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Percentage of persons with HIV (PWH) and the percentage of transmissions along the HIV care continuum, stratified by race/ethnicity (Fig S1) and transmission group (Fig S2) of PWH

Among Black/African American persons, of transmissions in 2019, 41.4% were associated with the 13.4% who were unaware of their HIV status, 41.8% were associated with the 22.0% who were aware but not in care, 16.9% were associated with the 10.9% who were receiving care (on ART) and not virally suppressed, and 0% were associated with the 53.7% who were taking ART and virally suppressed. Among Hispanic/Latino persons, of transmissions in 2019, 51.6% were associated with the 16.9% who were unaware of their HIV status, 39.3% were associated with the 21.5% who were aware but not in care, 9.0% were associated with the 7.4% who were receiving care (on ART) and not virally suppressed, and 0% were associated with the 54.2% who were taking ART and virally suppressed. Among other persons, of transmission in 2019, 46.0% were associated with the 11.8% who were unaware of their HIV status, 41.6% were associated with the 17.6% who were aware but not in care, 12.3% were associated with the 6.7% who were receiving care (on ART) and not virally suppressed, and 0% were associated with the 64.0% who were taking ART and virally suppressed. Among MSM, the largest proportion of transmissions in 2019 (51.6%) was associated with the 15.5% who were unaware of their HIV status. On the other hand, among persons who inject drugs (men, women, and MSM), the largest proportion of transmissions in 2019 (62.0%, 56.9%, and 42.6%, respectively) was associated with persons who were aware but not in care (32.1%, 23.2%, and 18.5%, respectively). Similarly, among heterosexual men and women, the largest proportion of transmissions in 2019 (47.6% and 50.1%) was associated with persons who were aware but not in care (23.4% and 20.1%). 
Fig. S1 Percentage of persons with HIV (PWH) and percentage of transmissions along the HIV care continuum, stratified by race/ethnicity of PWH —United States, 2019a
Fig. S1a. Among Black/African American PWH	    Fig. S1b. Among Hispanic/Latino PWH			

Fig. S1c. Among other* PWH

Abbreviations: ART (antiretroviral therapy); PWH (Persons with HIV)
a All results represent the mean of 100 PATH 3.0 simulation runs, where each run was initiated with 10,000 persons with HIV.
* Other includes American Indian/Alaska Native, Asian, Native Hawaiian/other Pacific Islander, White, and Multiracial
Fig. S2 Percentage of persons with HIV (PWH) and percentage of transmissions along the HIV care continuum, stratified by transmission group of PWH —United States, 2019a
Fig. S2a. Among MSM PWH	  		    Fig. S2b. Among MSM who inject drugs PW

Fig. S2c. Among Heterosexual men PWH          	    Fig. S2d. Among Men who inject drugs PWH

Fig. S2e. Among Heterosexual women PWH               Fig. S2f. Among Women who inject drugs PWH

Abbreviations: ART (antiretroviral therapy); PWH (Persons with HIV); MSM (men who have sex with men)
a All results represent the mean of 100 PATH 3.0 simulation runs, where each run was initiated with 10,000 persons with HIV.


Overview of PATH 3.0 Model
The Progression and Transmission of HIV (PATH 3.0) model is an agent-based model that allows for the analysis of individual-level disease progression and transmission for each person with HIV.  It is an expanded version of PATH 1.0 (1) and PATH 2.0 (2).  PATH 1.0 was an Excel-based Monte Carlo simulation model of disease progression that included first-level transmission of HIV from index persons to their partners.  Transmissions were based on annual transmission rates associated with acute versus non-acute HIV infection and the steps of the HIV care continuum (3, 4).  PATH 2.0 expanded the disease progression model from PATH 1.0 into an agent-based model with a dynamic HIV transmission component based on 10,000 persons with HIV (PWH) who represented all men who have sex with men (MSM) and heterosexuals with HIV in the United States in 2006.  PATH 3.0 integrates persons who inject drugs (PWID) into the model to construct sexual and needle-sharing partnerships for a more comprehensive transmission component.  Model parameters, such as sexual and injection-drug behaviors and partnership preferences, have been updated based on recent National HIV Behavioral Surveillance (NHBS) data (5).  Uninfected persons are not modeled as individual agents but are drawn as needed from populations stratified by risk and gender.  When HIV transmissions occur, the newly infected persons are transitioned into the agent-based model.  We constructed both PATH 2.0 and PATH 3.0 in NetLogo software (6).
Each month, the simulation updates each person’s disease progression and diagnostic, care, and treatment status (disease-progression and care-continuum components), and generates transmissions (transmission component), thus projecting the course of the HIV epidemic for the years 2007 and beyond, with the final year determined by the analysis.  To model whether a certain event, such as an opportunistic infection (OI) or death, occurred during a given time unit, the relevant input data were converted to risks or probabilities, a random number between 0 and 1 was generated, and if the random number was less than the risk or probability, the event was modeled as having occurred.

Disease Progression and Steps along the HIV Care Continuum 
Stages of disease
In the disease progression component of the model, each HIV-infected person transitioned through the following disease stages: acute infection (Stage 1), asymptomatic infection (Stage 2), symptomatic infection/acquired immune deficiency syndrome (AIDS) (Stage 3), and death.  
The acute phase of infection, Stage 1, was characterized by high HIV viral loads, ranging between 4.4 and 6.2 log10 copies/ml (7, 8), for the first three months of infection.  We assumed that CD4 count at the time of infection was between 750 and 900 cells/µL (9) (Table 1).  
[bookmark: _Hlk61729065]During Stage 2, we assumed there were no AIDS-related conditions.  In the absence of treatment, this stage was marked by a steady viral load, with an HIV viral load set point between 4.0 and 5.0 log10 copies/ml (10), and a declining CD4 count.  The rate of CD4 decline in this stage depended on the viral load set point (11) (Table 1).  
Stage 3 infection, or AIDS, was characterized by a drop in CD4 count to below 200 cells/µL or the occurrence of an OI (11, 12).  
Opportunistic infections
Based on published data, we modeled the increasing probability of an OI occurrence as CD4 counts declined.  We used the distribution of CD4 counts across four CD4 strata, and OI-specific relative risks by CD4 strata, from North American cohorts totaling 63,541 PWH who contributed 261,573 person-years of observation.  We modeled the potential acquisition of seven high-frequency OIs (13).  The CD4 distribution (after adjusting for the 6% of persons with missing counts) was: CD4<200, 25.5%; CD4=200–349, 23.0%; CD4=350–499, 20.3%; and CD4≥500, 31.2%.  The relative risk by CD4 stratum, compared to the reference case of CD4≥500, of acquiring each of the seven OIs was reported for the years 2000–2010.  For each OI, we used the reported incidence per 100 person-years for 2008–2010, the most recent period reported (13) (Table 1).  We solved for the absolute risk of acquiring each OI among those with CD4≥500, and from that calculated the absolute risk of acquiring each OI for the other CD4 strata.  
As an example, the 2008–2010 incidence for Pneumocystis pneumonia (PCP) was 0.391 per 100 person-years.  We decomposed this incidence into its CD4-stratum components by multiplying the percentage of the cohort in each stratum by the relative risk of acquiring PCP compared to those with CD4≥500, and solved to obtain:

