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Overview

EMOD-HIV v0.8 is a detailed, individual-based model of heterosexual and vertical HIV transmission. It is calibrated to the national-level epidemics in South Africa and Zambia. It extends an earlier South Africa model, EMOD-HIV v0.7, which is documented in detail at http://arxiv.org/abs/1206.3720.

Outputs from EMOD-HIV v0.8 were used by the HIV Modelling Consortium to evaluate the cost and impact of changing WHO Antiretroviral Treatment Guidelines and are presently being used by the Health Economics and Epidemiology Research Office in Johannesburg to evaluate the cost and impact of changing national treatment guidelines.

Key Features in EMOD-HIV

Model Inputs

Many key parameters in the model are contained in an external configuration file, which the model takes as input. These include configurations of the historical and future treatment guidelines and levels of testing/linkage/treatment, population-level properties such as circumcision rate, STI prevalence, and concurrency levels, and some biological properties such as transmission rates by contact type and disease stage. Tabulated age-specific fertility rates, mortality rates, and partnership age gap data are also taken as input. 

Input and configuration files can be changed without altering or re-compiling the model code, and are therefore very easy to modify without additional work required on the model. However, it is important that the model remains calibrated to the epidemiology of the desired setting, and in some cases, structural changes to the model may be required in order to recapitulate the necessary epidemic trends and address key drivers of the epidemic in a new setting.

Model Outputs

Outputs from EMOD-HIV are flexible and configurable. It can record model outputs at specified times (e.g., annually at midyear), aggregated over specified intervals (e.g., from one year’s end to the next), during specified events (e.g., at every transmission event in the simulation), or aggregated over the full simulation.
Individuals, relationships, and events have numerous properties that can be recorded. Some examples include:
Individual properties
Age and birth time
Gender
Natural (non-AIDS) lifespan
Time until next childbirth (if female)
Circumcision status (if male)
STI co-infection status
Age of sexual debut
Current number of partnerships of each type (transitory, informal, marital)
Lifetime number of sexual partners
Ability to form additional concurrent partnerships when already participating in a partnership of agiven type

HIV-related individual/infection properties 
HIV status
Stage of infection (acute, latent, AIDS)
CD4 count (exact value, but can be aggregated into any categories)
CD4 count at which this person will become symptomatic
Survival from infection to AIDS-related death, if never on ART 
Time until ART failure of all first-line and second-line options, if on ART (typically this is longer than the natural lifespan)
Extent of viral load suppression, if on ART (declines over the first six months on ART and rebounds nine months before ART failure)

Relationship properties 
Participating individuals 
Type: transitory, informal, or marital (listed in order of increasing average length, age, and age gap)
Age distribution for this relationship type (see Pair Formation Algorithm in our documentation)
Projected time of breakup
Condom usage rate

Events
Childbirth: time, properties of the mother, properties of the newborn, MTCT
Death event: time, cause, and properties of the individual at this time
HIV transmission event: time and properties of the transmitter (e.g., HIV stage), recipient (e.g., circumcision status), and their relationship (e.g., type)


New Features in v0.8
The most significant new feature set in v0.8 is the addition of a configurable HIV treatment cascade
Entry into the treatment cascade via different testing modalities

There are five mechanisms by which individuals enter the treatment cascade:

Voluntary Counseling and Testing

Individuals begin regular testing for HIV either at the time of sexual debut or at some time post-debut. After uptake of regular testing, individuals test at an average rate of once per 1.5 years until the first positive test is received. There is no attrition from regular testing for those who remain negative for life. 

The testing rate parameters were set in order to match the reported rates of testing in the past year and proportion ever testing for HIV according to national-level survey data, including the 2008 South African National HIV Prevalence, HIV Incidence, Behaviour and Communication Survey.
For males, the probability of beginning regular testing at debut is 0.5% during the early epidemic, and grows to 25% in the present year and onward. The most rapid growth in at-debut testing occurs in 2000. The annual rate of beginning regular testing after debut also grows over time, from zero in 1998 to 4% in 2003 and 27% in 2009 and onward. For females, all these rates are increased by 30%.

Unlike other forms of testing, voluntary testing can only produce one positive test result. It is assumed that individuals who test positive and subsequently fail to link or drop out of pre-ART or ART care will not resume voluntary testing after loss to follow-up. However, these individuals can re-test and link to care via antenatal testing, couples testing, or symptomatic testing.

