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Technical Appendix 
Manuscript: National estimates of human immunodeficiency virus (HIV) transmission along each 

step of the HIV care continuum 

This supplement provides background information on the data sources, modeling strategy, estimates, 

and assumptions used in this modeling study. It is organized into the following sections that trace the 

modeling steps themselves: 

1. Modeling process overview

2. Step 0: Data preparation

3. Step 1: Partner- and respondent-level transmission calculations

4. Step 2: Group-level transmission rates

5. Step 3: Group-level number of transmissions calculations

6. Step 4: Calibration to incidence estimates

7. Step 5: Bias analyses

Modeling process overview 

To estimate the rates and number of transmission along the continuum of care, we utilized a 

multi-step, static, deterministic modeling approach, with full details provided in this Technical 

Appendix. This approach allowed us to capitalize on the detailed, high-dimensional data on 

demographics, behaviors, and clinical features that were collected on individual surveillance system 

respondents. In the first step, for each Medical Monitoring Project (MMP) and confirmed HIV-positive 

National HIV Behavioral Surveillance System (NHBS) respondent, we computed the expected number 

of HIV transmissions in the previous year by aggregating transmission probabilities across acts with 

reported sex/drug partners (Box 1). These calculations incorporated information on sex partners, 

injection drug partners, and HIV viral load directly measured on respondents. Further model 

assumptions were based on analyses of MMP and NHBS data, and literature review.  

In the second step, respondent-level transmissions were combined to estimate the mean annual 

per-person transmissions (i.e. transmission rate) at each continuum stage overall and by respondent sex, 

HIV acquisition risk category, and age group. For the first two continuum stages that utilized NHBS 

responses, standardization was used. The mean transmissions were first computed for all combinations 

of continuum stage/ sex/ HIV acquisition risk category/ age group strata. These rates were then weighted 

by the representation of each stratum using the NHSS/MMP-based population size estimates. Because 

MMP is a probability survey, weighted means for the three in-care stages were directly computed using 

sampling weights.  

In the third step, the transmission rates were multiplied by each estimated population size to 

estimate the number of HIV transmission attributable to individuals in each continuum stage. Finally, all 

rates and number of transmissions were proportionally calibrated to fit the 2009 estimate of 45,000 U.S. 

HIV transmissions.1 Presented results include HIV transmission rates and number of transmissions at 

each continuum stage as well as the percent reductions in transmission associated with different stages 

of care. Results are stratified by respondent sex, HIV acquisition risk category, and age group. 



 

Step 0: Data preparation

The population denominators for our model come from recently published estimates from the 

National HIV Surveillance System (NHSS) and the Medical Monitoring Project (MMP) for 2009 of the 

number of persons who were: 1) HIV-infected but undiagnosed; 2) HIV-diagnosed but not retained in 

medical care; 3) retained in care but not prescribed ART; 4) prescribed ART but not virally suppressed; 

and 5) virally suppressed.2 All population denominators are presented stratified by sex, HIV acquisition 

risk category, and age group. 

Data source details 

National HIV Surveillance System (NHSS), 2009 

The Centers for Disease Control and Prevention’s (CDC’s) NHSS receives reports of cases from 

all states, the District of Columbia, and U.S. dependent areas. The data used to estimate the prevalence 

of diagnosed and undiagnosed HIV infection were HIV and AIDS data for adults and adolescents 

(persons aged ≥13 years at diagnosis) from 46 states that have had confidential name-based HIV 

infection reporting since at least January 2007 and AIDS data from the District of Columbia, Hawaii, 

Maryland, Massachusetts, and Vermont (areas that had not established confidential name-based HIV 

infection reporting by January 2007). The estimates for overall HIV prevalence and the prevalence of 

undiagnosed infection were obtained in 4 steps. 

1. HIV and AIDS data were statistically adjusted to mitigate the effects of delays in reporting

new cases and deaths,3  incomplete reporting of diagnosed cases,4 and cases reported

without sufficient risk factor information to be classified into an HIV acquisition risk

category.3

2. On the basis of the estimated annual number of HIV diagnoses and the severity of disease

at diagnosis (i.e., whether the infection was classified as stage 3 [AIDS] in the same

calendar year the HIV diagnosis was made), an extended back-calculation model was

fitted to estimate the cumulative number of persons aged ≥13 years who had been infected

with HIV by the end of 2009.4

3. The estimated overall HIV prevalence was calculated by subtracting the estimated

cumulative number of deaths that had occurred among those infected by the end of 2009

from the estimated cumulative number of HIV infections.

4. The prevalence of undiagnosed HIV infection was calculated by subtracting the estimated

number of diagnosed HIV infections in living persons from the estimated overall HIV

prevalence.

In addition to population estimates for age and sex, we also included those for HIV acquisition 

risk category. For NHSS, HIV acquisition risk category is the term for the classification of cases that 

summarizes a person’s possible HIV risk factors; the summary classification results from selecting, from 

the presumed hierarchical order of probability, the 1 risk factor most likely to have been responsible for 

transmission. For surveillance purposes, a diagnosis of HIV infection is counted only once in the 

hierarchy of transmission categories. Persons with more than 1 reported risk factor for HIV infection are 

classified in the HIV acquisition risk category listed first in the hierarchy. The exception is men who had 



 

sexual contact with other men and injected drugs; this group makes up a separate HIV acquisition risk 

category. 

Persons whose HIV acquisition risk category is classified as male-to-male sexual contact include 

men who have ever had sexual contact with other men and men who have ever had sexual contact with 

both men and women. Persons whose HIV acquisition risk category is classified as heterosexual contact 

are persons who have ever had heterosexual contact with a person known to have, or to be at high risk 

for, HIV infection (e.g., an injection drug user). 