where  = the absolute risk among those with CD4≥500.  The absolute risk of acquiring PCP for the other CD4 strata was then obtained by multiplying the respective relative risks by 0.109.  
Mortality
[bookmark: _Hlk61729193][bookmark: _Hlk61729156]PWH in the model could die from causes related to HIV or other factors.  We used 5-year mortality risks for patients receiving care at the Centers for AIDS Research Network of Integrated Clinical System sites from 1998 to 2011 (14).  The authors reported mortality risks stratified by CD4 count for those who had been exposed and not exposed to antiretroviral therapy (ART).  Among those exposed to ART, mortality risk was also stratified by CD4 count at ART initiation.  The 5-year mortality risk increased as the baseline CD4 count declined.  We reduced the published mortality rates by 25% so that the number of deaths produced by the model from 2010 through 2019 matched the number of all-cause deaths reported in HIV surveillance data from 2010 to 2019 (15, 16).
In addition to the monthly mortality rates described above, each agent in the model can survive no longer than the life expectancy in the general population at the age at which the agent became HIV-infected, as reported in U.S. life tables (17).  
HIV Treatment
We assumed persons could receive a diagnosis, be linked to care, and start on treatment at any time after infection with the exact timing of these events determined by the setting being analyzed.  
We assumed the natural progression of HIV was altered upon initiation of ART, which is associated with suppressed viral load (i.e., <200 copies/ml), reduced transmission risk, higher CD4 counts, and improved life expectancy and quality of life (18, 19).  
Once suppressed, HIV viral load was assumed to be maintained between 1.0 and 2.7 log10 copies/mL (20).  In accordance with expert opinion and the results from several clinical trials (21-25), the probability of viral suppression was dependent on CD4 count at the initiation of the first ART regimen.  The maximum CD4 count that could be achieved and the rate at which it increased during sustained HIV viral suppression also depended on CD4 count at ART initiation (26) (Table 1).
For those infected before 2015, if initial viral suppression was achieved, the person continued with the first regimen for a duration of time until viral rebound (i.e., unsuppressed viral load) occurred, after which the person started on the next-line regimen.  The time to viral rebound was randomly selected from a geometric distribution, with mean equal to the inverse of the rebound rate (27-29).  As with the probability of achieving viral suppression, before 2015 the rebound rate was associated with CD4 count at ART initiation.  Rebound rates were calibrated to produce the life expectancies observed in the Antiretroviral Therapy Cohort Collaboration population (27, 28) and the UK Collaborative HIV Cohort Study (29).  The rebound rates for subsequent regimens were each assumed to increase by 18% compared with the previous regimen.  Thus, the time on each subsequent regimen decreased.  When a particular treatment regimen ceased to be effective, we assumed that the HIV viral load rebounded to between 3.1 and 4.5 log10 copies/ml (30) (Table 1).  
If there was no initial viral suppression, the person moved to the next-line regimen after six months.  We considered four lines of suppressive regimens based on Department of Health and Human Services guidelines (31) and expert opinion, followed by salvage therapy.  During salvage therapy, we assumed that HIV viral loads were higher than previous set points by as much as 1.5 and 2.0 log10 copies/ml prior to and after the onset of AIDS, respectively (32) (Table 1).
For those infected after 2015, since there were fewer persons experiencing viral rebound (33), a person could switch regimens due to other reasons such as ease of care, costs, or drug interactions.  A person started a regimen selected from a uniform distribution and modified their regimen at a probability of 41% (33) (Table 1).  If they did not modify, they stayed with the first regimen until death.  If they did modify, they stayed with their first regimen for a length of time selected from a truncated normal distribution with a mean of 48 months (33), a standard deviation of 12 months, and lower and upper bounds of 12 and 72 months (Table 1).  Once they modified, they selected a different regimen from a uniform distribution, and stayed with the second regimen until death.  
HIV care-continuum progression
The number of persons newly diagnosed, linked to care, prescribed ART, and virally suppressed was controlled to match the observed proportions of each of these HIV care-continuum steps for the years 2006–2019 in HIV surveillance data (16).  In this analysis, these data were updated and stratified by race/ethnicity, which was a major addition to PATH 3.0.  Data are presented in Tables 2A-2C on the proportions undiagnosed, aware but not in care, in care but not on ART, and virally suppressed by race/ethnicity:  Black/African American; Hispanic/Latino; and Other (of whom 88% are White).  The proportion on ART but not virally suppressed is calculated as 1 – the sum of the other four proportions.
Each month, the simulation determined the number of persons to diagnose in the model to match the reported proportion aware of their infection.  Among those who became newly aware, 77% to 86%, depending on the year and the subpopulation, were linked to care immediately (34).  Due to lack of data on the remaining 14% to 23%, we assumed 90% of the remaining persons would seek care and treatment when their CD4 count decreased to 200 cells/µL, and 10% when their CD4 count decreased to 36 cells/µL.
Among those linked to care, the simulation determined the number of persons to newly start treatment to match the reported proportion taking ART.  As a result, among those in care, not everyone was on treatment.  After 2012, however, we assumed everyone linked to care was prescribed and started ART to conform to the updated ART Guidelines that recommended initiation of ART for all those in care (35, 36).  
We did not directly control the percentage of persons on ART but not virally suppressed.  This percentage was controlled by setting a viral rebound rate for virally suppressed persons to match the percentage of virally suppressed persons in the surveillance data, and then using the rebound rate to determine those on ART but not virally suppressed.
Next, the simulation determined the number of persons who dropped out of care.  The model picked persons to drop out randomly from those in care but not on ART and those on ART.  The number was chosen to match the reported proportion diagnosed but not in care.  For each person who dropped out, the simulation noted their treatment status (taking or not taking ART) at the time of drop-out and assigned a time for re-entry such that, when that time arrived, the person would be re-initiated in care alone or care and treatment to match their treatment status at drop-out.  The time to re-entry was assumed to be 1 to 2 years for 45% of those who dropped out (37). Due to lack of data on the remaining 55%, we modeled time of reentry as an exponential distribution.
HIV Transmission 
Sexual transmission
[bookmark: _Hlk61729298]At every time unit in PATH (weekly for Stage 1 and monthly for Stages 2 and 3), there was a probability of HIV sexual transmission from HIV-infected index persons to their sex partners.  The probability was based on the index person’s disease stage and continuum-of-care step, number of sex acts, type of sex act (anal or vaginal, insertive or receptive), and use of protective strategies.  In this version of the model, the only protective strategy included was condom use, but pre-exposure prophylaxis (PrEP) could be added.  The transmission rate also varied by viral load, being highest in the acute phase and lowest when the person had a suppressed viral load from ART adherence, in which case the transmission risk fell to zero.  When transmissions occurred, the newly infected persons were added to the simulation (Table 3).
The probability of sexual transmission () within a sexual partnership was estimated using a Bernoulli process model (38-40):

where, if the partner was of the opposite sex,
 the probability of transmission per vaginal and anal sex act, respectively,
 the number of vaginal and anal sex acts, respectively, per time unit (month in the chronic phase and week in the acute phase),
 the proportion of vaginal and anal sex acts, respectively, in which condoms are used, and
 the effectiveness of condom use in reducing transmission per sex act.
If the HIV-infected person was a male who had a male partner, then the subscripts  and  in the above equation represent insertive and receptive anal sex acts, respectively.  
Needle-sharing transmission
[bookmark: _Hlk61729334]At every time unit in PATH, there was a probability of HIV transmission related to needle-sharing behaviors from HIV-infected index PWID to their needle-sharing partners.  As with sexual transmission, the probability was based on the index person’s disease stage and continuum-of-care step.  In the case of injection-related transmissions, behaviors included the number of needles injected, percentage of needles shared, and number of needle-sharing partners (Table 4).
The probability of a sex- or injection-related transmission () occurring within a sexual- and/or needle-sharing partnership was estimated using a Bernoulli process model (38-40):

where:
 the probability of transmission per needle-sharing act, and
 the number of needles shared between the two partners.
All other parameters were the same as for sexual transmission.  If the two partners were sex partners only, then  0.  If the two partners were needle-sharing partners only, then .
Sexual risk behaviors (NHBS HET4 2016, IDU4 2015, MSM5 2017) and condom use (NSSHB(41-44)) 
We estimated the average number of sex acts per person with HIV per year based on NHBS data[footnoteRef:2] (5).  We stratified the average number of sex acts per year by risk group and age group (Table 5, 6).  We based our estimates on responses to NHBS questions by those who had at least one main partnership that lasted longer than 90 days during the past 12 months.  We multiplied by 4 the reported number of sex acts during the past 3 months with the last sex partner.  This estimate is conservative for those who had more than one partner at a time.  For those with casual partners, we estimated, through calibration, 1–2 sex acts per partner.  The proportion of sex acts that were anal among heterosexual females and males was calculated as 1 – (the number of vaginal sex acts/the number of vaginal and sex anal acts).  We assumed that for MSM, 50% of sex acts were insertive, and the other 50% were receptive (Table 5, 6).  We assumed that 14% of MSM were bisexual (86-89) and, based on calibration, that 50% of bisexual men had sex with females during the year and that the percentage of all sex acts with female partners that were anal was 5% (Table 6).  For heterosexual females and males, and female and heterosexual-male PWID, the percentage of sex acts that were anal varied by age group (Table 5, 6). [2:  CDC conducts NHBS in rotating, annual cycles in three different populations at increased risk for HIV:
1) Gay, bisexual, and other men who have sex with men; known as the MSM cycle,
2) Persons who inject drugs; known as the injection drug use or IDU cycle, and
3) Heterosexuals at increased risk for HIV infection; known as the HET cycle.
We analyzed raw, unweighted data from MSM5 (2017), IDU4 (2015), and HET4 (2016), and did not account for the complex survey design.  (We also note that NHBS data are not nationally representative.)  In some cases, we used the data directly, while in other cases we used the data as a starting point and made additional assumptions and calculations for the parameter values to be suitable for the PATH model.  The numbers in Tables 5 and 6 are only intended for use in parameterizing the PATH model and should not be regarded as official NHBS estimates.  More details about NHBS can be found at: National HIV Behavioral Surveillance (NHBS) | HIV Data | CDC.  ] 

