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Supplemental Information 1: Mathematical model
A deterministic mathematical model was developed to describe oral and genital herpes simplex virus type 1 (HSV-1) transmission in a population. An infection acquired orally was labelled as “oral herpes”, regardless of the presence or absence of disease or clinical manifestations. An infection acquired genitally was labelled as “genital herpes”, regardless of the presence or absence of disease or clinical manifestations. The model stratified the population into compartments according to age group, HSV-1 status and stage of infection, and level of risk of exposure.
Fig S1. Schematic diagram describing the structure of the HSV-1 model.
[image: C:\Users\hoa2009\Box Sync\Postdoc-Projects\HSV-2 and HSV-1(In Progress)\Writting\Model-Appendix-Fig.tiff]
1.1.  Model equations and description
The model was expressed in terms of a system of coupled nonlinear differential equations for each age group and sexual risk group:
Fully susceptible population:

 
HSV-1 oral herpes infection:


HSV-1 genital herpes infection:

 
We assumed variation in the risk of oral exposure to HSV-1 infection by age. Otherwise, we assumed no additional behavioral heterogeneity in the oral (non-sexual) risk of exposure to HSV-1 infection.


Meanwhile, we assumed that there is heterogeneity in the genital (sexual) risk of exposure to HSV-1 infection—the risk of exposure varied by age, and for each age group, the population was divided into three sexual risk groups   representing lower to higher sexual risk behavior. 


The index  denotes the age cohort  in the population—each age group represents a five-year age band (0–4, 5–9, …, 95–99 years old). The subscripts “Oral” and “Genital” represent the mode of acquisition (portal of entry) for HSV-1 infection.
Definitions of all symbols in the equations can be found in Table S1.
Table S1. Definitions of symbols in the model equations.
	Symbol

	Definition

	

	HSV-1 susceptible population


	

	Infected and infectious populations who acquired the infection orally 


	

	Infected and infectious populations who acquired the infection genitally 


	

	Latently-infected (non-shedding) populations who acquired the infection orally 


	

	Latently-infected (non-shedding) populations who acquired the infection genitally 


	

	Rate of progression from the active to the latent stage for oral infection


	

	Rate of progression from the active to the latent stage for genital infection


	

	Rate of progression from the latent to the active stage for oral infection


	

	Rate of progression from the latent to the active stage for genital infection


	

	Transition rate from one age group to the next age group


	

	
Total population size of each sexual risk group 


	
 
	Population growth rate


	
 
	Natural mortality rate


	

	
Oral HSV-1 force of infection experienced by each susceptible  population


	

	
Genital HSV-1 force of infection experienced by each susceptible  population











For each age group and sexual risk group, the population was stratified into five epidemiological categories.  represents the HSV-1 susceptible population.  and  represent the infected and infectious populations (whether for primary infection or reactivations) who acquired the infection orally and genitally, respectively.  and  represent the latently-infected (non-shedding) populations who acquired the infection orally and genitally, respectively. HSV-1 genital acquisition was assumed to occur only among those who reached their sexual debut (defined as ≥15 years of age; ). The fraction of HSV-1 genital herpes infections that are symptomatic is denoted by  (not shown in the model equations, but used to calculate the ever-symptomatic genital herpes prevalence). 




The natural history of HSV-1 infection was assumed to depend on the mode of acquisition.  and  are the rates of progression from the active (shedding) to the latent (non-shedding) stage for each of oral and genital infections, respectively.  and  are the rates of progression from the latent to the active stage for each of oral and genital infections, respectively.





 is the transition rate from one age group to the next age group.  is the total population size of each sexual risk group . The population growth rate () and the natural mortality rate  were described by the following functions, as they provided a robust fit of the population growth and age structure in the United States (US) (1):


and 










Here , , , , , , , and  are fitting parameters.



The rates  and  are the oral and genital HSV-1 forces of infection (hazard rates of infection), respectively, experienced by each susceptible  population. The oral HSV-1 force of infection consists of two forces of infection each of which describing a different sub-mode of acquisition, that is oral-to-oral and genital-to-oral (the latter through oral sex):

 
where



 

The genital HSV-1 force of infection consists of two forces of infection each of which describing a different sub-mode of acquisition, that is oral-to-genital (through oral sex) and genital-to-genital (through sexual intercourse):  
where

 

 




Here,  is the effective non-sexual oral infectious contact rate per year, while  and  describe the effective sexual partner change rates for oral sex and for sexual intercourse, respectively, per year for each population variable . This formulation of the force of infection assumes implicitly that an oral sex partnership is reciprocal by nature—both partners engage in active and receptive roles.