Because a substantial proportion of cases of HIV infection are reported to CDC without an 

identified risk factor, multiple imputation is used to assign an HIV acquisition risk category.5,6 

Medical Monitoring Project (MMP), 2009 

MMP is an HIV surveillance system designed to produce nationally representative estimates of 

behavioral and clinical characteristics of HIV-infected adults receiving medical care in the United 

States.7,8 MMP is an annual, complex-sample, cross-sectional survey. For the 2009 data collection cycle, 

first U.S. states and territories were sampled, followed by  facilities providing HIV care, and finally 

HIV-infected adults aged 18 years or older receiving at least one medical care visit during January 

through April 2009 at participating facilities. Data were collected via face-to-face interviews and 

medical record abstractions from June 2009 through May 2010. All sampled states and territories 

participated in MMP: California (including the separately funded jurisdictions of Los Angeles County 

and San Francisco), Delaware, Florida, Georgia, Illinois (including Chicago), Indiana, Michigan, 

Mississippi, New Jersey, New York (including New York City), North Carolina, Oregon, Pennsylvania 

(including Philadelphia), Puerto Rico, Texas (including Houston), Virginia, and Washington. Of 603 

sampled facilities within these states or territories, 461 participated in MMP (facility response rate 76%), 

and of 9,338 sampled persons, 4,217 had a completed interview and linked medical record abstraction 

(patient-level response rate 51%), for a combined response rate of 39%. Data were weighted based on 

known probabilities of selection at state or territory, facility, and patient levels. In addition, data were 

weighted to adjust for non-response using predictors of patient-level response, including facility size, 

race/ethnicity, time since HIV diagnosis, and age group. After weighting for probability of selection and 

non-response, the 4,217 participants in the 2009 MMP data collection cycle were estimated to represent 

a population of 421,186 HIV-infected adults receiving medical care in the United States between 

January and April 2009.     

As described previously, patients who had at least 1 medical care visit from January through 

April of 2009 were considered to be retained in care.7 Prescription of ART was defined as 

documentation in the medical record of any ART prescription in the past 12 months, and viral 

suppression was defined as documentation in the medical record of the most recent viral load as 

undetectable or no greater than 200 copies/mL. Population estimates using MMP data were weighted for 

the probability of selection and adjusted for nonresponse. The sum of weights was used to estimate the 

number of HIV-infected adults who received at least 1 medical care visit from January through April of 

2009; these data were used to estimate the number of persons retained in care in 2009. Moreover, the 

sum of the weights was also used to estimate the number of persons prescribed ART and those virally 

suppressed. Persons who did not receive a diagnosis, who were not linked to or in care, or who did not 

receive ART were assumed to have unsuppressed viral loads. A small percentage of persons achieve 

viral suppression without treatment.9 

National HIV Behavioral Surveillance System (NHBS), 2006 - 2011 

The NHBS is a supplemental surveillance system that is conducted in three-year rounds and 

focuses on a different at-risk population in each year (cycle): men who have sex with men (MSM), 



 

injection drug users (IDU), and high-risk heterosexuals (HET). We used NHBS data from the MSM2 

and MSM3 cycles, IDU2 cycle, and HET1 and HET2 cycles, (year, number of metropolitan statistical 

areas (MSA), and sampling methodologies shown in Table TS-1).10-13 

Respondents in NHBS contributed responses towards transmission estimates for those 1) HIV-

infected but undiagnosed and 2) HIV-diagnosed but not retained in medical care. Those who tested HIV-

positive during NHBS participation but reported never receiving a prior HIV-positive test result were 

considered undiagnosed. Those who were aware of their HIV infection but reported seeing a medical 

provider for their infection never or more than 4 calendar months prior to interview were considered not 

in-care for their HIV infection, in order to complement the in-care definition used in MMP.8 

Table TS-1: NHBS cycles contributing data to transmission model 

NHBS Cycles Year # of MSA Sampling method Reference 

HET1 2006-7 24 Venue-based/ 

Respondent-driven 

10

MSM2 2008 21 Venue-based 12

IDU2 2009 20 Respondent-driven 13

HET2 2010 21 Respondent-driven 11

MSM3 2011 21 Venue-based 14

HIV acquisition risk category of respondents 

The HIV acquisition risk category classification for MMP respondents was obtained via linkage 

with the NHSS eHARS (Enhanced HIV/AIDS Reporting System) database. HIV acquisition risk 

category was available for 80% of individuals.  For NHBS respondents, HIV acquisition risk category 

was primarily based on the cycle in which the respondent was interviewed, according to Table TS-2 

below. Note that individuals in MSM cycles who identified lifetime IDU behavior and males in the IDU 

cycle with a lifetime history of male sex partners were pooled to estimate the MSM-IDU HIV 

acquisition risk category and excluded from the other HIV acquisition risk categories. 

Table TS-2 – NHBS data sources and classification scheme for HIV acquisition risk category 

NHBS 

Cycles 

Respondent 

sex 

Restrictions HIV acquisition risk category 

MSM2, 

MSM3 

Male Lifetime IDU history excluded Male-to-male sexual contact 

IDU2 Male Lifetime MSM history excluded Injection Drug Use - Male 

IDU2 Female n/a Injection Drug Use – Female 

HET1, 

HET2 

Male n/a Heterosexual contact – Male 

HET1, 

HET2 

Female n/a Heterosexual contact –Female 

MSM2, 

MSM3, 

IDU2 

Male Lifetime IDU and MSM history only Male-to-male sexual contact and 

injection drug use 

Data synthesis 

The modeling approach taken used a pooled dataset that contained all 9,709 observations on 

confirmed HIV-positive individuals from the 5 NHBS and 1 MMP years, but still retained all 

stratification and weighting variables required to classify the subpopulations of interest. For each 



 

respondent, the identical transmission calculations were carried out, as described in Box 1 of the 

manuscript. Although estimation occurred at the partner level (explained further in Step 1), the initial 

input dataset was respondent-level because these surveillance systems primarily measured sexual 

behavior over the previous 12 months in aggregate. 