Condom use estimates were based on the National Survey of Sexual Health and Behavior (NSSHB) (41-44), and were stratified by partnership type (main vs. casual), sex acts (vaginal vs. anal), age group, and risk group (heterosexual females, heterosexual males, and MSM).  NSSHB breaks down partner type for anal sex acts by relationship partner, casual/dating partner, friend, new acquaintance, and transactional.  Rather than use multiple categories, we took relationship partner to be main partner and all other categories to be casual partners.  For the casual partners, we linearly interpolated across age group (assuming each age group has the same partnership-type distribution).  We assumed an 80% reduction in the transmission probability per condom-protected sex act (45-47) (Table 5, 6).  Assuming a 20% base condom use rate among undiagnosed persons (44, 48) and a 72% relative risk of not always using condoms after diagnosis (49), 28% of the remaining undiagnosed persons start using condoms after diagnosis, which leads to an increase in condom use to 42.4% (i.e., 0.20 + [0.28*0.80] = 0.20 + 0.224 = 0.424) of all sex acts.  Since the NSSHB survey does not cover PWID, we assumed that condom use among female PWID, heterosexual-male PWID, and MSM PWID would be the same as for non-PWID females, non-PWID heterosexual males, and MSM, respectively.  In addition, 18% of MSM who are aware of their infection will use condoms 100% of the time (48) (Table 5, 6).  The remaining 82% of aware MSM were assumed to reduce condomless sex acts by 28% with both main and casual partners after they became aware of their infection.
Injection-risk behaviors (NHBS IDU4 2015)
[bookmark: _Hlk59830409]According to NHBS data, 73.8% of participants injected drugs more than once a day, 10.8% once a day, 9.1% more than once a week, and 6.3% once a week or less.  Based on these data, we assumed that the number of annual injections was between 40 (once a week or less = 0.75*52) and 630 (more than once a day = 1.75*360).  Responses to an NHBS question about using a needle after someone else indicated that 33.5% of PWID shared needles—23.4% did so rarely, 6.6% about half the time, 2.7% most of the time, and 0.7% always.  We translated these qualitative assessments of needle-sharing frequency into lower-bound (rarely = 0%, about half the time = 0%, most of the time = 50%, and always = 100%) and upper-bound (rarely = 0%, about half the time = 50%, most of the time = 100%, and always = 100%) estimates of the proportion of needles shared.  Combining these estimates with the injection-frequency percentages, we estimated that, among PWID who share needles, between 16% and 55% of needles are shared.  These percentages were reduced by 10% in each successive year from 2006 to 2015 to better match PWID incidence in the 2006–2015 surveillance data (Table 4).
[bookmark: _Hlk59830491]In addition, we compared injection-drug behaviors among persons unaware of their HIV infection, aware but not in care, in care but not on ART, and on ART.  There were no significant differences found in the number of injections between persons unaware of their infection and those aware but not in care or in care but not on ART.  There was, however, a 12% reduction in shared needles among those on ART (Table 4).  
Calculating transmission rates in PATH
The average HIV transmission rate for all PWH can be estimated using published reports of overall incidence divided by total prevalence for a particular year.  However, prevalence does not stay the same over a year, and PWH often move along the HIV care continuum.  Their transmission risk changes as their risk behaviors and viral load change, which influences the number of new infections generated by different subpopulations.  
PATH tracks the risk group, age group, and steps along the HIV care continuum of infected persons during each month, records the number of PWH belonging to a particular subpopulation (by risk group, age group, and step along the HIV care continuum), and tracks the new infections generated by each group.  At the end of each year, we summed up the total number of infections generated by each group and the average number of people belonging to that group.  We estimated each group’s transmission rate by dividing the total number of infections generated over 12 months by the average number of people belonging to the group, and multiplied by 100 to obtain transmission rates in units of 100 person-years.  
Transmission rate of group  in year  = 100  (the number of new infections attributed to persons in groupduring year)/(the number of persons in group  averaged over the 12 months in year ).
Partnerships 
Modeling Partnerships
In PATH we only model infected persons and agents in the simulation. Current partnerships of infected persons are added as attributed to the infected agent, i.e., we assigned to each HIV-infected person, partnership attributes including the number of current partnerships, and for each partnership, the partner’s HIV status, the type of partnership (main or casual, including concurrency), the partnership duration, number of sex acts, and condom use. Uninfected persons are tracked in a compartmental modeling structure, i.e, an array, stratified by age, risk group, and race. 
When there is a transmission to an uninfected partner, the partner is added as an agent to the simulation along with the attributes of their partnership including race/ethnicity, and the number of people in the compartmental model corresponding to the compartment (age, risk group, and race) of that partner is decremented by 1. 
At the end of the partnership (i.e., when partnership duration reaches zero), new partnership features are drawn from the compartmental array. This modified methodology, makes it computationally efficient to maintain large sample size for PWH in the simulation. Features such as assortative mixing (by age, transmission group, and race), serosorting, concurrency are incorporated into the above structure.
Partnership Types: Sexual partnerships
Each year, the model assigned each index case to have main sexual partners only, casual partners only, or both main and casual partners.  For our model, casual partnerships were defined by the number of sex contacts (1–2 within a month) per partner.  Main partnerships were defined as partnerships lasting at least one month.  Based on NHBS data (5) on the proportion of respondents (stratified by heterosexual females, heterosexual males, MSM, female PWID, heterosexual-male PWID, and MSM PWID) who reported main partners (m), casual partners (c), both main and casual partners (b), and no partners (n) during a year, we first calculated:
mO = the proportion reporting only main partners = m – b, and
cO = the proportion reporting only casual partners = c – b.
Next, recognizing that NHBS proportions are a snapshot for a given year whereas our model requires the longer-term proclivity to form only main partnerships, only casual partnerships, or both types of partnership, we denoted the proportions of index cases assigned to these groups as MO, CO, and B, respectively.  We then denoted by T the proportion of time those who form main partnerships are without a partner, and implicitly defined T, MO, and B by MO*T = n, MO*(1−T) = mO, and B*(1−T) = b.  Then, since both MO, CO, and B, and mO, cO, b, and n must sum to 1, we have CO + (B*T) = cO.  Solving these equations yields MO = mO + n, CO = cO – [(b*n)/mO], and B = b*(mO+n)/mO (Table 6).
[bookmark: _Hlk59830539]Based on NHBS participants’ reports of their number of main and casual partners during the past 12 months, we calculated the average number of main partners and, separately for those reporting no main partners and those reporting both main and casual partners, the minimum, 25th, 50th, 75th, and 90th percentiles of the number of casual partners (Table 5, 6).  These calculations were based on those reporting at most 10 main partners and at most 100 casual partners, respectively, to mitigate the effects of long-tailed distributions.  The number of casual partners for persons who had only casual partners was typically larger than the number of casual partners for persons who had both main and casual partners.
The duration of main partnerships was assumed to be exponentially distributed, with separate distributions for each age group.  The means of the distributions, in months, were estimated as 12 divided by the average number of main partners during the past 12 months, based on NHBS data, minus 1.  (Since the exponential distribution describes times between events, we assumed an event to be the start of a new partnership.  Additionally, we assumed that a person already had their first partner of the year coming into the new year and that their last partnership of the year lasted into the next year.  Thus, for someone with, say, 5 partners during the past 12 months, we assumed there were 4 new-partnership events during the year and estimated a mean partnership duration of 12/(5−1) = 3 months.)  When a main partnership ended, we also modeled the probability of a gap between the end of that partnership and the beginning of a new main partnership. This probability was based on the percentage of NHBS respondents who reported no partners.  Each month, we generated a random percentage and compared it with the percentage of NHBS respondents who reported no partners.  If the random percentage was less than the percentage who reported no partners, then this person would have no new partner that month.  Otherwise, a new partnership was formed.
Partnership Types: Partnerships among PWID
Based on NHBS data, we estimated sexual and needle-sharing partnerships among PWID.  We analyzed three subgroups of PWID based on participants’ reported gender and sexual behaviors: female PWID, heterosexual-male PWID, and MSM PWID.  Overall, among these three subgroups, (a) 34% indicated that their last injection partner was also a sex partner, and (b) 59% indicated that their last sex partner was also an injection partner.  Therefore, we assumed that PWID formed three types of main partnership: sex only (partner must match sexual behavior), needle-sharing only (partner must be PWID and share needles), and both sex and needle-sharing (partner must match sexual behavior, be PWID, and share needles).  While PWID could have main or casual sex partners, we assumed needle-sharing partners were main partners in the sense of being persons with whom needles were shared on an ongoing basis.  We used (a) and (b) to algebraically estimate a partnership matrix for PWID as follows.  For female, heterosexual-male, and MSM PWID, to determine 
 the proportion of main partners who are both sex and needle-sharing partners,
 the proportion of main partners who are only sex partners, and
 the proportion of main partners who are only needle-sharing partners,
we defined 
[bookmark: _Hlk61892196] the proportion of needle-sharing partners who are also sex partners (obtained from NHBS as those whose last injection partner was also a sex partner), and
 the proportion of sex partners who are also needle-sharing partners (obtained from NHBS as those whose last sex partner probably or definitely injected drugs),
and developed the following three equations:
						(1)
						(2)
.					(3)
Substituting  into equation (1) we have
.					(4)
Multiplying both side of equations (2) and (4) by their denominators we obtain 
					(5)
	.				(6)
Substituting the left-hand side of equation (5) into equation (6) we have
.				(7)
Solving for  we have

We then use the expression for  to obtain  (equation (5)) and  (equation (3)):


