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ABSTRACT
Background: Many countries in Africa are unable to fully treat their HIV-infected population, especially
as treatment recommendations expand. International efforts have increased resources available and
improved coverage. Patients survive longer with treatment, but are less likely to transmit the disease. The
combined impact of these conflicting factors affects the size of the HIV-infected population, and the
number of people who will need treatment over time may increase, straining the resources available for
treatment.
Methods: We extend a validated simulation model of HIV disease and treatment in Sub-Saharan Africa
to represent a dynamic population that includes uninfected and HIV-infected individuals. The model
considers the long-term effect of treatment, incorporating both increased life expectancy for treated
individuals as well as the impact on transmission through decreased viral load. We estimate the additional
resources required to treat the HIV-infected populations in Sub-Saharan Africa under different treatment
scenarios, and we propose a new definition of treatment coverage that reflects the dynamic nature of an
epidemic.
Findings: In a hypothetical population of 600,000 people of which 7·5% are infected, and eligible for
treatment with a CD4 count of <=500 cells/mm3, assuming a WHO-defined coverage rate of 50% of
eligible people, and treating these patients with a single treatment regimen, the HIV population continues
to rise over 10 years by 8,572 (a 19·5% increase). Under a test and treat strategy where everyone who is
infected is immediately treated, the HIV-infected population at 10 years will remain essentially constant.
Prevalence-based estimates of coverage underestimate the resources required to fully treat the current
epidemic.
Interpretation: Treatment with antiretroviral therapy increases HIV life expectancy but decreases the
likelihood of transmission. Under current treatment effectiveness, the development of resistance and the
lower level of transmission for a longer period of time balance out, and even at full coverage, new
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infections persist and the HIV-infected population remains large. Increasing coverage increases the size
of the HIV-infected population needing treatment and exacerbates the coverage gap. The concept of
coverage is dynamic, and a cumulative incidence-based definition of coverage provides a more accurate
representation of treatment success.
Funding:
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Introduction:
The development of highly active antiretroviral therapy (ART) has revolutionized the treatment of HIV
disease, producing dramatic increases in survival.1-3 However, the benefits of these therapies have not
been fully realized in many resource-limited environments. The lack of sufficient treatment has been
especially severe in Sub-Saharan Africa, where many countries are able to provide treatment to only a
small portion of the HIV-infected population.4 Recent recommendations that support a “test and treat”
strategy, with treatment being recommended for all HIV-infected individuals regardless of CD4 count,
will exacerbate this problem and increase the resources required to fully treat a population.
Over the past decade, many Sub-Saharan African nations, in cooperation with developed nations, the
pharmaceutical industry, the World Health Organization (WHO) and many private charities have
increased the resources available to treat HIV disease. A measure of the success of these efforts is the
increase in “coverage”; the proportion of HIV-infected population meeting criteria for treatment who are
being treated. In 2003, the average coverage levels in Sub-Saharan Africa were only 3%, which had
increased to 17% by 2005,5 which still left large portions of the population untreated. In just a few years,
international efforts have increased coverage rates substantially, and now a majority of persons in SubSaharan Africa live in countries with between 40% and 60% coverage.4 Although coverage will decline if
the current recommendations for treating at CD4<=500 cells/mm3 are used to determine treatment eligible
population.6
Expanding coverage has potentially conflicting impacts on the epidemic. One direct consequence of
expanded access to treatment is a growth in the size of the HIV-infected population as patients on therapy
live substantially longer than patients without therapy.7-10 Expanding treatment will increase the size of
the HIV-infected population who qualify for treatment, and therefore increase the resources required to
fully treat that population. In terms of impact on the epidemic, patients on treatment have a lower viral
load and are less likely to transmit the disease. However, patients on treatment live much longer and
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consequently have more time to transmit the disease. Finally, treatment can induce mutations, which may
decrease the effectiveness of treatment, and increase the patient’s VL. The purpose of this paper is to
estimate the impact of these conflicting effects on the resulting size of the HIV-infected population who
qualify for treatment, and the resources necessary to “cover” that resultant population. In addition, we
propose a more comprehensive definition of “coverage” than the current WHO measure.