The variables used to calculate transmissions per respondent can be broken out into 3 groups, 

which we describe in various ways throughout this supplement: 1) behaviors (mostly partner counts) and 

clinical features (viral load) that were directly measured on respondents, 2) assumed  behavioral 

parameters based on analyses of the MMP and NHBS data and 3) literature-based behavioral and 

clinical assumptions. The latter two types were often specified based on the respondent and partners’ 

biological sexes, and main/casual partner type. 

To perform the transmission calculations, all input variables needed to be aligned in the pooled 

dataset across all data sources. Despite the general similarity in behavioral questions between 

surveillance systems and years (i.e.: variable type 1 above), there are important differences. The most 

detailed partner count data were collected in MMP 2009 and thus the first objective in dataset 

preparation was to bring all NHBS cycles to the level of detail in MMP 2009, through the application of 

additional assumptions. This was done in two steps. The first brought data from NHBS Rounds 1 and 2 

(which used identical questions for the items of interest) to the level of NHBS Round 3 and the second 

brought these data to the level and variable scheme used in MMP 2009. The following grid summarizes 

the partner counts available in the data sources, which were used in the transmission model. An 

important observation for this model is that for a given respondent sex/partner sex/partner type 

combination (“partner profile”), counts of two acts are available – 1 insertive and 1 receptive. 



 

Table TS-3 – Directly queried sexual behaviors in the data sources 

Collected in: 

Respondent 

sex 

Partner 

sex 
Partner types Sex acts1, 2 Details 

NHBS 

Rounds 

1-2 

NHBS 

Round 

3 

MMP 

2009 

Male Male (any) (any) Total partners X X X 
Male Male Main, casual (any) Total partners X3 X X 

Male Male Main, casual 
Insertive AI, 

receptive AI 
Total partners 

X 

Male Male Main, casual 
Insertive AI, 

receptive AI 

Total unprotected sex 

partners 

X 

Male Male Main, casual 
Insertive AI, 

receptive AI 

Total HIV serodiscordant 

/ unknown unprotected 

sex partners 

X 

Male Male Main, casual Any AI Total partners X3 X 

Male Male Main, casual Any AI 
Total unprotected sex 

partners 

X3 X 

Male Male Main, casual Any AI 

Total HIV serodiscordant 

/ unknown unprotected 

sex partners 

X 

Male Female (any) (any) Total partners X X X 
Male Female Main, casual (any) Total partners X3 X X 

Male Female Main, casual 
Insertive AI, 

insertive VI 
Total partners 

X3 X X 

Male Female Main, casual 
Insertive AI, 

insertive VI 

Total unprotected sex 

partners 

X3 X X 

Male Female Main, casual 
Insertive AI, 

insertive VI 

Total HIV serodiscordant 

/ unknown unprotected 

sex partners 

X 

Female Male (any) (any) Total partners X X X 
Female Male Main, casual (any) Total partners X3 X X 

Female Male Main, casual 
Receptive AI, 

receptive VI 
Total partners 

X3 X X 

Female Male Main, casual 
Receptive AI, 

receptive VI 

Total unprotected sex 

partners 

X3 X X 

Female Male Main, casual 
Receptive AI, 

receptive VI 

Total HIV serodiscordant 

/ unknown unprotected 

sex partners 

X 

1 Oral sex was included in the definition of sex. This potential discrepancy between the total sex partners and total of anal sex 

(AI) and vaginal sex (VI) partners was dealt in Step 1. 
2 Sex acts are indicated from the perspective of the HIV-positive respondents.  
3  NHBS Rounds 1 and 2 collected total ‘casual’ and ‘exchange’ partners separately, whereas the other two systems grouped 

these both into ‘casual’. Thus casual and exchange partner were combined for the data in NHBS Rounds 1 and 2. 

Integration of NHBS Rounds 1 and 2 with NHBS Round 3 

To combine the NHBS Rounds 1 and 2 with Round 3, we created counts of total main and total 

casual HIV serodiscordant/unknown unprotected anal intercourse (UAI) partners by multiplying the 

respective main and casual UAI partner counts by an estimated proportion of such partners who are of 

serodiscordant/unknown HIV status. These proportions were estimated using data from NHBS MSM3, 

which collected aggregate serodiscordance. Among main partners, 62% were of 



 

serodiscordant/unknown HIV serostatus, while among casual partners this was 67%. As noted in Table 

TS-3, Footnote 3, casual and exchange partner totals were additionally combined.  

Integration of combined NHBS rounds 1-3 with MMP 2009 

Sex behaviors 

In order to get the combined NHBS sex partners totals to align with those found in MMP 2009, 

two further types of adjustments were applied: 

1. For each main and casual male anal sex partner count, insertive and receptive role counts

were created by division by two. The fact that role versatility among male sex partners may

reduce the total unique number of sex partners of each anal sex act type was accounted for in

two later steps: 1) the assignment of sex act/role probabilities to each sex partner and 2)

inflation of male-male anal intercourse frequency to account for role versatility.

2. Serodiscordance among heterosexual main and casual unprotected sex partners was estimated

using the more detailed responses on the most recent opposite-sex anal or vaginal sex

partners of respondents in the 3 non-MSM NHBS cycles. Among main partners, 80% were of

serodiscordant/unknown HIV serostatus, while among casual partners this was 94%.