We summarize the results below:
 the proportion of main partners who are both sex and needle-sharing partners = ,
 the proportion of main partners who are only sex partners = , and
 the proportion of main partners who are only needle-sharing partners =  .
Using the values for  and  obtained from NHBS, however, the model generated an excess of new infections attributed to PWID compared to the numbers in NHSS.  We therefore assumed that not every needle-sharing partner who is also a sex partner of the participant is sharing needles with the participant and shifted a calibrated proportion of  to  for each PWID subgroup (Table 4).
We obtained the number of sex partners and the number of needle-sharing partners (the number of persons to whom the participant gave or received needles that had already been used by someone else during the past 12 months) from NHBS data.  We used the results above to determine the number of main partners who are only sex partners, only needle-sharing partners, or both sex and needle-sharing partners.  We then used calibration to determine the percentage of needle-sharing partners who are female, heterosexual male, or MSM, and the average number of main partners who are needle-sharing partners only (Table 4). 
Serosorting
We assumed that 15% of MSM who were HIV-infected and aware of their infection practiced serosorting, i.e., chose partners who also were infected (48, 50, 51) (Table 6).  We did not model serosorting in heterosexual couples as there were no data available on serosorting practices among heterosexuals.  Therefore, the rest of the population chose partners at random, i.e., the probability of a partner also being HIV-infected was equal to the prevalence of HIV in the relevant population.  
Age, race/ethnicity mixing
The age of the initial HIV-infected population was distributed to match the reported age distribution of all PWH in the United States in 2006.  The age of each partner of a newly infected person was assigned such that the age distribution of newly infected persons matched that reported in the United States (52, 53). Race/ethnicity was assigned based on the race/ethnicity mixing matrix.
Proportion of partnerships that are concurrent 
[bookmark: _Hlk61729543]We defined concurrency as the index person having more than one main sex partner at the same time, or the index person’s partner having more than one main sex partner at the same time.  To measure the proportion of heterosexuals and PWID who had concurrent partners, we took the average of the proportion of NHBS respondents who said they had other partners concurrent with their last sex partner, and the proportion of respondents who said their last partner probably or definitely had other sex partners during their relationship.  The MSM questionnaire does not collect this information in the same way, so we used data for MSM PWID as the starting point for the proportion of MSM who had concurrent partners.  Because it is not clear from the data whether the concurrent partners were main or casual partners, we estimated the proportion of main partnerships that are concurrent by multiplying the concurrency proportion calculated above by the proportion of persons that had main partners during the past year (Table 5, 6).  Concurrent partnerships were assumed to last an average of 1.13 years among heterosexuals and 0.78 years among MSM (82-84).
Types of concurrency
We modeled three types of concurrency—Type 1: an HIV-infected person has concurrent uninfected partners; Type 2: an uninfected partner of an HIV-infected person has another uninfected partner; and Type 3: an uninfected partner of an HIV-infected person has another infected partner.  In Figure 1A, we present the three concurrency types, and in Figure 1B we depict the methodology for simulating these concurrency types over time.
We modeled Type 1 concurrency by adding details (such as gender and risk group) about both partners, P4− and P5−, as characteristics of the HIV-infected person, C+.  For Type 2 concurrency, Figure 4A does not become relevant to the model until the uninfected partner, P8−, becomes infected (at t = 5) and exposes the concurrent partner, P9−, to infection.  Therefore, at t = 5 we simulate this as two sequential events: E+ infects P8− to become P8+ (event 1); then it is determined, based on the probability of an existing concurrent partnership, that P8+ has a concurrent partner P9−, who is then added as a characteristic of P8+ (event 2).  Based on the memoryless property of the exponential distribution, the remaining partnership duration between P8+ and P9− is independent of the past duration, and therefore the remaining duration can be determined at the time P8+ became infected.  The concurrent partner, P9−, is then exposed to P8+ during P8+’s highly infectious acute phase.
In Type 3 concurrency, the uninfected person, P3−, has two infected partners, B+ and F+.  However, because PATH does not model uninfected partners of infected persons as individual agents, it does not recognize that P3− has concurrent partners until P3− becomes infected.  That is, in Figure 4B, at t = 4, P3− is modeled as a partner of B+ and P10− is modeled as a partner of F+, with no connection being made that P3− and P10− are the same person.  At t = 5, P10− becomes infected from F+ to become P10+ (event 1).  In event 2, it is determined, based on the probability of concurrent partnership, that P10+ has a concurrent partner who is also infected.  Based on population mixing probabilities, conditional on P10+’s age group and sexual behavior, the model then determines that P10+ also partnered with B+ as P3−.  The model then updates P3−’s status to P3+, and notes that P10 and P3 are the same person (t =5, event 2).

Model Setup, Calibration, and Validation
Model setup and projections from 2006 to 2019
We initially set up the model to represent a cross-section of PWH in the United States in 2006.  That is, the initial model population consisted of 10,000 persons weighted to represent all PWH in the United States in 2006 by age group, race/ethnicity (Black/African American, Hispanic/Latino, and Other, of whom 88% are White), risk group (heterosexual females, heterosexual males, MSM, female PWID, heterosexual-male PWID, and MSM PWID), stage of disease (acute vs. non-acute), and diagnostic, care, and treatment status (whether the person had been diagnosed, was in care, was on ART, and was virally suppressed) (37, 52-55).  Because the age distribution of newly infected persons would likely be different from the age distribution of those with established infections, we identified the proportion of persons in the model living with HIV in 2006 who became newly infected in 2004 and 2005, and assigned them to age groups based on the published age distribution of newly infected persons from 2006 to 2008 (52, 53), because we did not have data on the age distribution of persons newly infected in 2004 and 2005.
At the start of the simulation, we assumed that, for those already diagnosed with HIV as of 2006, their CD4 count at diagnosis matched the reported distribution of CD4 count at diagnosis in 2006 in the United States (56-58).  In that year, 77% of persons in care had been linked to care within three months of diagnosis (59), and we assumed that persons on ART had an equal probability of being on one of four suppressive ART regimens or salvage therapy.
Model calibration and validation
We ran PATH 3.0 from 2006 to 2019 and compared the model results in 2019 to published 2019 surveillance data.  We compared the number of PWH (prevalence) and the number of new infections (incidence), the distribution of PWH and the distribution of newly infected persons by age group, risk group, and race/ethnicity (Table 7) (15).  Overall, PATH 3.0 matched NHSS data very closely, especially the proportions of PWH by by risk group and by race/ethnicity and the proportion of newly infected persons stratified by age group. 

Selection of Time Unit
The time unit in the simulation was monthly, except for the acute phase where it was weekly in order to accommodate both a higher and a more variable viral load compared with viral load in disease stages 2 and 3.  We let  denote the transmission from partner a to partner b.
 = the probability that transmission from  to  and from  to  both occur within a time unit  (note that transmission from  to  is dependent on transmission from  to ).  
 = the probability that transmission from  to  and from  to  both occur within a time unit (note transmissions from  to  and  to  are independent events).
 = the probability that  has concurrent partners and  = the probability that  does not have concurrent partners; i.e., .
We selected  so that  and , where  is small.  Applying elementary probability theory, i.e., if and  are dependent, and  if  and  are independent:


as  and .
In the above equations, the remaining terms can be calculated using the Bernoulli process model of sexual behavior (including the number of sex acts per partner, proportion of sex acts protected by condoms, type of sex, and corresponding per-act transmission probabilities).  Using the upper bounds of these behavioral attributes, we estimated that if the time unit, , were a month, the upper bound for the joint probability of transmission would be 0.21% in the first equation and 0.03% in the second equation.  The first number bounds the error incurred by delaying one of the modeled transmissions by a month.  The second bounds the probability of duplicating modeled transmissions, which would overestimate the number of new infections that accumulate over time.
[bookmark: _Hlk59830599]To quantify this overestimation in new infections over a 30-year period, we calculated new infections under two scenarios, one without and one with the duplicates, and estimated the percentage change in new infections at the end of the 30-year period.  In the first scenario, considering a U.S. HIV transmission rate of 4.6 per 100 person-years, we determined new infections in month  as (number of PWH in month )  (1 + 0.046/12), repeating this every month for 30 years.  In the second scenario we determined new infections in month  as (number of PWH in month ) (1 + 0.046/12 + 0.0003  HIV prevalence among MSM), using HIV prevalence as a proxy for the probability that the concurrent partner will also be HIV-infected and the prevalence among MSM as a worst-case scenario.  At the end of the 30-year period, the difference in new infections between the two scenarios was 1.3%, i.e., our method overestimated new infections by about 1.3% over a 30-year period.  On the other hand, a weekly time unit, with its even smaller margin of error, is more suitable for the acute phase (approximately the first three months of HIV infection), when the per-act transmission probability is high and changes from week to week.  However, using a weekly time unit for all disease stages would require a much longer computation time.  Therefore, we used a monthly time unit in the non-acute phase and a weekly time unit in the acute phase.

Comparisons between agent-based models and models that explicitly include uninfected persons
Population mixing
In the beginning of the simulation, PATH determines the characteristics  (e.g., age group, sexual behavior) of an HIV-infected person , e.g., , to match the distribution of these characteristics among PWH in the U.S. as reported in national HIV surveillance data (54).  For the HIV-infected person, PATH determines the characteristics  of a new partner  conditional on the characteristics of the HIV-infected person modeled , e.g.,   Similarly, PATH assigns the behavioral characteristics for a partnership  (e.g., the number of sex acts and proportion of sex acts protected by condoms) conditional on the characteristics of the HIV-infected person, i.e., .  These conditional probability distributionscan be directly estimated from NHBS data because respondents report their immediate partner’s characteristics () and behavior () during that partnership.  By elementary probability theory we can write the conditional probability mass function as  or, rewriting, , where  is the joint probability mass function.  Typically, characteristics of partnerships between two persons and  are determined using the joint probabilities Rarely are data available directly as joint probabilities, however, but they can be calculated using the conditional probability mass function as .  By the law of large numbers, if we generate large numbers of samples of  and  (we simulated 10,000 or more people), our estimates should converge to .  
HIV status of a new partner
If we were to construct a model with both HIV-infected and uninfected persons using the behavioral data, among all likely partnerships formed between persons who do not serosort, the probability that the partner of an infected person is also infected would be based on the probability of randomly selecting an HIV-infected person from among potential partners of eligible age and risk groups to form that partnership.  This is equivalent to the assumption in PATH, namely that, when generating new partners for infected persons who are unaware of their infection or who are aware of their infection and do not serosort, the probability that the new partner was previously infected is equivalent to the prevalence of HIV in the partner’s specific risk group.
Concurrency beyond the immediate partner of an HIV-infected person
PATH does not model extended chains of network configurations.  It models PWH and their immediate partners, but not subsequent partners of those immediate partners.  An extended chain could be generated when newly infected persons are added to the simulation and their concurrency is determined.  However, since data available from NHBS measure the concurrency behavior of only an immediate partner and not subsequent partners, the formation of an extended chain of partnership networks would be based purely on the random probability of such a scenario occurring.