We assumed that there is no HSV-1 transmission during the latent stages for lack of viral shedding. The parameter  describes the oral non-sexual HSV-1 transmission probability per “partnership” between a member of the susceptible population  and a member of the infected population . This parameter  and the effective non-sexual oral infectious contact rate per year  were combined into one fitting parameter, due to absence of data determining them. 





The parameters  and  describe the oral sex HSV-1 transmission probability per sexual partnership between a member of the susceptible population  and a member of the infected population  and , respectively:

 

The oral sex HSV-1 transmission probability per partnership is expressed in terms of HSV-1 transmission probability per sex act , and the frequency of sex acts per year in this partnership .



The parameter  describes the sexual intercourse HSV-1 transmission probability, per sexual partnership between a member of the susceptible population  and a member of the infected population :

 


The sexual intercourse HSV-1 transmission probability per partnership is expressed in terms of HSV-1 transmission probability per sex act , and the frequency of sex acts per year in this partnership .





The mixing among different age groups is dictated by the mixing matrices , , and . The mixing among the different sexual risk groups is dictated by the mixing matrices  and . These matrices provide the likelihood of mixing and are given by the following expressions:

 

 

 

 

 









Here,  (and) is the identity matrix., , ,  and  measure the degree of assortativeness in the mixing. At the extreme  , the mixing is fully proportional while at the other extreme , the mixing is fully assortative, that is individuals mix only with members in their own risk or age group.                             
1.2.  Non-sexual oral contact rate


To accommodate for temporal variation in HSV-1 seroprevalence, the model was developed to include temporal variation in the risk of exposure through the oral-to-oral mode of acquisition—thereby accommodating the changes in hygiene and socioeconomic conditions in the US in recent decades (2-5). We parameterized this variation (time dependence of ) through a Wood-Saxon function (6, 7). This function is mathematically designed to describe and characterize transitions in terms of their scale or strength, smoothness or abruptness, thickness (duration), and the turning point (6-8). Using the Wood-Saxon parameterization,  is given by:

 





Here,  is the asymptotic value of  that describes the level of risk of exposure well after the transition, and  describes the transition duration parameter. Meanwhile,  is the turning point year at which the rate of contacts per year crosses half the way towards its asymptotic value of .



The level of risk of exposure changes during the transition from  before the transition to  after the transition. Accordingly, the reduction in the risk of exposure is given by .
1.3.  Sexual contact rates


The parameters  and  describe the effective sexual partner change rates per year for each of oral sex and sexual intercourse, respectively, for each population variable. These parameters describe effectively a composite of behavioral factors that enhance the sexual risk of exposure to the infection such as variability in risk of exposure, concurrency, and clustering within sexual networks (9-12). 


The  and  distributions across the different risk groups and age groups were defined through a power law function:







This function was motivated by analyses of the architecture of complex weighted networks (13, 14), and by an analysis of the average separation between individuals in a network or a sub-network (15). Here,  ( standing for each of oral sex and sexual intercourse) is a constant determined by the average risk of exposure and  is the exponent parameter that determines the growth in risk of exposure with risk group number . To account for the variability in sexual activity by age, we incorporated the parameter  that describes the variation by age, as determined using the sexual partnership data of the 2013-2014 National Health and Nutrition Examination Survey (NHANES) (16).
No temporal variation in the sexual partnership change rates was assumed.
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Supplemental Information 2: Parameter values
2.1.  Input parameters
The parameters of the model were derived using current empirical data on HSV-1 natural history and epidemiology, and are listed in Table S1 along with their references. The HSV-1 transmission probability per oral sex act or sexual intercourse act was assumed to be equal to that of HSV-2 for sexual intercourse (17, 18). This assumption, however, is of no consequence for the case of the oral sex component, as any difference in the transmission probability is effectively captured (through model fitting) by the partner change rates.   