Injection drug use 

Both NHBS and MMP queried injection drug use in the previous year and any sharing of 

needles. However, NHBS asked about receptive needle-sharing (i.e., from IDU partners) and MMP 

asked about distributive sharing (i.e., to IDU partners), while only the latter directly informs HIV 

transmission risk for those who are HIV-positive. 

Ideally, distributive needle-sharing would be available for NHBS respondents. Although some 

literature-based estimates exist for the proportion of HIV-positive individuals who distribute needles,15 

imposing this assumption broadly on responses would lead to more inaccurate results than an approach 

based on primary responses. In a study of IDU in 5 cities, 88% of those who received needles also 

distributed them and 81% of all distributive sharing occurred among those who receptively shared.16 

HIV-positive specific estimates are not available, although it is plausible that these proportions would be 

even greater for this subset. This is because distributive sharing alone would be less common, relative to 

HIV-negative or overall samples. Therefore we assumed that NHBS respondents reporting receptive 

sharing also distributed, and that this captured most of the distributive sharing activity, and IDU needle-

sharing responses were combined across these two systems without adjustment.  

Viral load 

Viral load results during the 12 month surveillance period were collected in MMP as part of the 

medical record abstraction. The most recent viral load value of ≤200 copies/microliter was used as the 

definition of viral suppression to classify persons in the HIV care continuum.  However, rather than 

incorporate viral load based on a single measure in the model, we computed the viral load area-under-

the-curve (VL AUC) for the previous 12 months using the trapezoid rule, which provides a time-

weighted average measure of viral load. This is equivalent to the viremia copy-years for a fixed 1-year 

period.17,18 

For MMP respondents with no documentation of viral load in the medical record (6% of the 

whole sample), VL AUC was imputed based on whether the respondent was prescribed ART. Those not 

prescribed ART were assigned a value equal to the weighted geometric mean viral load AUC (exp[wgt. 

mean(log10(VL AUC)])) among non-missing MMP respondents not prescribed ART, which was 2,351 

(3.37 log) copies/ml. Those prescribed ART with missing viral load were assigned 205 (2.31 log) 



 

copies/ml, the weighted geometric mean among MMP respondents prescribed ART with non-missing 

VL AUC. In doing so, viral load values were assumed to be missing at random.  

Measurements of viral load were not obtained in NHBS and were imputed for NHBS 

respondents. Because all NHBS respondents included were not in care for their HIV infection and their 

viral load measurement were unavailable, we assigned the geometric mean value of 6,976 (3.84 log) 

copies/ml calculated from MMP respondents not prescribed ART and not virally suppressed. 

Step 1:  Partner- and respondent-level transmission calculations 

Although the source data were collected as aggregate partner counts within respondents, 

transmissions were estimated on a per-partner basis before summation yielded the estimated number of 

transmissions per respondent, as depicted in Box 1. This set of probabilistic equations yields the 

expected value for the number of transmissions for a given HIV-positive respondent, based on the sum 

of per-partner transmission probabilities. The model incorporates behavioral and clinical elements in a 

style similar to those found elsewhere.19-21  

In plain language, Equation 1 separately adds the expected number of transmissions due to sex 

(outermost parentheses) and IDU transmission. Sexual transmissions are aggregated across partners of 

each partner profile. For each partner, the probability of transmission is computed as the sum of 

mutually-exclusive transmission probabilities due to unprotected and protected sex. Within unprotected 

and protected sex, there are two mutually exclusive transmission probabilities: that due to insertive sex 

and that due to receptive sex, given transmission during insertive sex did not occur. Injection drug use 

transmissions are aggregated across the total injection drug sharing partners. 

Equations 2 and 3 respectively calculate sexual and IDU transmission probabilities based on the 

common assumption that transmission to a partner is a geometrically-distributed process, with risk 

accruing according to the number of acts.22 These probabilities are multiplicatively modified by the 

likelihood of partner serodiscordance, condom use, and condom effectiveness. The quantity p(tx) 

represents  the per-act transmission probability for an act of vaginal sex, which is scaled to the sex or 

IDU act being considered by a fixed relative risk. Equation 4 describes the calculation of p(tx), which is 

a function of the respondent’s exponentiated log10(viral load). The values chosen are from Hughes et al 

2012,19 although its form and estimated base value is similar to those in models used by others.23-25  

Using the VL AUC rather than a single observation of viral load in this function was a modification to 

this equation that is reasonable because it reflected an average daily viral load. 

Because the goal of this analysis was to create point estimates for a single year of HIV 

transmission, rather than capture multi-year transmission patterns, a static model and system of 

equations was used. Future work to model changes in HIV transmission and prevalence, as a function of 

interventions and/or counterfactual scenarios, may wish to use dynamic modeling frameworks. 



 

Box 1 - Estimated number of HIV transmissions per respondent in the previous 12 months 

Equation 1 – Full model 

Equation 2 – Probabilities of sexual transmission 

Equation 3 – Probability of IDU transmission 

Equation 4 – Per-act transmission risk, vaginal sex (Hughes et al, 2012) 

tx - Transmission

j  - Partner sex; 1 if male, 2 if female 

J - Max number of partner sex types; 1 if 

respondent is female, 2 if male 

k - Partner main/casual type 

Tj, k - Total partners of gender j, type k 

- Protected or unprotected sex partner 

m  - Insertive or receptive sex role 

 - Vaginal or anal act/role with partner 

- Sex partner serodiscordance  

 - Per-act relative risk of act and role, 

compared to vaginal sex 

c - proportion of transmissions averted by 

condom use (condom effectiveness) 

 - Annual per-partner number of episodes 

for sex act/role 

- Injection drug use (IDU) 

U - Total IDU sharing partners 

- Drug partner serodiscordance 

- Per-act relative risk of needle sharing, 

compared to vaginal sex 

F - Annual per-partner episodes of IDU 

distributive sharing

Partner dataset construction 

Although the source data measured sexual behaviors as aggregate partner measures on 

individual responses, transmissions were calculated on a per-partner basis, using a dataset that 

contained a single row for each partner. To facilitate this, we created a pseudo-dyadic dataset 

based on the combined NHBS-MMP data and additional assumptions that contained all anal, 

vaginal, and injection drug sharing partners. Oral sex was assumed to negligibly count towards 

transmissions and thus exclusively oral sex partners were removed. 