[bookmark: _Ref533774171]
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Figure 1: A) Actual partnership concurrencies; B) Simulation of partnership concurrencies.
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[bookmark: _Ref533759665]Table 1: Disease progression parameters.
	Variable
	Mean Value 
	Range 
	Source

	Natural disease progression
	 
	 
	 

	Acute phase HIV viral load (log10 copies/ml)
	5.3
	4.4–6.2
	(7, 8)

	CD4 count at the time of infection (cells/µL)
	870
	750–900
	(9)

	HIV viral load set point (log10 copies/ml)
	4.5
	4.0–5.0
	(10, 60)

	Natural rate of CD4 decline (cells/µL/month) as a function of HIV viral load set point (log10 copies/ml)
	 
	 
	(61)

	≤2.7
	1.7
	0.8–2.6
	 

	2.7–3.3
	3.3
	2.4–4.1
	 

	3.3–4.0
	4.0
	3.3–4.6
	 

	4.0–4.6
	4.7
	3.9–5.4
	 

	>4.6
	6.5
	5.7–7.3
	 

	Relative risk for selected individual OIs and for any first incident OI, by CD4 count (cells/μL)
	 
	 
	(13)

	Pneumocystis pneumonia 
	
	
	 

	≤200
	9.13
	7.36–11.33
	

	201–350
	2.72
	2.16–3.43
	

	351–500
	1.55
	1.20–2.01
	

	>500
	referent
	
	

	Candidiasis
	
	
	

	≤200
	6.99
	5.55–8.81
	

	201–350
	2.25
	1.75–2.89
	

	351–500
	1.03
	0.77–1.40
	

	>500
	referent
	
	

	M.  Avium complex or M.  kansasii infection
	
	
	 

	≤200
	8.14
	5.87–11.27
	

	201–350
	1.32
	0.89–1.95
	

	351–500
	0.66
	0.41–1.08
	

	>500
	referent
	
	

	CMV
	
	
	 

	≤200
	8.49 
	6.09–11.82
	

	201–350
	1.44 
	0.98–2.14
	

	351–500
	0.72
	0.45–1.17
	

	>500
	referent
	
	

	Tuberculosis
	
	
	 

	≤200
	2.76
	2.05–3.73
	

	201–350
	1.45
	1.06–1.99
	

	351–500
	0.84
	0.59–1.22
	

	>500
	referent
	
	

	Toxoplasmosis
	
	
	 

	≤200
	9.84
	6.13–15.81
	

	201–350
	2.47
	1.46–4.16
	

	351–500
	1.42
	0.79–2.56
	

	>500
	referent
	
	

	Cryptococcosis
	
	
	 

	≤200
	19.23
	9.16–40.34
	

	201–350
	3.96
	1.79–8.77
	

	351–500
	1.45
	0.56–3.77
	

	>500
	referent
	
	

	Any first OI
	
	 
	 

	≤200
	5.17
	4.69–5.71
	

	201–350
	1.65
	1.48–1.84
	

	351–500
	1.08
	0.95–1.22
	

	>500
	referent
	
	

	Incidence rate of OIs (events per 100 person-years)
	 
	 
	(13)

	Pneumocystis pneumonia 
	0.39
	0.35–0.44
	

	Candidiasis
	0.32
	0.29–0.37
	

	M.  Avium complex or M.  kansasii infection
	0.17
	0.14–0.21
	

	CMV
	0.23
	0.20–0.26
	

	Tuberculosis
	0.14
	0.12–0.17
	

	Toxoplasmosis
	0.12
	0.10–0.15
	

	Cryptococcosis
	0.05
	0.03–0.06
	

	Other
	0.15[footnoteRef:3] [3:  Calculated by adding all other OI events, dividing by the number of person-years, and multiplying by 100.] 

	 
	

	5-year mortality risk (%) for ART-exposed patients 
	 
	 
	Calibrated based on (14)

	>500
	3.3
	1.5–5.1
	 

	351–500
	4.1
	2.7–5.5
	 

	201–350
	5.7
	4.2–7.1
	 

	 ≤200
	12.9
	11.7–14.1
	 

	5-year mortality risk (%) for ART-unexposed patients 
	
	
	Calibrated based on (14)

	>500
	5.2
	3.5–6.9
	

	351–500
	9.4
	0.4–18.5
	

	201–350
	13.2
	3.8–22.6
	

	 ≤200
	34.9
	24.5–45.3
	

	ART regimens
	 
	 
	 

	Suppressed HIV viral load (log10 copies/ml)
	1.3
	1.0–2.7
	(20)

	Probability of viral suppression on each ART regimen, by CD4 count (cells/µL) at ART initiation
	 
	 
	(21, 22)

	>200
	0.84
	 
	 

	51–200
	0.79
	 
	 

	≤50
	0.77
	 
	 

	Maximum CD4 count achieved, by CD4 count at ART initiation (cells/µL)
	 
	 
	(26)Figure 2)[footnoteRef:4] [4:  Defined as the highest yearly median CD4 count across the 10-year study.] 


	≤50
	500
	 
	 

	50–200
	500
	 
	 

	201–350
	620
	 
	 

	351–500
	780
	 
	 

	≥500
	850
	 
	 

	Monthly increase in CD4 count during viral suppression (cells/µL/month)
	CD4<50, 50–199, 200–349, 350–499, ≥500
	 
	(26) Figure 2)[footnoteRef:5] [5:  For years 1–3, the difference between the median CD4 counts in adjacent years, divided by 12.  For year 4+, the difference between the median CD4 counts in years 4 and 10, divided by 72.] 


	Year 1
	[12.5, 11.7, 11.7, 13.3, 8.3]
	 
	 

	Year 2
	[7.5, 5.0, 4.2, 7.5, 5.0]
	 
	 

	Year 3
	[3.75, 5.0, 4.2, 1.2, 0.5]
	 
	 

	Year 4+
	[2.3, 1.3, 1.2, 1.2, 0.5]
	
	

	Rate of HIV viral rebound (percentage experiencing rebound after one year on first regimen), by CD4 count (cells/µL) at ART initiation
	
	 
	Calibrated to match life expectancies in (27-29) 

	<100
	4.5%
	
	

	100–200
	2.0%
	
	

	200–300
	1.3%
	
	

	300–400
	1.0%
	
	

	400–500
	0.9%
	
	

	Percentage increase in rate of HIV viral rebound for each successive regimen compared to previous regimen
	18%
	 
	(62)

	Rebound HIV viral load (log10 copies/ml)
	3.7
	3.1–4.5
	(30)

	Maximum number of ART regimens
	4 + Salvage Therapy 
	
	

	HIV viral load above set point during salvage therapy (log10 copies/ml)
	0.8
	0.0–1.5
	(32)

	HIV viral load above set point during salvage therapy after onset of AIDS (log10 copies/ml)
	1.0
	0.0–2.0
	(32)

	Updated regimens after 2015
	I.  BIC/TAF/FTC
II.  DTG/ABC/3TC
III.  EFV/TDF/FTC
IV.  EVG/COBI/FTC/TDF[footnoteRef:6] [6:  BIC/TAF/FTC, Bictegravir/Tenofovir Alafenamide/Emtricitabine (Biktarvy); DTG/ABC/3TC, Dolutegravir/Abacavir/Lamivudine (Triumeq); EFV/TDF/FTC, Efavirenz/Tenofovir Disoproxil Fumarate/Emtricitabine (Atripla); EVG/COBI /FTC/TDF, Elvitegravir/Cobicistat/Tenofovir Disoproxil Fumarate/Emtricitabine (Stribild).  
] 


	 
	(33, 63, 64)

	[bookmark: _Ref533759719]Proportion of persons who change regimens
	41%
	 
	(33)

	Length of first regimen
	48 months
	12–72 
	(33)

	Probability to take gap
	19% 
	 
	(65)

	Length of gap
	3 months
	1–12 
	(65)




Table 2A: Distribution data of Black PWH in 2006–2019, by HIV care-continuum step (on ART but not virally suppressed is calculated as 1 – sum of the other four proportions).
	HIV care-continuum step
	Year
	HET Female
	HET Male
	MSM
	Female PWID
	Het-Male PWID
	MSM PWID

