission is essential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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