Methods:
We adapted a validated individual simulation model of HIV calibrated with data from Sub-Saharan
Africa11 to represent a population of HIV-infected patients under various assumptions regarding the
number of doses of ART available. The population is dynamic in that new infections are added from a
susceptible population. Each susceptible individual may become infected in a period according to a
probability which is calculated based on the partnership pattern and the VL of the partner.
Because our purpose is to evaluate the effect of treatment coverage on eventual HIV-infected population
size, for simplicity we assume that only a single ART regimen is available and analyze the relationship
between the resources available for HIV treatment and the resulting size of the HIV-infected population.
We relax this assumption in a sensitivity analysis.
Definitions of coverage
The size of the HIV-infected population will change over time depending on the amount of ART
available. When not everyone in the population can be treated, some HIV-infected patients will acquire
HIV disease, become ill and die without receiving ART. The current UNAIDS definition of coverage
does not account for this phenomenon. As defined in the 2010 report, coverage is “based on the
estimated unrounded numbers of adults receiving antiretroviral therapy and the estimated unrounded
need for antiretroviral therapy” which describes a measurement based on the prevalence of disease.4
Therefore, we define two “coverage” concepts: (i) prevalence-based coverage, consistent with the
UNAIDS definition, which refers to the number of people being treated divided by the eligible HIV-
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infected population at a given time; and (ii) cumulative incidence-based coverage, which is defined as
the portion of patients who received treatment at some point during their life. Prevalence-based coverage
does not account for expected growth in the HIV-infected population due to longer survival, whereas
cumulative incidence-based coverage does. We illustrate the difference in these definitions through a
simple example: Assume there are only two HIV-infected individuals, that untreated patients live exactly
two years; that treated patients live exactly 14 years; that there are sufficient resources available to treat
only one individual at a time, and assume a new case develops every two years. Figure 1 illustrates this
scenario: at any given time, prevalence-based coverage is 50% as one half of current HIV-infected
population is being treated, but over a 14 year period only one of a total of eight HIV-infected individuals
received treatment, for a cumulative incidence-based coverage of 12·5%. The common interpretation of
coverage (which we term prevalence-based coverage), is a “snap shot” measure, and overestimates the
number of HIV-infected individuals who receive treatment, as at most levels of coverage, many eligible
HIV-infected patients will acquire HIV, live through their disease and die without receiving ART.
Overview of Individual HIV Model
The HIV simulation model is based on an individual microsimulation that replicates the probabilistic
progression of the disease in a patient over time. The model tracks the health of a patient on a daily basis:
viral load updates consider the history of resistant mutation and compliance, and CD4 count updates
consider several factors such as VL, treatment status and age; it also replicates the progression of resistant
mutations. The development, mechanics and validation of this model have been previously described.7,8,1115

The simulation model computes HIV-mortality rates based on health and age of a patient, and non HIV-