	Undiagnosed
	2006
	20%
	27%
	21%
	8%
	9%
	9%

	
	2007
	18%
	25%
	18%
	8%
	9%
	9%

	
	2008
	16%
	23%
	18%
	7%
	9%
	8%

	
	2009
	15%
	21%
	17%
	7%
	8%
	8%

	
	2010
	17%
	21%
	25%
	6%
	6%
	7%

	
	2011
	16%
	21%
	23%
	6%
	6%
	7%

	
	2012
	16%
	20%
	23%
	5%
	5%
	7%

	
	2013
	15%
	19%
	22%
	5%
	5%
	6%

	
	2014
	14%
	19%
	21%
	5%
	5%
	6%

	
	2015
	13%
	18%
	20%
	5%
	5%
	7%

	
	2016
	12%
	17%
	19%
	4%
	5%
	6%

	
	2017
	12%
	17%
	19%
	4%
	4%
	6%

	
	2018
	11%
	15%
	18%
	5%
	5%
	6%

	
	2019
	11%
	15%
	18%
	4%
	5%
	6%

	Aware but not in care
	2006
	41%
	37%
	40%
	41%
	37%
	40%

	
	2007
	42%
	40%
	43%
	42%
	40%
	43%

	
	2008
	43%
	44%
	45%
	43%
	44%
	45%

	
	2009
	44%
	47%
	48%
	50%
	60%
	56%

	
	2010
	28%
	27%
	27%
	35%
	40%
	29%

	
	2011
	25%
	26%
	24%
	29%
	37%
	24%

	
	2012
	23%
	26%
	23%
	27%
	37%
	24%

	
	2013
	23%
	26%
	23%
	27%
	36%
	23%

	
	2014
	23%
	25%
	22%
	26%
	35%
	22%

	
	2015
	22%
	25%
	21%
	26%
	35%
	22%

	
	2016
	22%
	25%
	21%
	26%
	34%
	22%

	
	2017
	22%
	25%
	21%
	25%
	35%
	21%

	
	2018
	21%
	24%
	20%
	25%
	34%
	21%

	
	2019
	21%
	24%
	19%
	25%
	34%
	21%

	In care but not on ART
	2006
	16%
	15%
	16%
	16%
	15%
	16%

	
	2007
	13%
	11%
	12%
	13%
	11%
	12%

	
	2008
	10%
	7%
	8%
	10%
	7%
	8%

	
	2009
	6%
	3%
	4%
	5%
	3%
	4%

	
	2010
	5%
	2%
	4%
	4%
	3%
	4%

	
	2011
	4%
	2%
	3%
	4%
	3%
	4%

	
	2012
	4%
	2%
	3%
	2%
	2%
	3%

	
	2013
	0%
	0%
	0%
	0%
	0%
	0%

	
	2014
	0%
	0%
	0%
	0%
	0%
	0%

	
	2015
	0%
	0%
	0%
	0%
	0%
	0%

	
	2016
	0%
	0%
	0%
	0%
	0%
	0%

	
	2017
	0%
	0%
	0%
	0%
	0%
	0%

	
	2018
	0%
	0%
	0%
	0%
	0%
	0%

	
	2019
	0%
	0%
	0%
	0%
	0%
	0%

	Virally suppressed
	2006
	20%
	18%
	19%
	20%
	18%
	19%

	
	2007
	22%
	19%
	22%
	22%
	19%
	22%

	
	2008
	25%
	21%
	24%
	25%
	21%
	24%

	
	2009
	27%
	22%
	27%
	29%
	23%
	25%

	
	2010
	30%
	30%
	25%
	29%
	30%
	28%

	
	2011
	40%
	36%
	35%
	42%
	39%
	44%

	
	2012
	42%
	39%
	38%
	44%
	40%
	46%

	
	2013
	45%
	41%
	40%
	47%
	42%
	49%

	
	2014
	47%
	43%
	43%
	51%
	46%
	52%

	
	2015
	50%
	45%
	45%
	52%
	47%
	52%

	
	2016
	52%
	47%
	47%
	55%
	48%
	55%

	
	2017
	54%
	47%
	48%
	56%
	49%
	55%

	
	2018
	56%
	50%
	50%
	58%
	50%
	57%

	
	2019
	57%
	51%
	52%
	59%
	51%
	58%



Table 2B: Distribution data of Hispanic PWH in 2006–2019, by HIV care-continuum step (on ART but not virally suppressed is calculated as 1 – sum of the other four proportions).
	HIV care-continuum step
	Year
	HET Female
	HET Male
	MSM
	Female PWID
	Het-Male PWID
	MSM PWID

	Undiagnosed
	2006
	20%
	27%
	21%
	8%
	9%
	9%

	
	2007
	18%
	25%
	18%
	8%
	9%
	9%

	
	2008
	16%
	23%
	18%
	7%
	9%
	8%

	
	2009
	15%
	21%
	17%
	7%
	8%
	8%

	
	2010
	16%
	25%
	24%
	6%
	9%
	12%

	
	2011
	15%
	25%
	24%
	6%
	8%
	11%

	
	2012
	14%
	24%
	23%
	6%
	8%
	10%

	
	2013
	14%
	23%
	22%
	5%
	7%
	10%

	
	2014
	13%
	22%
	22%
	5%
	7%
	10%

	
	2015
	13%
	20%
	22%
	6%
	7%
	10%

	
	2016
	13%
	19%
	22%
	6%
	7%
	10%

	
	2017
	12%
	19%
	21%
	5%
	6%
	10%

	
	2018
	12%
	19%
	21%
	6%
	8%
	11%

	
	2019
	12%
	18%
	21%
	6%
	8%
	11%

	Aware but not in care
	2006
	41%
	37%
	40%
	41%
	37%
	40%

	
	2007
	42%
	40%
	43%
	42%
	40%
	43%

	
	2008
	43%
	44%
	45%
	43%
	44%
	45%

	
	2009
	44%
	47%
	48%
	50%
	60%
	56%

	
	2010
	25%
	24%
	24%
	26%
	38%
	28%

	
	2011
	22%
	25%
	24%
	24%
	37%
	21%

	
	2012
	21%
	25%
	22%
	23%
	37%
	21%

	
	2013
	21%
	26%
	22%
	23%
	38%
	20%

	
	2014
	20%
	26%
	21%
	22%
	37%
	20%

	
	2015
	20%
	26%
	21%
	22%
	37%
	20%

	
	2016
	20%
	27%
	20%
	22%
	37%
	20%

	
	2017
	20%
	27%
	20%
	23%
	37%
	20%

	
	2018
	19%
	27%
	20%
	23%
	38%
	20%

	
	2019
	19%
	27%
	19%
	22%
	38%
	20%

	In care but not on ART
	2006
	16%
	15%
	16%
	16%
	15%
	16%

	
	2007
	13%
	11%
	12%
	13%
	11%
	12%

	
	2008
	10%
	7%
	8%
	10%
	7%
	8%

	
	2009
	6%
	3%
	4%
	5%
	3%
	4%

	
	2010
	5%
	2%
	4%
	4%
	3%
	4%

	
	2011
	4%
	2%
	3%
	4%
	3%
	4%

	
	2012
	4%
	2%
	3%
	2%
	2%
	3%

	
	2013
	0%
	0%
	0%
	0%
	0%
	0%

	
	2014
	0%
	0%
	0%
	0%
	0%
	0%

	
	2015
	0%
	0%
	0%
	0%
	0%
	0%

	
	2016
	0%
	0%
	0%
	0%
	0%
	0%

	
	2017
	0%
	0%
	0%
	0%
	0%
	0%

	
	2018
	0%
	0%
	0%
	0%
	0%
	0%

	
	2019
	0%
	0%
	0%
	0%
	0%
	0%

	Virally suppressed
	2006
	20%
	18%
	19%
	20%
	18%
	19%

	
	2007
	22%
	19%
	22%
	22%
	19%
	22%

	
	2008
	25%
	21%
	24%
	25%
	21%
	24%

	
	2009
	27%
	22%
	27%
	29%
	23%
	25%

	
	2010
	37%
	30%
	31%
	37%
	31%
	28%

	
	2011
	47%
	38%
	40%
	47%
	38%
	45%

	
	2012
	50%
	40%
	44%
	50%
	42%
	49%

	
	2013
	52%
	41%
	47%
	53%
	42%
	52%

	
	2014
	55%
	43%
	49%
	56%
	45%
	54%

	
	2015
	56%
	45%
	49%
	57%
	46%
	54%

	
	2016
	58%
	46%
	51%
	58%
	47%
	56%

	
	2017
	58%
	47%
	52%
	58%
	46%
	56%

	
	2018
	60%
	48%
	53%
	59%
	46%
	57%

	
	2019
	61%
	48%
	54%
	60%
	46%
	57%



Table 2C: Distribution data of Other PWH in 2006–2019, by HIV care-continuum step (on ART but not virally suppressed is calculated as 1 – sum of the other four proportions).
	HIV care-continuum step
	Year
	HET Female
	HET Male
	MSM
	Female PWID
	Het-Male PWID
	MSM PWID