Antenatal Testing

Pregnant women have a probability of receiving a single HIV diagnostic test at 14 weeks gestation. This ANC testing probability increases from 0% in 2000 to 7% in 2001, 58% in 2002, and 85% in 2006. These numbers were estimated by multiplying the coverage of antenatal services by the rate of HIV testing and counseling in antenatal clinics, and adjusting as necessary to match overall self-reported testing rates, rates of ART initiation, and CD4 count at ART enrollment.
Infant Testing

Infants born to women who have tested HIV-positive have a probability of receiving an HIV PCR-based diagnostic test at 6 weeks of age, which changes over time as shown in Figure 1 (assumptions pass throughDistrict Health Barometer
 and Barron et al. Bull WHO 2013
).
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Figure 1. Probability that infants born to mothers who have HIV-positive receive an HIV PCR-based diagnostic test at 6 weeks of age. This probability increases over time, and was fit to fall between data from South Africa’s District Health Barometer(green) and Barron et al. Bull WHO 2013 (blue).




Children additionally test when symptomatic at CD4 percentages that are the health status equivalent of the adult symptomatic CD4 counts described under “Symptomatic Testing.” Infants and children follow the same treatment cascade as adults, described in the following section.
Couples Testing

In v0.8, couples testing only occurs if an individual tests positive, returns for a CD4 result/staging, is deemed ineligible for ART, and links to pre-ART care. Such individuals are instructed to bring a partner for testing at the first pre-ART follow-up appointment. If the individual has a sexual partner of one or more years, and the partnership is of marital or informal type (the shorter/younger transitory-type partnerships are excluded), the baseline probability of bringing this partner is 10%. Note that this threshold relationship duration of one year is a configurable parameter. Other changes, such as the visit during which the partner appears for testing, can also be changed, but this will require direct changes to the model code.
The overall baseline rate of partner testing is assumed to be low: only 10% of those with partners of >1 year who return for a CD4 result, are ineligible, and successfully link to pre-ART. However, when modeling expanded guidelines that target serodiscordant couples, the rate of both pre-ART linkage and partner testing can be increased to any hypothetical value up to 100%.

Partners who test positive initiate their own HIV treatment cascade, with linkage probabilities described in the following section. Those who test negative, in a guideline scenario that allows early ART initiation for serodiscordant couples, would cause the positive partner to attempt to link to ART care, with the linkage and retention rates described in the following section.
Symptomatic Testing

Individuals present for HIV testing when they become symptomatic, which is predicted based on their CD4 count. The probability of presenting when symptomatic is configurable, but is set at 100% in the most recent outputs produced from v0.8. The CD4 count at symptomatic presentation is between 200 and 100 cells/uL for 40% of males and 50% of females, and below 100 cells/uL for 60% of males and 50% of females.These values were calibrated in order to best fit the CD4 count at ART enrollment reported by two recent independent studies by IHME and CHAI (unpublished preliminary results shared via the HIV Modelling Consortium). The proportions symptomatic above and below CD4 100 are constant over time, although the proportion of individuals who present symptomatic declines over time, as more individuals link to ART prior to the symptomatic stage via voluntary, ANC, or couples testing.
Linkage to pre-ART and ART Care

Individuals enter the treatment cascade by taking a diagnostic test via one of the five aforementioned modalities: voluntary, ANC, infant, couples, or symptomatic testing. Infected individuals have a 2% probability of receiving a negative diagnostic test due to inappropriate test administration or a false negative test result. The remaining 98% schedule a follow-up appointment to receive a CD4 count result and determine disease staging and eligibility. At baseline, 59% return for this follow-up appointment, while 41% are lost to follow-up. Recall that all individuals who receive a positive diagnostic test and are subsequently lost to follow-up from the cascadewill cease voluntary testing, regardless of their reason for entering the cascade or the stage of HIV care at which they are lost. However, such individuals could re-test via the ANC, couples, or symptomatic testing modalities.
Note that when evaluating treatment guidelines that are independent of CD4 count (e.g., test-and-treat strategies, or eligibility guidelines based on age or health conditions) v0.8 still assumes that 41% of those tested are lost to follow-up due to the need for a post-test follow-up appointment. We are currently investigating the impact of a re-structured health system in which individuals can link to ART care directly from their initial HIV diagnostic test. We hypothesize that obviating this “leaky” step of the cascade will increase the modeled impact of CD4-independent ART eligibility programs.

