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Key questions

What is already known?
►► Viral load (VL) is the most important risk factor for 
the transmission of HIV and antiretroviral therapy 
(ART) is required for the suppression of HIV VL.

►► VL monitoring is the preferred ART monitoring strat-
egy and more accurately identifies poor ART adher-
ence and ART treatment failure.

►► Mathematical models are a common strategy to 
evaluate population impacts of interventions that 
have been demonstrated useful in clinical studies.

What are the new findings?
►► This review of mathematical models shows that few 
models have been updated or created to include VL 
and VL monitoring (<6% include any measure of VL).

►► While VL monitoring is demonstrated to be an im-
provement over clinical or CD4 count monitoring, 
only monitoring strategies of biannual or annual 
testing were evaluated.

►► Furthermore, these studies typically exclude preg-
nant women and other vulnerable groups from their 
analysis.

What do the new findings imply?
►► These findings highlight the need for empirical or 
other studies to investigate the best timing or fre-
quency of VL monitoring, for detection of raised VL, 
with interest in resource constraint settings.

►► A greater variety of VL monitoring strategies should 
be evaluated and include key populations such as 
pregnant and breastfeeding women.

Abstract
Introduction  HIV viral load (VL) is accepted as a key 
biomarker in HIV transmission and pathogenesis. This 
paper presents a review of the role of VL testing in 
mathematical models for HIV prevention and treatment.
Methods  A search for simulation models of HIV was 
conducted in PubMed, yielding a total of 1210 studies. 
Publications before the year 2000, studies involving 
animals and analyses that did not use mathematical 
simulations were excluded. The full text of eligible articles 
was sourced and information about the intervention and 
population being modelled, type of modelling approach and 
disease monitoring strategy was extracted.
Results and discussion  A total of 279 studies related 
to HIV simulation models were included in the review, 
though only 17 (6%) included consideration of VL or VL 
testing and were evaluated in detail. Within the studies 
that included assessment of VL, routine monitoring was the 
focus, and usually in comparison to alternate monitoring 
strategies such as clinical or CD4 count-based monitoring. 
The majority of remaining models focus on the impact 
or delivery of antiretroviral therapy (n=68; 27%), pre-
exposure prophylaxis (n=28; 11%) and/or HIV testing 
(n=24; 9%) on population estimates of HIV epidemiology 
and exclude consideration of VL. Few studies investigate or 
compare alternate VL monitoring frequencies, and only a 
small number of studies overall (3%) include consideration 
of vulnerable population groups such as pregnant women 
or infants.
Conclusions  There are very few simulations of HIV 
treatment or prevention that include VL measures, despite 
VL being recognised as the key determinant of both 
transmission and treatment outcomes. With growing 
emphasis on VL monitoring as key tool for population-level 
HIV control, there is a clear need for simulations of HIV 
epidemiology based on VL.

Introduction
Since HIV viral load (VL) was accepted as 
a key parameter in HIV transmission, it has 
become a common subject in HIV research. 
In addition, in 2013, the WHO recommended 
VL testing as the preferred antiretroviral 
therapy (ART) monitoring strategy.1 Math-
ematical models have therefore been used 
to determine the population-level impact 

and feasibility of routine VL monitoring in 
low-resource countries. A review of all math-
ematical models in HIV research was there-
fore done, with an interest in the use of VL 
in these models and the findings of VL moni-
toring studies.

HIV-related interventions have been 
successful at reducing the morbidity and 
mortality associated with the disease, however 
HIV remains a public health concern. ART 
has played a significant role in controlling 
the disease, through both treatment and 
disease prevention. ART suppresses HIV viral 
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replication, slowing disease progression, improving health 
and reducing HIV transmission.2 Numerous studies have 
identified VL as the strongest predictor of HIV trans-
mission.3 4 Interim analysis of the HIV Prevention Trials 
Network 052 trial reported a 96% reduction of HIV trans-
mission risk among early ART initiators, compared with 
the delayed treatment patients. The preventative effect 
was maintained throughout the study and any HIV trans-
missions among the early treatment initiators were due to 
a viraemic episode/failure to achieve viral suppression.5 
Similarly, maternal VL is directly related to the risk of 
vertical transmission and HIV-infected pregnant women 
are given lifelong antiretrovirals (ARVs) to prevent 
mother to child transmission (PMTCT) in subsequent 
and future pregnancies.6 7