	Undiagnosed
	2006
	20%
	27%
	21%
	8%
	9%
	9%

	
	2007
	18%
	25%
	18%
	8%
	9%
	9%

	
	2008
	16%
	23%
	18%
	7%
	9%
	8%

	
	2009
	15%
	21%
	17%
	7%
	8%
	8%

	
	2010
	16%
	24%
	16%
	10%
	11%
	11%

	
	2011
	16%
	23%
	16%
	10%
	11%
	10%

	
	2012
	15%
	23%
	15%
	10%
	11%
	10%

	
	2013
	15%
	22%
	14%
	10%
	12%
	10%

	
	2014
	14%
	21%
	14%
	10%
	12%
	10%

	
	2015
	14%
	20%
	13%
	11%
	12%
	9%

	
	2016
	14%
	20%
	13%
	11%
	13%
	9%

	
	2017
	13%
	19%
	12%
	11%
	14%
	9%

	
	2018
	13%
	18%
	12%
	12%
	15%
	9%

	
	2019
	12%
	18%
	11%
	12%
	16%
	9%

	Aware but not in care
	2006
	41%
	37%
	40%
	41%
	37%
	40%

	
	2007
	42%
	40%
	43%
	42%
	40%
	43%

	
	2008
	43%
	44%
	45%
	43%
	44%
	45%

	
	2009
	44%
	47%
	48%
	50%
	60%
	56%

	
	2010
	24%
	21%
	23%
	31%
	31%
	17%

	
	2011
	22%
	20%
	22%
	25%
	27%
	19%

	
	2012
	19%
	19%
	18%
	23%
	27%
	17%

	
	2013
	20%
	18%
	18%
	23%
	25%
	16%

	
	2014
	19%
	18%
	17%
	22%
	24%
	15%

	
	2015
	18%
	18%
	17%
	21%
	24%
	15%

	
	2016
	18%
	18%
	16%
	21%
	23%
	15%

	
	2017
	19%
	18%
	16%
	21%
	23%
	15%

	
	2018
	20%
	19%
	17%
	22%
	23%
	15%

	
	2019
	19%
	19%
	17%
	22%
	23%
	15%

	In care but not on ART
	2006
	16%
	15%
	16%
	16%
	15%
	16%

	
	2007
	13%
	11%
	12%
	13%
	11%
	12%

	
	2008
	10%
	7%
	8%
	10%
	7%
	8%

	
	2009
	6%
	3%
	4%
	5%
	3%
	4%

	
	2010
	5%
	2%
	4%
	4%
	3%
	4%

	
	2011
	4%
	2%
	3%
	4%
	3%
	4%

	
	2012
	4%
	2%
	3%
	2%
	2%
	3%

	
	2013
	0%
	0%
	0%
	0%
	0%
	0%

	
	2014
	0%
	0%
	0%
	0%
	0%
	0%

	
	2015
	0%
	0%
	0%
	0%
	0%
	0%

	
	2016
	0%
	0%
	0%
	0%
	0%
	0%

	
	2017
	0%
	0%
	0%
	0%
	0%
	0%

	
	2018
	0%
	0%
	0%
	0%
	0%
	0%

	
	2019
	0%
	0%
	0%
	0%
	0%
	0%

	Virally suppressed
	2006
	20%
	18%
	19%
	20%
	18%
	19%

	
	2007
	22%
	19%
	22%
	22%
	19%
	22%

	
	2008
	25%
	21%
	24%
	25%
	21%
	24%

	
	2009
	27%
	22%
	27%
	29%
	23%
	25%

	
	2010
	36%
	36%
	38%
	29%
	33%
	36%

	
	2011
	47%
	44%
	51%
	46%
	45%
	51%

	
	2012
	50%
	46%
	55%
	47%
	47%
	55%

	
	2013
	52%
	48%
	58%
	50%
	49%
	58%

	
	2014
	55%
	51%
	61%
	53%
	52%
	60%

	
	2015
	56%
	52%
	62%
	54%
	52%
	61%

	
	2016
	58%
	53%
	63%
	54%
	53%
	62%

	
	2017
	58%
	54%
	64%
	54%
	52%
	62%

	
	2018
	60%
	56%
	65%
	56%
	53%
	63%

	
	2019
	61%
	57%
	66%
	56%
	53%
	65%






[bookmark: _Ref536710419]Table 3: Transmission probability per sex act.
	Parameter                                                                     
	Value
	Source

	Baseline value: non-acute phase without condom use and not on ART
	(66) 

	HIV+ female to HIV− male vaginal
	0.0004
	 

	HIV+ female to HIV− male anal
	0.0011
	 

	HIV+ male to HIV− female vaginal
	0.0008
	 

	HIV+ male to HIV− female anal
	0.0138
	 

	Male to male: HIV+ person insertive
	0.0138
	 

	Male to male: HIV+ person receptive
	0.0011
	 

	Acute phase transmission: factor by which to multiply baseline value
	(67-70)

	MSM 
	[1.0, 6.5, 12.0, 9.7, 7.6, 5.4, 3.2, 1.0] for week of infection 1–8
	 

	HET 
	[1.0, 4.8, 8.5, 7.0, 5.5, 4.0, 2.5, 1.0] for week of infection 1–8
	 

	[bookmark: OLE_LINK3]Proportion reduction in transmission probability compared to baseline
	 

	When on antiretroviral therapy
	1.0
	(71-74)

	With condom use
	0.8
	(45-47)




[bookmark: _Ref533760818][bookmark: _Ref534724812][bookmark: _Ref535497317]Table 4: Injection-drug behaviors.
	Definition
	Stratifications
	Value
	Source

	Minimum number of injections per year
	 
	40
	Calculated based on IDU4 2015

	Maximum number of injections per year
	 
	630
	

	Percentage of PWID who share needles with other PWID
	 
	33.5%
	IDU4 2015


	Minimum percentage of total number of needles that are shared with other PWID
	 
	16.0% 
	Calculated based on IDU4 2015


	Maximum percentage of total number of needles that are shared with other PWID
	
	35.0%
	

	Multiplier applied to needle-sharing percentage each year from 2006 to 2015
	 
	0.9
	Calibration

	Reduction in injections if on ART
	 
	12%
	IDU4 2015

	Percentage of main partners who are sexual only, needle-sharing only, and both sexual and needle-sharing
	Female PWID
	50%, 40%, 10%
	Calibrated based on IDU4 2015

	
	Het-male PWID
	34%, 60%, 6%
	

	
	MSM PWID
	40%, 51%, 9%
	

	Percentage of needle-sharing partners who are female, male, and MSM
	Female PWID
	20%,78%, 2%
	Calibrated based on IDU4 2015

	
	Het-male PWID
	40%, 58%, 2%
	

	
	MSM PWID
	7%, 63%, 30%
	

	Average number of main partners who are needle-sharing partners only
	Female PWID
	1.22
	Calibrated based on IDU4 2015

	
	Het-male PWID
	3.00
	

	
	MSM PWID
	1.93
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[bookmark: _Ref536709657][bookmark: _Ref536711571]Table 5: Sexual behaviors and partnerships.
	Definition
	Stratification by age group
	Stratification by risk group
	Value
	Source

	Average number of sex acts per year, by risk group and age group
	13–17
	Het female
	41
	Calculated based on HET4 2016

	
	18–24
	
	112
	

	
	25–34
	
	110
	

	
	35–44
	
	101
	

	
	45–54
	
	78
	

	
	≥55
	
	63
	

	
	13–17
	Het male
	60
	

	
	18–24
	
	86
	

	
	25–34
	
	115
	

	
	35–44
	
	101
	

	
	45–54
	
	75
	

	
	≥55
	
	60
	

	
	13–17
	MSM
	60
	Calculated based on MSM5 2017

	
	18–24
	
	107
	

	
	25–34
	
	101
	

	
	35–44
	
	82
	

	
	45–54
	
	62
	

	
	≥55
	
	43
	

	
	13–17
	Female PWID
	41
	Calculated based on IDU4 2015

	
	18–24
	
	132
	

	
	25–34
	
	110
	

	
	35–44
	
	94
	

	
	45–54
	
	73
	

	
	≥55
	
	44
	

	
	13–17
	Het-male PWID
	60
	

	
	18–24
	
	109
	

	
	25–34
	
	104
	

	
	35–44
	
	94
	

	
	45–54
	
	71
	

	
	≥55
	
	48
	

	
	13–17
	MSM PWID
	60
	

	
	18–24
	
	128
	

	
	25–34
	
	72
	

	
	35–44
	
	65
	

	
	45–54
	
	61
	

	
	≥55
	
	43
	

	Percentage of sex acts that are anal, by risk group and age group[footnoteRef:7] [7:  Percentages for ages 13–17 are assumed to be the same as those for ages 18–24.] 



	13–17
	Het female
	4.2%
	Calculated based on HET4 2016.

	
	18–24
	
	4.2%
	

	
	25–34
	
	5.9%
	

	
	35–44
	
	4.5%
	

	
	45–54
	
	5.8%
	

	
	≥55
	
	6.0%
	

	
	13–17
	Het male
	4.4%
	

	
	18–24
	
	4.4%
	

	
	25–34
	
	4.4%
	

	
	35–44
	
	6.7%
	

	
	45–54
	
	6.7%
	

	
	≥55
	
	5.2%
	

	
	13–17
	Female PWID
	7.7%
	Calculated based on IDU4 2015.