After returning for a CD4 result, the individual attempts to link to ART (if eligible) or to pre-ART (if ineligible). The probability of linking to pre-ART increases from 46% early in the epidemic to 100% in the present year and onward. The most rapid growth in pre-ART linking rate occurs in 2007.The probability of linking to ART increases from 0% early in the epidemic to 90% in the present year and onward.
Dropout from ART is 9.5% after 1 year, with a constant rate of dropout over time on ART of 0.1 dropouts/year. Pre-ART consists of monitoring visits scheduled every 6 months. At baseline, an individual has a 46% probability of returning for each consecutive pre-ART monitoring visit, with an opportunity to link to ART if found eligible during one of these visits. Thus, at baseline, individuals who are ineligible for a long period of time experience rapid attrition from pre-ART. This attrition, as with all “leaky” points in the cascade, can be reduced over a desired time to represent improvements to the ART program that may occur in tandem with expanded guidelines.
Configurable History of Past Treatment Guidelines

The time and sequence of incremental changes to treatment guidelines is programmable in the external configuration file. These are currently set for South Africa’s incremental expansion of guidelines as follows:
January 2004 – April 2010: CD4 <200 or TB (16% of those not already eligible by CD4)
April 2010: – August 2011: CD4 <200 or TB (16%) or <1 year old; CD4 <350 for pregnant women; child equivalent of CD4 <350 for children <5 years old
August 2011 – January 2014: CD4 <350 or TB (16%) or pregnant or <5 years old
January 2014: no change in baseline scenario; otherwise use specified guideline scenario
Modeling and Feature Requests

To make request modeling results or the addition of new features not described here, please contact the model authors Anna Bershteyn (abershteyn@intven.com) and Daniel J. Klein (dklein@intven.com). 

Table S1. Outputs and sources of data used in calibration

	Output
	Data
	Source

	CD4 at enrollment
	By gender and category [<100, 100-200, 200-350] for 2009-2010
	Cornell et al., AIDS 24(14): 2010.

Cornell et al., PLoS Med 9(9): 2012.

	Number on ART
	By gender and age group 15-49 and 50+ for 2004-2012
	UNAIDS Spectrum*

	Population
	Estimate of 15-49 population for 1981-2012
	ASSA 2008*

	Prevalence by year, gender, and age
	By gender and age groups 15-49 and 50+ for years 1994-2012
	UNAIDS Spectrum*

	Cross-sectional prevalence by gender and 5-year age group
	Prevalence by age group and gender in years 2002, 2005, and 2008
	Human Sciences Research Council Surveys of South Africa: 2002, 2005, and 2008

	Long-term testing
	Ever tested by gender in 2002, 2005, and 2008
	Human Sciences Research Council Surveys of South Africa: 2002, 2005, and 2008

	Recent testing


	Tested past year by gender in 2006 and 2009


	2009 National HIV Communication Survey of South Africa

	Cross-sectional testing
	Ever tested by age and gender in 2009
	2009 National HIV Communication Survey of South Africa


* Denotes data provided by the HIV Modelling Consortium.  Models were required to be sufficiently well calibrated to these data sources in order to be included in the analysis.

Figure S1. Cost effectiveness analysis at five (A) and twenty (B) years, computed with no discounting over time.  Individual simulation results are plotted as points, with the means indicated by a + symbol, and uncertainty ellipses are drawn 1.5 standard deviations from each mean.  Scenarios with expanded access to testing and linkage lie in the upper right of each figure. Line colors indicate the proportion of individuals able to re-enroll in ART after dropout (blue: 0%, purple: 50%, green: 100%, red: dropout reduced to zero after 2012). Thick lines indicate present-day ART guidelines for South Africa, while thin lines indicate universal test-and-treat (UTT) guidelines. For scenarios at the lower left that project status quo levels of access, dashed lines indicate “patched” UTT, in which CD4-agnostic guidelines partially enhance ART due to the lack of a need to determine CD4 count prior to ART initiation.
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�Health statistics - Health Systems Trust. http://indicators.hst.org.za/healthstats/325/data (accessed 27 Aug2013).


�Barron P, Pillay Y, Doherty T, Sherman G, Jackson D, Bhardwaj S, et al. Eliminating mother-to-child HIV transmission in South Africa. Bulletin of the World Health Organization 2013; 91:70–74.doi: 10.2471/BLT.12.106807