1. Observations for each anal and/or vaginal sex partner

As driven by the structure of the partner data collection in Table TS-3 and implied by the 

nested summations of Box 1, these observations were generated based on respondent 

sex/partner sex/partner type counts (“partner profile counts”). Because oral sex was included 

in the definition of sex partners, the overall partner profile counts could not be used. Rather, 

we utilized the maximum number of “at-risk” (i.e.: excluding oral sex) partners calculated as: 

min(overall partner profile count, sum (insertive act count, receptive act count)) 



 

An exception to this is the case of male-male sex in NHBS, where anal sex partner totals 

were directly queried. The above expression may overestimate the total number of “at-risk” 

partners due to patterns of covariance of sex act types with given partners (i.e.: having anal 

and vaginal sex with the same person). Information on these within-partner patterns was not 

available.  

2. Sex act probabilities

To address the uncertainty in the total number of at-risk partners, as well as which acts 

occurred with which partners, we independently assigned each partner observation a 

probability of having each type of sex act , rather than assigned fixed dichotomous 

properties to each partner. The  were calculated using a numerator that comprised 

the total protected/unprotected partners for that partner profile and the denominator was the 

at-risk total for that partner profile. We point out that protected and unprotected partner 

counts are mutually exclusive, while others are not. 

The independent distribution of sex act probabilities represents a minimally biased 

solution to the problem of total partner counts. Yet it is likely not realistic and may result in 

over-counting transmissions because behaviors are less concentrated within the same partner. 

Nonetheless, the impact of this assumption is minimized because transmissions are ultimately 

characterized at the respondent and not partner level, and because the transmission function 

(Box 1, Equation 1) counts a second sex act type only if transmission did not occur after all 

episodes of the first act. 

3. Observations for each drug-sharing partner

Both NHBS and MMP collected the occurrence of injection drug sharing (as described in 

Step 0), but neither collected the number of distributive sharing partners. This quantity was 

also unavailable in the literature. We note: 

1. NHBS-IDU2 respondents who were HIV-positive and reported receptive needle

sharing had a mean of 6.0 (median [Q1, Q3]: 2, [1, 4]) receptive sharing partners.

2. Kretzchmar et al. and Raboud et al. report on four studies in which the mean number

of receptive sharing partners ranges from 1.7 – 3 among general samples of IDU.26,27

Based on these sources and understanding that sharing patterns may vary according to 

HIV and distributive sharing statuses, we assumed an intermediate value of 4 distributive 

sharing partners for those individual sharing injection drugs. 

Note that in the separate creation of sex and drug partners, we assumed independence of 

these partner types. This is due to the nature of the data sources that queried these behaviors 

separately. Thus, in theory, a partner who is both a sex and drug partner could be infected 

twice in the model, although this is very unlikely. Importantly, the mutual exclusivity of sex 

acts in Box 1, Equation 1 ensures that a given sex partner can be infected only once sexually. 



 

Additional model parameter estimates 

1. Condom effectiveness

The real-world effectiveness of condoms in reducing HIV transmission was 

assumed to be 80% per act.28 

2. Annual number of sex episodes per partner

The assumed number of sex episodes per individual partner in the previous 12 

months is described in Table TS-4. This table is organized by partner type profile and 

describes the estimates and their sources.  

Accurate and well-stratified estimates of sex episodes are scarce in the literature 

and these estimates represent a synthesis of the listed sources. Intra-event role versatility 

for MSM was incorporated by proportionally increasing the number of sex acts according 

to Goodreau et al’s estimate of 32% for casual and 22% for main partners, based on 

NHBS MSM2.23 An additional assumption is that condom use was considered the same 

across all sex acts for a given partner, according to whether or not it was a “protected” or 

“unprotected” sex partner. 

Table TS-4 – Summary of estimates for annual number of sex episodes per partner 

Respondent 

sex 

Partner 

sex 

Partner type Sex act1 Estimate2 Sources3 

Male Male Main Insertive AI 49 Sullivan 200920, Goodreau 201223 

Male Male Main Receptive AI 49 Sullivan 200920, Goodreau 201223 

Male Male Casual Insertive AI 2.6 Sullivan 200920, Goodreau 201223 

Male Male Casual Receptive AI 2.6 Sullivan 200920, Goodreau 201223 

Male Female Main Insertive VI 80 Laumann 199429, Reece 201030 

Male Female Main Insertive AI 11 Laumann 199429, Reece 201030 

Male Female Casual Insertive VI 4 Sullivan 200920, Laumann 199429 

Male Female Casual Insertive AI 0.5 Sullivan 200920, Laumann 199429 

Female Male Main Receptive VI 80 Laumann 199429, Reece 201030 

Female Male Main Receptive AI 11 Laumann 199429, Reece 201030 

Female Male Casual Receptive VI 4 Sullivan 200920, Laumann 199429 

Female Male Casual Receptive AI 0.5 Sullivan 200920, Laumann 199429 
1 Sex acts are indicated from the perspective of the HIV-positive respondents.  
2 Due to the continuous nature of the transmission function, non-integer sex act counts can be used 
3 Note that estimates found Sullivan et al 2009, and Goodreau et al 2012 were themselves syntheses of multiple 

primary data sources. 