mortality rates based on age and the drugs’ toxicity and side effects.
The model has demonstrated the ability to predict time to treatment failure,7 the development of resistant
mutations,13,14 survival, and change in CD4 count and VL over time,7,15 both with and without treatment.
Recently, a version of the model calibrated with data from Western Kenya has been used to test
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alternative thresholds for treatment initiation and the effect of adherence on the quality-adjusted life years
for patients in Sub-Saharan Africa.11 We extended this version of the model to conduct our dynamic
simulations.
Overview of Population HIV Model
We extend the individual HIV model described above by running multiple unique, simultaneous copies of
the model to represent a cohort of HIV-infected patients and to simulate the effect of different levels of
ART doses. The model also contains a population of susceptible individuals. The birth rate (for infected
and uninfected individuals) was set to a constant 0.025/year, which when coupled with our transmission
rates produced a constant prevalence. The probability of death for uninfected individuals is such that
their life expectancy is 55 years, representing much of Sub-Saharan Africa.16 Transmission is modeled
with the development of a partnership of a susceptible individual with an infected individual, and the
model assumes a homogeneous mixing pattern.17,18 The probability that a susceptible individual
establishes a partnership with an infected individual equals the proportion of infected individuals in the
entire population. We randomly choose an infected individual from the infected population and calculate
the probability of disease transmission based on the VL and presence or absence of antiretroviral therapy
of the selected individual.19 Note that this is the stochastic version of nonlinear deterministic models used
in the literature.
We constructed the initial population such that at 50% coverage (the current HIV coverage in SubSaharan Africa), the prevalence remains roughly constant over the simulation horizon (ten years).
Infected individuals whose CD4 count drops below a specific CD4 count are considered eligible for
treatment. When estimating the differences in coverage, we use a CD4 count <=350 cells/mm3, as that is
the treatment threshold in effect when the current coverage data from WHO is reported. However, when
estimating the future impacts on the size of the epidemic, we use a threshold of CD4<=500 cells/mm3, to
reflect the current treatment recommendations. We also assume the average CD4 count of a susceptible
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individual at the time of infection using a normal distribution with an average 1000 cells/mm3 and
standard deviation of 111 cells/mm3, truncated at 500 and 1500 consistent with the literature.20
The model therefore incorporates the conflicting effects of treatment on the HIV epidemic. Patients who
are on treatment have a lower VL and consequently are less likely to transmit the disease, but live much
longer and consequently have more time to transmit the disease. The model includes treatment failure in
which patients develop resistant mutations, which increases their VL making them more likely to transmit
the disease. We identify the effect of treatment on the population size, and estimate the resource required
(in the model this is represented by the number of ART doses) to treat the population.
With insufficient doses to treat all eligible patients, the model choses which patients to start on therapy
using the WHO recommendations for resource-limited settings, which prioritizes therapy initiation for the
sickest patients (patients with the lowest CD4 count), and keeps patients on treatment until they die.21
We investigate the implications of a test and treat policy on the population and the amount of resources
that are needed to implement it. We simulate the system starting from a population with different
coverage levels and estimate the characteristics and size of the population over 10 years. We define our
base case to be similar to the situation depicted in Figure 1: we assume an initial 50% coverage of eligible
patients, and increase the amount of medication available over time to exactly treat 50% of the eligible
HIV-infected individuals, so at any time the WHO (prevalence-based) measure of coverage is taken, it
would be 50%. We test several scenarios, across various assumptions about the amount of ART available
for treatment, and also estimate the effect of a “perfect” antiretroviral agent on the epidemic, where we
define “perfect” as reducing the probability of transmission to zero for the duration of taking the
medication.
The underlying progression model has been previously validated and multiple sensitivity analyses have
been reported,7,8,13,22-24 we did not repeat those here. We conducted sensitivity analyses related to the
population and transmission components of the model including varying the probability of infection given
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a contact, the birth rate, and the availability of more than one treatment regimen, where we assumed that
second line therapy was identical in effectiveness to first line therapy (Table 1).
Simulations
We created an initial population of 43,497 infected patients and 533,093 susceptible individuals. This
size and prevalence was chosen through calculation so that with 50% of the eligible population, and our
base assumptions about transmission, the prevalence of HIV remains roughly constant at 7·5%. For each
scenario we calculate both coverage measures and the size of the overall and infected population yearly
for ten years. To provide stable estimates, we repeat each simulation 30 times and report the average of
the results. To illustrate the distinction between coverage measures, we ran similar simulations at different
baseline coverage levels, from no (0%) coverage to full (100%) coverage. We also evaluated the 10-year
impact on the disease for various proposed treatment strategies including the current WHO treatment
strategy (initiate ART at a CD4 count of 500 cells/mm3), and the proposed strategy to test and treat all
patients found to be HIV positive. We also tested a hypothetical strategy where ART is assumed to be
100% effective in reducing the probability of transmission to zero.