Oral HSV-1 shedding frequency was assumed to occur 13.7% of the time, while genital HSV-1 shedding frequency was assumed to occur 1.5% of the time. These parameters were based on direct measurement from prospective cohort studies (19-21). Moreover, oral and genital HSV-1 shedding was assumed to occur through  and  reactivations per year, with each complete oral and genital cycle (of reactivation and latency) lasting for  days and  days, respectively. Within the cycle, the duration of latency between two reactivations is given by

 
and 

 
Meanwhile, the duration of reactivation within the cycle is provided by

 
and 

.
We assumed that primary HSV-1 infection has the same duration as that of reactivation. 





The proportion of the population in each sexual risk group  was calculated based on NHANES data for the distribution of sexual partnerships over the past 12 months (16). The degree of assortativeness ( and ) for sexual risk group mixing was fixed at 0.3, and the degree of assortativeness ( and ) for age group mixing was fixed at 0.7, for both oral sex and sexual intercourse partnerships,—representative values informed by earlier modeling work (9, 22). The frequency of sex acts per age group for both oral sex and sexual intercourse partnerships was based on the measurements of Weinstein et al. (23). 
The parameters of the model that were derived from the existing literature are listed in Table S2, along with their references. 
Table S2. Model assumptions in terms of parameter values.
	Parameter
	Symbol
	Value
	Range for uncertainty interval (±30%)
	Justification
	Sources

	HSV-1 transmission probability per act for an oral sex act 

	
 
	0.01
	0.007-0.013
	Assumed equal to that of HSV-2 for sexual intercourse. This assumption is of no consequence as any difference in the transmission probability is effectively captured (through model fitting) by the partner change rates

	(17, 18)

	
HSV-1 transmission probability per act for a sexual intercourse act 

	

 
	
0.01
	
0.007-0.013
	
Assumed equal to that of HSV-2 for sexual intercourse
	
(17, 18)

	Oral HSV-1 shedding frequency

	
 
	13.7% of the time
	9.59-17.81% of the time
	Direct measurement from a prospective cohort study

	(19)(1)

	Genital HSV-1 shedding frequency
	
 
	1.5% of the time
	1.05-1.95% of the time
	Direct measurement from a prospective cohort study

	(21)

	Frequency of oral HSV-1 reactivations
	
 
	16.2 per year
	11.34-21.06 per year
	Direct measurement from a prospective cohort study

	(21)

	Frequency of genital HSV-1 reactivations
	
 
	0.7 per year
	0.49-0.91 per year
	Direct measurement from a prospective cohort study

	(20)

	Duration of latency between two oral reactivations 

	
 
	19.4 days
	13.58-25.22 days
	Derived (see text above)
	(17)

	Duration of latency between two genital reactivations 

	
 
	513.5 days
	359.45-667.55 days
	Derived (see text above)
	(17)

	Duration of an oral reactivation

	
 
	3.1 days
	2.17-4.03 days
	Derived (see text above)
	(17)

	Duration of a genital reactivation

	
 

	7.9 days
	5.53-10.27 days
	Derived (see text above)
	(17)

	Degree of sexual assortativeness for age group mixing

	
 
	0.7
	0.49-0.91
	Informed by earlier modeling work

	(22)

	Degree of sexual assortativeness for sexual risk group mixing

	
 
	0.3
	0.21-0.39
	Informed by earlier modeling work
	(9)

	Fraction of HSV-1 genital herpes infections that are symptomatic
	
 
	26%
	18.2-33.8%
	Direct measurement from a prospective cohort study

	(24)



2.2.  Fitting parameters derived by fitting empirical data in this study








The constant  was determined by adapting an earlier model for HSV-2 transmission (17) and fitting it to NHANES data for HSV-2 infection (16), to derive the overall level of sexual-intercourse risk behavior in the US population. The age group mixing for the oral mode of transmission (), the exponent parameter (), the constants , , , , and  were determined by fitting HSV-1 seroprevalence over time and age groups, as well as HSV-1 genital herpes prevalence among HSV-1 positive individuals, both per the different rounds of NHANES data (16). 

Supplemental Information 3: A heuristic explanation of HSV-1 genital herpes 50% seroprevalence turning point

The intriguing growth but then saturation of genital herpes contribution was found to reflect the subtle dynamics of the oral-to-genital sexual mode of transmission. HSV-1 oral-to-genital incidence (through oral sex) was found to be driven not only by the increasingly larger susceptible population reaching sexual debut uninfected, but critically by the large reservoir of orally-acquired HSV-1 infections. This can be seen (heuristically) as expressed mathematically (noting that   is the susceptible fraction of the population):



Accordingly, as seroprevalence declines from its high levels, the term   increases reaching its peak at 50% seroprevalence and declining thereafter (Fig. S2).