3. Annual number of IDU distributive sharing episodes per partner

Few recent, robust, and/or United States-specific estimates exist that either 

directly give, or allow for indirect inferring of, the number of distributive IDU acts per 

partner, per year. In reviewing estimates those available from other contexts,26,27 we 

assumed a value of 10 acts. 

4. Serodiscordance of protected sex and IDU needle-sharing partners



 

None of the primary data sources queried the HIV status of protected sex and IDU 

needle-sharing partners. Thus beyond earlier serodiscordance assumptions made in Step 

0, we made further assumption for these two partner types. 

To estimate serodiscordance for male-male protected sex partners, we combined 

the observation of two-fold and three-fold levels of discordance with protected sex 

relative to unprotected main and casual partners, respectively,31 with the levels of 

serodiscordant UAI observed in MMP. Among MMP respondents, we observed 25% of 

main and 17% of casual male-male UAI partners were serodiscordant. This translates into 

an estimate of approximately 50% serodiscordance among both main and casual 

protected male-male sex partners. 

For heterosexual partners, we assumed the same levels of serodiscordance for 

protected sex partners as we did in Step 0 for unprotected ones, because little 

heterogeneity was observed in serodiscordance across condom use (i.e., little evidence of 

condom serosorting for heterosexual sex).   

For IDU partners, serodiscordance was assumed to be 9%, based on the 9% HIV 

prevalence reported from NHBS IDU2.13  

5. Relative risks for sex/drug acts

Table TS-5 below summarizes the relative risk values utilized in computing 

transmission probabilities, with the referent behavior being respondent receptive vaginal 

intercourse. Like earlier sources, Hughes et al found a two-fold elevated per-act 

transmission risk for insertive (M -> F transmission) versus receptive (F->M 

transmission) for vaginal intercourse.19 Yet, after controlling for the viral load of the 

infected partner, they found both acts to carry the same risk. Since our model accounts 

for viral load, we adopted this approach. 

Table TS-5 – Per-act risk , relative to receptive vaginal intercourse a 

Act1 Estimate Sources 

Insertive VI 1 Hughes et al 201219 

Receptive AI 1 
Baggaley et al 2010,21  Varghese et 

al 2002 32 

Insertive AI 18 Baggaley et al 2010 21  

IDU needle-sharing 6.7 Kaplan et al 1992 33

1 Acts are indicated from the perspective of the HIV-positive respondents. 

Step 2: Group-level transmission rates 

In this next step, we sought to summarize the participant-level transmission results by 

continuum stage (1-level stratification) and respondent sex, HIV acquisition risk category, and 

age group separately within continuum stage (2-level stratification). In order to do this in a 

manner that was most representative of the United States’ HIV-infected population, separate 

processes were undertaken for NHBS and MMP-originating responses, which respectively 

contributed the first 2 and last 3 continuum stages.  



 

The number of responses collected in each NHBS cycle was approximately equal, despite 

the unequal representation of MSM, heterosexuals, and IDU in the United States’ HIV epidemic. 

Furthermore, within cycles, certain groups such as minority MSM were purposefully 

oversampled in order to increase their representation. In order to address the overt biases that 

these non-proportional sampling processes may have introduced, we standardized the 

transmission rates estimated from NHBS responses according to the US distribution of those 

HIV-infected.2 This was a multi-step process: 

1. Estimate the population of HIV-infected individuals for each level of continuum stage ×

HIV acquisition risk category × age.

Hall et al provide estimates of the overall population of people living with HIV/AIDS at 

each stage of the care continuum , age within continuum stage ( , a  = 1 to 5), and 

HIV acquisition risk category within continuum stage ( , t = 1 to 6).2 To arrive at 

fully-stratified population size estimates, we proportionally multiplied these 3 quantities 

as shown in the expression below.  

Because the transmission categories incorporate biological sex, we did not need to 

specially stratify on sex.  

2. Compute fully-stratified unadjusted mean transmissions (i.e., rates) from respondents for

the first two continuum stages × HIV acquisition risk category × age ( ).

Despite our relatively large dataset, zero cells were present for a few strata, all of which 

involved the youngest age group, and represented small groups in the population, per 

their values of . These cells were assigned the estimated rate from the next oldest 

age group within that continuum stage and HIV acquisition risk category. 

3. Compute weighted average transmission rates for 1-level and 2-level stratifications,

weighting by the population sizes in step #1, coupled with the fully stratified means in

step #2.

The specific equations for each rates follow: 

Within continuum stage 

Within continuum stage and age group 



 

Within continuum stage and HIV acquisition risk category 

Within continuum stage and sex 

The forms of the adjusted rates for males and females, may be seen as restricted 

versions of those for HIV acquisition risk category, where 4 categories 

exclusively involve males (MSM, MSM-IDU, IDU male, heterosexual male), and 

2 exclusively involve females (IDU female, heterosexual female). Thus the male 

and female adjusted rates are found from: 

Note that this weighting scheme assumes independence between the distributions of HIV 

acquisition risk category and age within continuum, but enables overall rates that are 

adjusted for both factors, transmission-category rates that are age-adjusted, and age group 

rates that are transmission-category adjusted. These efforts likely corrected for a 

substantial proportion of bias introduced by the sampling methods of NHBS, although 

there exist opportunities for residual selection bias due to the general use of venue-based 

and respondent-driven sampling in high-HIV prevalence MSAs. Future work may wish to 

improve upon the independence assumptions through improved estimation of fully 

stratified population estimates, or more generally improve estimation in the first two 

continuum stages through the use of probability samples. Both of these are substantial 

tasks.  