Initially, in limited resource settings, economic 
constraints saw ART being scaled up in the absence of 
treatment monitoring.8–10 As access to treatment improved 
over the years, clinical and immunological monitoring of 
ART became important in the care of individuals living 
with HIV. Together, the WHO clinical criteria and CD4 
measurements were used as a criterion for ART initiation 
and to assess treatment efficacy.10 Studies10–13 have since 
shown high misclassification (43%–53%) and low sensi-
tivity (20%–23%) rates associated these monitoring strat-
egies. Some patients were incorrectly identified as failing 
treatment and regime unnecessarily switched, while 
others experiencing treatment failure were switched to 
second-line treatment late or not at all. Remaining on 
failing ART has negative effects on the HIV-infected indi-
vidual’s health but could also increase the spread of HIV 
drug resistance.14 The WHO therefore recommended 
that VL monitoring replace the other forms of ART 
monitoring and that VL testing occur 6 and 12 months 
after ART initiation and routinely every year thereafter.1 
More recently, six monthly routine VL testing has been 
proposed.15 The need for CD4 monitoring was further 
diminished as more individuals were placed on ART, 
regardless of any eligibility criteria and in a better health 
state.16 The scale-up of VL testing in low and middle-
income countries (LMIC) has been slow due to the price 
of tests and other cost, transport and technical constraints 
associated with laboratory testing.8 9

In many LMIC settings, HIV programmes are depen-
dent on donor funding and consequently the timing and 
frequency of routine VL testing can vary between devel-
oped countries and LMICs. For instance, the Department 
of Health and Human Services 2017 adult guidelines17 
recommend VL testing 2–8 weeks immediately after ART 
initiation to assess viral suppression and routinely 3–4 
months thereafter or 6 months for those individuals well 
established on ART for a duration of 2 years. In South 
Africa adult 2015 guidelines18 call for VL measurements 
at 3 and 6 months after ART initiation and if VL levels 
are undetectable (<50 cps/mL) then routine annual 
monitoring is recommended. Detectable VL results 
trigger a repeated test in 6 months and either adherence 
counselling or switching of treatment regime occurs. In 

severely resource-constrained settings, such as Malawi, 
VL measurements are recommended every 2 years for 
adults on stable ART (2016).19

Mathematical simulation models have long been 
used in infectious disease research, in instances where 
epidemiological studies are not feasible or ethical.20 21 
They are useful for identifying potential disease control 
measures/interventions and to predict the future size of 
an epidemic or endemic. Different types of mathematical 
models exist, each with their individual advantages and 
limitations. They range from simple to complex models 
and are suited to investigate different research questions. 
Koopman22 describes the following broad set of models: 
compartmental models, individual/agent-based models 
and dynamic network models. Compartmental models, 
either deterministic or stochastic, are the simplest models 
to create and analyse. In these models, individuals behave 
in the same manner and the models are therefore best 
suited for more general estimation or prediction research 
questions. Individual/agent-based and dynamic network 
models are more realistic and complex. The popula-
tions modelled are followed individually, rather than the 
sum of individuals in a compartment. Dynamic network 
models allow for connections and links to be formed 
between individuals and are favoured in sexual transmis-
sion research.22 In this review, we summarise the applica-
tions of VL in the HIV mathematical models published 
from 2000, focusing on compartmental and individual-
based models (IBM) to understand the type, features and 
populations that models have been applied to. We inter-
pret and discuss the findings of VL monitoring studies 
and identify gaps in the literature.

Methodology
Search strategy
A search for relevant literature on mathematical models 
related to HIV/AIDS was conducted in PubMed (October 
2018) using syntax constructed around the following 
search terms: ‘HIV’ and ‘mathematical models’. Publi-
cations before the year 2000 were excluded, modelled 
chronic disease similar to HIV or did not simulate HIV 
data but rather analysed the data. Models on all popula-
tions, for instance, men who have sex with men (MSM) 
or female sex workers, were included in the review. In 
addition, previous reviews of HIV simulation models 
were included in the relevant literature and studies that 
involved a pharmacokinetic approach to modelling HIV 
or modelled the viral dynamics.

Model grouping
The full text of the relevant literature was sourced, and 
the characteristics of each model extracted. The following 
information was extracted from the literature: the inter-
vention or the purpose of the model and contextual 
information including the country and population being 
modelled. In addition, information on the modelling 
approach used (compartmental vs individual, stochastic 
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Figure 1  Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) flow diagram of studies. VL, 
viral load.

vs deterministic) and the inclusion of any parameters/
outcomes relating to VL were extracted.

Patient and public involvement
This review of mathematical models did not involve 
patients and participants.

Results
Search results
The search yielded a total of 1136 studies and an additional 
10 studies were identified through the references of the 
relevant articles. After title and abstract screening, 279 arti-
cles were assessed for eligibility. After applying the above 
listed exclusion criteria, 259 HIV simulation/mathematical 
models were further assessed and the 17 studies modelling 
VL were included in the review (figure 1) and their results 
summarised in detail. The full listing of the 279 articles 
assessed is available as online supplementary material. A 
brief summary of the 259 articles evaluated is provided for 
some context in terms of focus and population.