Results:
In our base case analysis, where we assume resources sufficient only to treat a prevalence-based coverage
of 50%, a CD4 count treatment threshold of 500 cells/mm3, and effectiveness of therapy as found in the
literature, the prevalence of HIV disease remains nearly constant over a ten year time horizon (Figure 2).
Panel A depicts the number of infected, eligible and treated individuals under the base assumption that
there are always sufficient resources to treat 50% of the eligible population. This level of treatment has
almost no effect on the number of new infections, and the size of the HIV-infected population continues
to rise. Panel B increases the amount of resources available to allow treatment of all HIV-infected
individuals with CD4 <= 500 cells/mm3. Although there is some impact on the number of new infections,
the size of the infected population continues to rise from a combination of new infections and the
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increased life expectancy of the HIV-infected population. Panel C depicts the result of test and treat
scenario where we treat a patient upon infection. The number of new infections significantly declines but
the number of infected individuals remains roughly constant.
Figure 3 illustrates more directly the relationship between the two different coverage measures, and the
current context of prevalence-based coverage rates in Sub-Saharan Africa. The prevalence-based
coverage measure always underestimates the portion of an HIV-infected population who are treated at
some time during their disease, by as much as 16%. In Sub-Saharan Africa, nearly 85% of the HIVinfected population lives in areas with a prevalence-based coverage below 60%, the range in which the
prevalence based measure underestimates the cumulative incidence-based measure by the most. The
problem is again illustrated by a specific example. In our base case model there were initially 43,497
patients with HIV infection, of which 18,806 had CD4 counts below 500 cells/mm3 making them eligible
for treatment. A 50% coverage rate implies 9403 patients were being treated. After ten years, the number
of people who would need to be treated just to maintain 50% coverage would rise to 12,432 patients: to
move to a test and treat strategy where every infected individual was treated would require 52,068
patients be treated after ten years, fully 7·6 times the number of people currently being treated. This
implies that the resources required to fully cover the infected population in Sub-Saharan Africa are
substantially larger than the resources already dedicated to this effort.
Sensitivity analyses
Varying the birth rate across the ranges in Table 1 did not change the results over 10 years (data not
shown), but varying the infectivity given viral load did. If the virus is much less transmissible than
estimated19 the number of infected individuals at the end of ten years declines by an additional 2500
individuals (a 26·5% reduction), however, if the infectivity of the virus is at the upper 95% confidence
limit, the total infected population would grow by as many as 10,000, nearly doubling the HIV
population. As expected adding a second line of therapy (assumed equal in efficacy to first line therapy)
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exacerbates the coverage problem slightly: by the end of 10 years, the presence of second line therapy
increases the number of HIV-infected individuals by about 415 (4·5%), data not shown.