For the 3 continuum stages originating from MMP, which was a nationally representative 

probability survey, the above weighted transmissions rates were directly estimated from 

responses using their sampling weights using subpopulation (‘domain’) analyses of the mean.2 



 

Step 3: Group-level number of transmissions 

In the third step, the weighted transmission rates  were multiplied by their 

corresponding 1 and 2-level stratified population sizes  from Hall et al2  to estimate the number 

of HIV transmissions ( ) attributable to individuals in each continuum stage and the 

subpopulations within stage (i.e., ) 

Step 4: Calibration to incidence estimates 

A set of potential sources of bias, including those due to model specification, model 

parameterization, and the data collection process, as well as random variation have the potential 

to yield transmission estimates in our model that deviate from other published estimates (which 

may themselves be subject to error). We concluded by scaling our transmission totals to the 

CDC’s most-recent estimate for overall HIV incidence in the United States in 2009, which was 

45,000 new infections.1  

The original total number of transmissions estimated by this modeling procedure was 

76,724, and we thus multiplied all estimated transmission counts by the factor 

 to get ‘corrected’ estimated numbers of HIV transmissions. Corrected rates 

were similarly calculated via multiplication by f. This accordingly assumes that the apparent 

“overestimation” in the model is independent of the subgroups. 

Step 5:   Bias analyses 
In this final step, we assessed the sensitivity of the model findings to uncertainty in key 

behavioral and clinical model inputs, stemming from both misspecification and random error, in 

conjunction with random error in the estimation of population sizes along the continuum of care. 

This was done using a probabilistic bias analysis, which first involved a Monte Carlo simulation 

to estimate the transmission rates under sampled joint values of the parameters.34 Then we 

combined the resulting simulation intervals for the rates with confidence intervals for the 

population sizes, using a second simulation, to yield simulation intervals for the number of 

transmissions attributable to each group.  

Simulation intervals for transmission rates 

Table TS-6 summarizes the parameters that were varied in the simulation, and the distributional 

assumptions assigned to them. The majority of model behavioral parameters were allowed to 

vary, with the focus being on parameters that were applied to all observations in estimating 

transmissions, rather than on those utilized in the MMP-NHBS data synthesis. For all of the 

parameters, we assumed Normal-distribution priors, with means as described earlier in this 

supplement, and standard deviations  as specified. Unless otherwise noted,  values were set at 

10% of the mean for counts (thus 95% of sampled values were in the range ±20% of the mean) 

and 5% for proportions (95% of sampled values in the range ±10% of the mean proportion), 

unless otherwise noted. 



 

Given these distributional assumptions, we randomly sampled values for the set of model 

parameters and computed the entire simulation process of Steps 1-4 for a total of 1,000 times, 

including recalibration to the 2009 incidence estimate. For each level of continuum stage, age, 

HIV acquisition risk category, and sex, the 1,000 estimates of the calibrated transmission rates 

were sorted and the lower and upper 25th values (i.e. 2.5% and 97.5% percentiles) were selected 

as the bounds of the 95% simulation interval (SI). The same ranking process was repeated to 

attain SI for the within-simulation reductions in transmission rates for each stage of the 

continuum. 

Because the method of Step 3 computes rates at two levels of stratification (continuum stage × 

age, HIV acquisition risk, or sex), single-level rates for age, HIV acquisition risk, and sex were 

estimated by collapsing transmission estimates for these subgroups across stages of care. 



 

Table TS-6: Distribution assumptions for parameters in simulation 

Distribution assumptions 

Annual number of sex and IDU distributive 

sharing episodes per partner 
Respondent 

sex 

Partner 

sex 

Partner type Act Notes 

Male Male Main Insertive AI 49 4.9  is 10% of 

Male Male Main Receptive AI 49 4.9  is 10% of 

Male Male Casual Insertive AI 2.6 0.26  is 10% of 

Male Male Casual Receptive AI 2.6 0.26  is 10% of 

Male Female Main Insertive VI 80 8  is 10% of 

Male Female Main Insertive AI 11 1.1  is 10% of 

Male Female Casual Insertive VI 4 0.4  is 10% of 

Male Female Casual Insertive AI 0.5 0.05  is 10% of 

Female Male Main Receptive VI 80 8  is 10% of 

Female Male Main Receptive AI 11 1.1  is 10% of 

Female Male Casual Receptive VI 4 0.4  is 10% of 

Female Male Casual Receptive AI 0.5 0.05  is 10% of 

Any Any IDU 
Needle 

sharing 
10 2 

 is 20% of , reflecting greater 

uncertainty in estimate 

Serodiscordance of protected sex and IDU needle-

sharing partners (proportion) 
Respondent 

sex 

Partner 

sex 

Partner type Notes 

Male Male Main 0.50 0.025 
 is 5% of

 Values bounded by (0.01, 0.99)

Male Male Casual 0.50 0.025 
 is 5% of

 Values bounded by (0.01, 0.99)

Male Female Main 0.80 0.04 
 is 5% of

 Values bounded by (0.01, 0.99)

Male Female Casual 0.94 0.047 
 is 5% of

 Values bounded by (0.001, 0.999)

Female Male Main 0.80 0.04 
 is 5% of

 Values bounded by (0.001, 0.999)

Female Male Casual 0.94 0.047 
 is 5% of

 Values bounded by (0.001, 0.999)

Any Any IDU 0.91 0.0075 
 from SE reported for NHBS IDU213

 Values bounded by (0.01, 0.99)

Relative risks for sex/drug acts 

Act1 Notes 

Insertive AI 18 1.8  is 10% of 

IDU needle sharing 6.7 0.67  is 10% of 

Annual number of IDU distributive sharing 

partners 
4 1 

 is 25% of , reflecting greater 

uncertainty in estimate 

Viral load for those not in-care 6,976 671 
 from SE in analysis of 2009 MMP 

respondents not prescribed ART and not 

virally suppressed 



 

Simulation intervals for the number of transmissions 

Although these previous simulations yielded estimates for the number of transmissions 

attributable to each group (in Step 3), these are insufficient because they do not account for the 

uncertainty in the population size of each group that is attributable to random error. Thus 

although the rate simulation intervals were computed assuming a fixed population structure, we 

next combined those intervals for the transmission rates with estimates of variability for the 

population sizes to yield 95% simulation intervals.   