	
	18–24
	
	7.7%
	

	
	25–34
	
	5.1%
	

	
	35–44
	
	4.7%
	

	
	45–54
	
	4.7%
	

	
	≥55
	
	2.0%
	

	
	13–17
	Het-male PWID
	10.5%
	

	
	18–24
	
	10.5%
	

	
	25–34
	
	7.0%
	

	
	35–44
	
	8.0%
	

	
	45–54
	
	8.7%
	

	
	≥55
	
	7.0%
	

	Reduction in condomless sex acts when aware of infection
	 
	 
	28.0%
	(49)

	Percentage of PWH who form only main sexual partnerships, by risk group
	
	Het female
	50.6%
	Calculated based on HET4 2016, MSM5 2017, and IDU4 2015

	
	
	Het male
	33.5%
	

	
	
	MSM
	38.2%
	

	
	
	Female PWID
	56.2%
	

	
	
	Het-male PWID
	47.7%
	

	
	
	MSM PWID
	21.7%
	

	Percentage of PWH who form only casual sexual partnerships, by risk group
	
	Het female
	11.8%
	Calculated based on HET4 2016, MSM5 2017, and IDU4 2015

	
	
	Het male
	20.9%
	

	
	
	MSM
	25.4%
	

	
	
	Female PWID
	25.6%
	

	
	
	Het-male PWID
	14.2%
	

	
	
	MSM PWID
	40.7%
	

	Percentage of PWH who form both main and casual sexual partnerships, by risk group
	
	Het female
	37.6%
	Calculated based on HET4 2016, MSM5 2017, and IDU4 2015

	
	
	Het male
	45.6%
	

	
	
	MSM
	36.4%
	

	
	
	Female PWID
	18.2%
	

	
	
	Het-male PWID
	38.1%
	

	
	
	MSM PWID
	37.6%
	

	Average number of main sex partners per year, by risk group and age group
	13–17
	Het female
	1.75
	Calculated based on HET4 2016

	
	18–24
	
	1.29
	

	
	25–34
	
	1.31
	

	
	35–44
	
	1.29
	

	
	45–54
	
	1.23
	

	
	≥55
	
	1.22
	

	
	13–17
	Het male
	1.74
	

	
	18–24
	
	1.52
	

	
	25–34
	
	1.44
	

	
	35–44
	
	1.37
	

	
	45–54
	
	1.42
	

	
	≥55
	
	1.55
	

	
	13–17
	MSM
	1.66
	Calculated based on MSM5 2017

	
	18–24
	
	1.66
	

	
	25–34
	
	1.53
	

	
	35–44
	
	1.41
	

	
	45–54
	
	1.38
	

	
	≥55
	
	1.39
	

	
	13–17
	Female PWID
	1.44
	Calculated based on IDU4 2015

	
	18–24
	
	1.44
	

	
	25–34
	
	1.30
	

	
	35–44
	
	1.20
	

	
	45–54
	
	1.18
	

	
	≥55
	
	1.19
	

	
	13–17
	Het-male PWID
	1.36
	

	
	18–24
	
	1.36
	

	
	25–34
	
	1.29
	

	
	35–44
	
	1.28
	

	
	45–54
	
	1.31
	

	
	≥55
	
	1.28
	

	
	13-17
	MSM PWID
	2.00
	

	
	18-24
	
	2.00
	

	
	25-34
	
	1.34
	

	
	35-44
	
	1.22
	

	
	45-54
	
	1.21
	

	
	≥55
	
	1.20
	

	Number of casual sex partners for PWH who only have casual partners, by risk group (minimum, 25th, 50th, 75th, and 90th percentile)
	 
 
 
 
 
 
	Het female
	[1, 1, 3, 5, 11]
	Calculated based on HET4 2016, MSM5 2017, and IDU4 2015

	
	
	Het male
	[1, 2, 3, 7, 15]
	

	
	
	MSM
	[1, 3, 5, 12, 30]
	

	
	
	Female PWID
	[1, 1, 3, 10, 30]
	

	
	
	Het-male PWID
	[1, 1, 3, 5, 10]
	

	
	
	MSM PWID
	[1, 3, 7, 21, 42]
	

	Number of casual sex partners for PWH who have both main and casual partners, by risk group (minimum, 25th, 50th, 75th, and 90th percentile)
	
	Het female
	[0, 0, 0, 1, 3]
	Calculated based on HET4 2016, MSM5 2017, and IDU4 2015

	
	
	Het male
	[0, 0, 1, 3, 8]
	

	
	
	MSM
	[0, 0, 3, 8, 20]
	

	
	
	Female PWID
	[0, 0, 0, 2, 5]
	

	
	
	Het-male PWID
	[0, 0, 0, 2, 5]
	

	
	
	MSM PWID
	[0, 0, 2, 11, 38]
	

	Percentage of PWH with concurrent main sex partners, by risk group
	 
 
 
 
 
 
	Het female
	33.8%
	Calculated based on HET4 2016 and IDU4 2015

	
	
	Het male
	30.3%
	

	
	
	MSM
	26.9%
	

	
	
	Female PWID
	31.0%
	

	
	
	Het-male PWID
	23.1%
	

	
	
	MSM PWID
	26.3%
	


HET4:  Centers for Disease Control and Prevention. HIV Infection, Risk, Prevention, and Testing Behaviors Among Heterosexuals at Increased Risk of HIV Infection—National HIV Behavioral Surveillance, 17 U.S. Cities, 2016; 19. HIV Surveillance Special Report. 
IDU4: Centers for Disease Control and Prevention. HIV Infection, Risk, Prevention, and Testing Behaviors among Persons Who Inject Drugs—National HIV Behavioral Surveillance: Injection Drug Use, 20 U.S. Cities, 2015; 18. HIV Surveillance Special Report. 
MSM5: Centers for Disease Control and Prevention. HIV Infection Risk, Prevention, and Testing Behaviors Among Men Who Have Sex With Men—National HIV Behavioral Surveillance, 23 U.S. Cities, 2017; 22. HIV Surveillance Special Report.

Table 6: Other sexual behavior parameters.
	Definition
	Stratification by risk group
	Value
	Source

	Minimum number of casual sex acts per partner
	 
	1
	Calibration

	Maximum number of casual sex acts per partner
	 
	2
	Calibration

	Percentage of anal sex acts that are insertive for MSM
	 
	50%
	(75)

	Percentage of HIV-infected MSM who are bisexual
	 
	14%
	(76-79)

	Percentage of bisexual MSM who have sex with females
	
	50%
	Calibration

	Percentage of sex acts with females that are anal for MSM who have sex with females
	 
	5%
	Calibration

	Percentage of MSM aware of their HIV status who use condoms for 100% of sex acts
	 
	18%
	(48)

	Percentage of HIV-infected MSM who practice serosorting if aware of infection
	 
	15%
	(48, 50, 80)

	Mean duration of concurrency (in years), by risk group[footnoteRef:8] [8:  MSM concurrency excludes concurrency of less than one month (these are assumed to be casual partners).] 

	Het female, Female PWID
	1.13
	(81-83) 

	
	Het male, 
Het-male PWID
	1.13
	

	
	MSM,
MSM PWID
	0.78
	



[bookmark: _Ref536711221][bookmark: _Ref536711843][bookmark: _Ref536710020][bookmark: _Ref536710645]
Table 7: Validation targets.  Target year is 2019.

	Validation Targets
	
	NHSS
	PATH

	Prevalence
	
	1,188,300
	1,191,600

	Incidence
	
	35,100
	35,100

	Distribution of PWH, by age group
	13–24
	
	4.9%
	5.1%

	
	25–34
	
	18.4%
	16.2%

	
	35–44
	
	18.9%
	19.7%

	
	45–54
	
	24.1%
	23.5%

	
	≥55
	
	33.6%
	35.5%

	Distribution of PWH, by risk group
	Heterosexual
	
	25.5%
	26.2%

	
	    Female
	
	17.6%
	17.9%

	
	    Male
	
	7.9%
	8.3%

	
	MSM
	
	58.5%
	57.4%

	
	PWID
	
	10.5%
	11.7%

	
	    Female
	
	4.4%
	4.6%

	
	    Heterosexual male
	
	6.1%
	7.1%

	
	MSM PWID
	
	5.4%
	4.8%

	Distribution of PWH, by race/ethnicity
	Black/African American
	
	39.9%
	40.6%

	
	Hispanic/Latino
	
	24.5%
	23.3%

	
	Other
	
	35.6%
	36.0%

	Distribution of newly infected persons, by age group
	13–24
	
	23.9%
	24%

	
	25–34
	
	38.4%
	38.5%

	
	35–44
	
	18.8%
	18.9%

	
	45–54
	
	11.1%
	11.3%

	
	≥55
	
	7.8%
	7.3%

	Distribution of newly infected persons, by risk group
	Heterosexual
	
	21.3%
	23%

	
	    Female
	
	14.5%
	16.4%

	
	    Male
	
	6.8%
	6.6%

	
	MSM
	
	66.4%
	66.9%

	
	PWID
	
	8.0%
	5.7%

	
	    Female
	
	3.4%
	2.4%

	
	    Heterosexual male
	
	4.6%
	3.3%

	
	MSM PWID
	
	4.3%
	4.4%

	Distribution of newly infected persons, by race/ethnicity
	Black/African American
	
	40.2%
	38.6%

	
	Hispanic/Latino
	
	29.1%
	30.8%

	
	Other
	
	30.8%
	30.7%
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