Discussion:
Coverage is not static: it varies through time as treatment impacts the stable population size of HIVinfected individuals. The traditional cross-sectional definition of coverage used by the WHO and
UNAIDS, which we have termed “prevalence-based coverage” fails to capture the dynamic nature of the
epidemic inherent in the substantially longer lives of those on treatment. Consequently, it underestimates
the resources required to fully cover a population.
Our analysis indicates that increasing coverage levels in Sub-Saharan Africa (currently about 50%, on
average) is likely to require substantially more resources than implied by current prevalence-based
coverage levels. Doubling the current resources available will come nowhere near to fully treating the
epidemic. We propose that the concept of cumulative incidence-based coverage, the portion of HIVinfected patients who received treatment at some point in their lifetime, is a more accurate and useful
measure of the progress made in HIV care.
This work has several strengths and weaknesses. Our simulation model is calibrated using data from east
Africa, and the model has demonstrated its ability to predict outcomes in Sub-Saharan Africa.11 It
accurately replicates the progression of the disease in each treatment scenario, and reports prevalencebased and cumulative incidence-based coverage, and the number of doses of ART required to treat a
population of a given size. It incorporates both effects of treatment on the potential for transmission: the
decrease in VL decreases the likelihood of transmission, but the increased lifespan, and potential for
antiretroviral resistance acquisition, increasing the time of potential spread. Our analysis considers only a
single ARV regimen, ignoring the effect of the second and third treatment regimens. However, including
multiple ART regimens did not change the basic result, and would compound the resource problem:
second and third line therapy is much more expensive than first line,25 and patients in the simulation live
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even longer in the presence of multiple treatment options. Therefore, our analysis likely underestimates
the gap in resources required to fully cover a population.
We ignored many capabilities of the underlying HIV model in these simulations, and did not fully
represent all of the subtleties of HIV care. For example, a portion of patients will discontinue their HIV
medication because of side effects and toxicity: we assumed all treated individuals in the model remained
on treatment until death. We re-estimated the results of the model allowing adherence to fall to levels
seen in Sub-Saharan Africa (data not shown) and prevalence-based and incidence-based coverage are
slightly less discordant but the overall effect persists. Finally, our model assumes perfect information in
the testing of alternative strategies. For example, in the “test and treat” strategy, we assume that a person
is detected essentially immediately upon being infected. Similarly, in the scenarios in which eligibility is
used to determine treatment (e.g. a CD4 count of less than 500 cells/mm3), the model assumes that the
eligibility is known immediately upon that patient passing the threshold. While this is certainly an
unrealistic assumption, we use it for modeling simplicity, but also because it provides the best case
scenario regarding the impact of treatment on the epidemic, and therefore whatever estimates we produce
are underestimates of how difficult the coverage problem is.
The increase in treatment of HIV disease is Sub-Saharan Africa has been a massive international effort,
requiring the cooperation and dedication of individual health ministries in Africa, multiple charitable
foundations, the WHO, many developed nations and the pharmaceutical industry. The results of this
research indicate that current published coverage data suggesting that the HIV epidemic in Africa is
nearly half-way to being fully treated does not take into account the dynamic effects of coverage on the
size of the infected population. In terms of resources required to fully treat the epidemic, unfortunately
now comes the hard part.
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Figure legends:
Figure 1: Prevalence-based and cumulative incidence-based Coverage. As an illustrative, simple
example, assume that there is only one dose of antiretroviral therapy, that patients without treatment live
two years, those on treatment live 14 years, and that there is a new case of HIV about once every two
years. During the lifetime of the treated individual seven other patients develop HIV disease and die
without treatment. Overall, one of eight patients were treated, for a coverage of 12·5% (the cumulative
incidence-based coverage) but at any instant in time, it appears that 50% of the HIV-infected population
is being treated (prevalence-based coverage)
Figure 2 (HIV-infected population): Number of patients living with HIV, eligible for treatment and
being treated under different treatment and coverage scenarios. In the base case (Panel A), assuming the
ability to treat of 50% of eligible patients, after ten years the number of HIV-infected patients continues to
rise, and there is almost no impact on the number of new cases. By increasing coverage to 100% (any
with a CD4 count of <=500/mm3 is treated), the incidence initially declines, but the number of patient
living with HIV increases by nearly 8,700 (a 20% increase) as HIV patients live longer, and as new
infections continue to occur, even accounting for decrease in their infectivity by VL suppression. Even
100% coverage of a “test and treat” strategy, where any HIV positive patient is treated (panel C) still
results in slowing increasing numbers of patients living with HIV disease. Only under conditions of 100%
coverage, and 100% efficacy (treatment reduces transmission to zero) the number of HIV-infected
individuals drops by nearly 11,000 over ten years due to decreased transmission.
Figure 3: Cumulative incidence-based coverage compared to prevalence-based coverage. The
relationship between prevalence-based coverage, cumulative incidence-based coverage, and current
published prevalence-based coverage rates in Sub-Saharan Africa. The solid line represents the
relationship between the two coverage measures; the difference between it and the 45 degree line
describes the amount by which prevalence-based coverage measures underestimate the portion of the
HIV-infected population that is treated. For example, when the observed prevalence-based coverage is
50%, only 34% of patients who develop HIV will be treated during some portion of their life, producing a
“coverage gap” of 16%. The dotted line represents the proportion of the total infected population who are
treated at various measures of coverage of the eligible population. The vertical bars represent the percent
of people living at that level of prevalence-based coverage in Sub-Saharan Africa. The majority of people
are living in countries at or below 50% prevalence-based coverage, which highly underestimate the
portion of the population who receives treatment at some time during their life. For this graph, eligibility
is defined as treatment if CD4 count is <= 350 cells/mm3, as that is the definition used for the WHO
coverage rates displayed.
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Figure 3.
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Table 1. Input parameters for sensitivity analysis.
Input variable
Birth rate (per person per year)
Infection rate based on HIV-1 RNA
(copies/ml)§
< 400
400-3499
3,500-9,999
10,000-49,999
≥50,000
§ Infection rates are based on 95% confidence
intervals from reference 19.

Low

Base

High

0.02

0.025

0.03

0.02
0.57
0.84
2.78
3.87

0.16
2.06
4.17
8.12
9.03

1.13
4.17
20.65
23.77
21.09