To do this, we conceived of the total transmissions, earlier described as the product of the rate 

and population size ( , with H now as a random variable) as the product of two 

independent normal variates  and , consistent with the transmission rate SI being derived from 

a set of normal variates and the assumption of normality for the published population size CI.  

The standard error for each rate was estimated from the (nearly symmetric) 95% SI as: 

The sources of each population size H, as well as the corresponding 95% CI and SE estimates, 

are provided in Table TS-7. For publications where the (nearly symmetric) 95% CI was 

provided, we estimated the SE as: 

Because the total HIV-infected, but not in care was estimated by subtraction of the independently 

estimated quantities of the total HIV-infected and the total in-care, the SE was obtained by 

adapting standard variance formulae for independent variables:  

Once all SE were obtained, we conducted a final simulation to estimate the 95% SI for each total 

transmission estimate T. For each population, we repeatedly (1,000,000 runs) randomly sampled 

two normal variates  and , according to their mean and SE estimates and took their product. 

The results were sorted and the lower and upper 25,000th values (i.e. 2.5% and 97.5% 

percentiles) were selected as the bounds of the 95% simulation interval (SI). 



 

Table TS-7: Estimates and uncertainty in population size estimates 

Population 

denominator 95% CI SE 

Source 

Total 1,148,200 1,117,800 - 1,178,500 15,510 

By stage of care 

HIV-infected but undiagnosed 207,600 196,500 - 218,700 5,663 
HIV surveillance report35  

HIV-diagnosed but not retained 

in medical care 
519,414 468,144 - 570,684 26,158 

Obtained by subtraction 

Retained in care but not 

prescribed ART 
47,453 38,284 - 56,622 4,678 

Re-analysis of MMP data 

reported in Hall 20132 

Prescribed ART but not virally 

suppressed 
82,809 71,551 - 94,067 5,744 

Re-analysis of MMP data 

reported in Hall 20132 

Virally suppressed 290,924 256,250 - 325,598 17,691 
Re-analysis of MMP data 

reported in Hall 20132 

Sex 

Male 869,000 843,000 - 895,000 13,265 HIV surveillance report35  

Female 279,100 263,500 - 294,800 7,959 HIV surveillance report35  

HIV acquisition risk category HIV surveillance report35  

Male-to-male sexual contact 592,100 569,800 - 614,500 11,378 HIV surveillance report35  

Injection drug use, male 113,200 102,800 - 123,500 5,306 HIV surveillance report35  

Injection drug use, female 70,200 61,400 - 79,000  4,490 HIV surveillance report35  

MSM-IDU 60,200 52,500 - 67,900  3,929 HIV surveillance report35  

Heterosexual contact-male 100,600 91,700 - 109,400  4,541 HIV surveillance report35  

Heterosexual contact-female 207,100 193,300 - 220,900 7,041 HIV surveillance report35  

Age group in years HIV surveillance report35  

13-24 76,400 68,900 - 83,900  3,827 HIV surveillance report35  

25-34 175,000 164,000 - 185,900 5,612 HIV surveillance report35  

35-44 319,900 304,000 - 335,800 8,112 HIV surveillance report35  

45-54 380,900 362,700 - 399,000 9,286 HIV surveillance report35  

≥55 196,000 183,299 - 208,701 6,480 HIV surveillance report35  
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Abbreviations: HIV=human immunodeficiency virus; ART=antiretroviral therapy 
1 Retained in care is defined as attending at least one visit with a medical care provider in January to April 
2009 
2 Viral suppression defined as most recent viral load documented as undetectable or ≤200 copies/ml 
4 Estimates for persons aged 13-24 years were not calculated, because Medical Monitoring Project (MMP) 
and the National HIV Behavioral Surveillance System (NHBS) only collect data on persons aged 18 years 
or older, and the base population size estimated from the National HIV Surveillance System prevalence 
could not be determined by smaller age strata owing to sample size limitations.  

eTable. Estimated rate of HIV transmission along the HIV care continuum by selected 
characteristics, United States, 2009 

Transmission rate per 100 persons-years 

HIV-infected but 
undiagnosed 

HIV-diagnosed 
but not retained in 

medical care 

Retained in care 
but not prescribed 

ART1 

Prescribed ART 
but not virally 

suppressed Virally suppressed2 

Sex 

Male 7.2 6.0 3.5 2.0 0.5 

Female 3.9 3.2 0.7 1.2 0.1 
HIV acquisition risk 
category 

Male-to-male sexual contact 7.3 5.6 4.4 2.9 0.7 

Injection drug use, male 6.9 6.3 0.2 0.6 0.3 

Injection drug use, female 8.2 6.3 0.7 2.4 0.1 

MSM-IDU 12.3 10.5 5.9 2.9 0.2 

Heterosexual contact-male 5.7 4.4 0.2 0.5 0.2 

Heterosexual contact-female 3.2 2.0 0.5 1.0 0.1 

Age group in years 

13-243 

25-34 7.4 8.1 3.9 2.8 1.1 

35-44 6.1 5.4 2.2 1.6 0.5 

45-54 6.3 4.6 2.4 1.7 0.2 

≥55 6.3 3.2 0.4 0.5 0.2 