Fig S2. The dynamics of the oral-to-genital sexual mode of transmission and the HSV-1 epidemiology turning point. The curve below shows the variation of the function: . This function illustrates how the contribution of the oral-to-genital sexual mode of transmission increases as HSV-1 seroprevalence declines down to 50% seroprevalence, after which the contribution decreases with further declines in seroprevalence. 
[image: C:\Users\hoa2009\Box Sync\Postdoc-Projects\HSV-2 and HSV-1(In Progress)\Code2\HSV1 model Oral and Genital\Code Final 10-04-2018\HSV-1 model Oral and Genital(8)\Results(1)\TurningPrevalence.tiff]

This is the essence of what has been unfolding in the US in recent decades. HSV-1 seroprevalence was historically at very high level, but was declining steadily for several decades. As seroprevalence approached the 50% turning point, the contribution of genital herpes to incidence peaked leading to HSV-1 becoming observed as the leading cause of first-episode genital herpes (2, 25). It is of no surprise then to witness a growing volume of literature indicating increasing incidence of HSV-1 genital herpes, particularly among young adults (24-26). As seroprevalence drops below the 50% turning point over the coming decades, this trend will be self-limiting and HSV-1 genital herpes incidence will start to decline (Fig. 4B and Fig. 6C of main text). 
In summary, the declining seroprevalence over the past decades has been leading to a larger susceptible young population, and thus growing genital herpes incidence, thanks to the large pool of orally-acquired prevalent infections. Eventually, this same declining seroprevalence, will yield (to the contrary) to declining genital herpes incidence as the pool of orally-acquired prevalent infections shrinks to an extent that it can no longer sustain as much oral-to-genital transmission through oral sex.


Fig S3. United States demographics. Estimated population size in the United States (US), compared to the United Nations’ World Population Prospects projection (1).
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Fig S4. Temporal evolution of key epidemiologic indicators of HSV-1 infection in adults 15–59 years of age in the United States. A) Estimated orally-acquired HSV-1 seroprevalence versus genitally-acquired HSV-1 seroprevalence. B) Estimated orally-acquired HSV-1 incidence rate versus genitally-acquired HSV-1 incidence rate. C) Estimated annual number of new (incident) orally-acquired versus genitally-acquired HSV-1 infections. 
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[bookmark: _GoBack]Fig S5. Uncertainty analysis. Mean and 95% uncertainty interval (UI) for the time trend of the relative contribution of orally-acquired (A) versus genitally-acquired (B) HSV-1 among new (incident) infections in the total population of the United States, and the estimated annual number of new (incident) orally-acquired (C) versus genitally-acquired (D) HSV-1 infections.  
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Fig S6. Sensitivity of model predictions to a wide variation in the oral HSV-1 shedding frequency. This sensitivity analysis assessed the impact of varying the oral shedding frequency between 5-18%. This range is based on the reported oral shedding frequency in existing studies (21, 27). Meanwhile, the baseline model prediction is based on the most current data (19). The impact of this wide variation was assessed for the time trend of the relative contribution of orally-acquired (A) versus genitally-acquired (B) HSV-1 among new (incident) infections in the total population of the United States, and the estimated annual number of new (incident) orally-acquired (C) versus genitally-acquired (D) HSV-1 infections. 
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Fig S7. Sensitivity of model predictions to a wide variation in the genital HSV-1 shedding frequency. This sensitivity analysis assessed the impact of varying the genital shedding frequency between 0.5-6%. This range is informed by recent unpublished data (28), while the baseline model prediction is based on available published evidence (21). The impact of this wide variation was assessed for the time trend of the relative contribution of orally-acquired (A) versus genitally-acquired (B) HSV-1 among new (incident) infections in the total population of the United States, and the estimated annual number of new (incident) orally-acquired (C) versus genitally-acquired (D) HSV-1 infections. 
[image: C:\Users\hoa2009\Box Sync\Postdoc-Projects\HSV-2 and HSV-1(In Progress)\BMC Medicine\Revision First Version\Additional Sensitivity Analyses\Sensitivity Shedding Genital -Revised (1)\SenstivityGenitalShedding.tiff]
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