A majority of simulation models focused on the delivery 
or impact of ART (n=75; 26%), pre-exposure prophylaxis 
(n=33; 11%) and HIV testing (n=30; 10%) on popula-
tion HIV burden. Most of the models were based on a 
heterosexual population (n=127; 48%), followed by 
MSM (n=40; 15%) and few studies included pregnant 
women and children <5 years (n=12; 5% and n=2; <1%, 
respectively). Two-thirds of the global HIV burden occurs 
in sub-Saharan Africa (SSA) and a large portion of the 
simulation studies were based on data from these regions 
(n=123; <40%). This was followed by Americas and Asia 
(n=32; 10% and n=25; 8%, respectively).

The modelling strategy most commonly used was deter-
ministic (n=181; 65%) and population (n=183; 65%) 
based, followed by stochastic and IBMs (n=54; 21%). 
Few simulation models incorporate VL in the model-
ling process (n=17, 6%). There were generally two types 

of research questions investigated in the models that 
included VL: (1) estimating the association between VL 
and HIV disease progression or ART and (2) evaluating 
the effectiveness and feasibility of VL monitoring strat-
egies. The VL and HIV progression studies were mostly 
compartmental and estimated cohort or population VL, 
while the VL monitoring studies were generally stochastic 
IBMs that simulate individual VL trajectories.

Summary of literature
Mathematical models with VL
Among the 17 studies that included HIV VL, the early 
studies emphasised the importance of universal access to 
ART for successful control of the disease. These math-
ematical models were based on data from SSA and 
included VL as a measure of HIV infectivity. Using an 
epidemic and a patient-level model and different ART 
eligibility criteria, HIV incidence and prevalence were 
always reduced over time. In 2 years, HIV incidence was 
predicted to decline from 7% to 2%, mortality due to 
HIV-related causes by 50% in 5 years and a decline in 
HIV prevalence (12%–6%) in 11 years.23 24

A more focused simulation looking at the evolution 
of population-level VL in SSA estimated a strong associ-
ation between ART coverage and VL levels emphasising 
the importance of VL monitoring as the access to ART 
is increased.25 The cohort/population VL (on the log10 
scale), simulated using a deterministic model, was unaf-
fected by the changes in HIV prevalence and incidence 
over time but significantly affected by ART coverage, 
where even modest changes in ART coverage rate were 
associated with large changes in community VL. Further-
more, Estill et al showed that loss to follow-up reduces the 
preventative effects of ART and that tracing and follow-up 
of patients can be beneficial in enhancing its effects, 
although this decrease in the number of secondary infec-
tions was found to be modest.26

VL monitoring studies
Only 5% (n=13) of all the HIV simulation models inves-
tigated the impact of VL monitoring on the burden of 
HIV. All these models were based on data from SSA, 
92% (n=12) were stochastic individual-type models and 
77% (n=10) compared VL monitoring, typically 6 and 
12 months’ fixed VL testing, to fixed immunological and 
clinical ART monitoring. There were four studies that 
compared routine fixed VL monitoring to other forms of 
ART monitoring; VL point-of-care (POC) testing, differ-
ential VL monitoring and additional drug resistance 
testing (online supplementary table 1).

All but two of the studies focused on the general adult 
population,27–35 there was one study investigating the 
optimal timing of monitoring to predict VL at delivery36 
and one on the mortality among children under the age of 
5 years.37 The VL monitoring studies can be summarised 
according to the following themes: (1) HIV incidence, 
drug resistance and mortality of infected individuals, (2) 
the vulnerable populations modelled, and (3) the future 
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VL monitoring alternatives, including POC and differen-
tial VL testing (table 1).

The simulation studies showed that VL monitoring had 
a beneficial effect on HIV incidence, spread of drug resis-
tance and HIV-related mortality. There were two studies 
that investigated the impact of routine VL monitoring 
on HIV incidence and both studies showed that it had a 
significant reduction in new HIV cases. Both simulation 
models were individual stochastic models that evaluated 
six monthly VL testing. Estill et al28 compared the VL 
testing to biannual immunological monitoring and found 
an overall reduction in cohort VL and a 30% reduction in 
HIV incidence VL monitoring. Phillips et al38 compared 
biannual immunological and three monthly clinical ART 
monitoring, with and without targeted/confirmatory 
VL testing to the VL testing. Furthermore, this strategy 
was also found to be cost-effective as individuals who 
are virally suppressed are monitored less frequently and 
priority given to monitoring those who fail to achieve 
viral suppression, therefore highlighting its potential in 
resource-limited settings (table 1).

One study showed that drug resistance was reduced 
in the presence of VL monitoring, thus prolonging the 
future use of current ARVs. Biannual and annual routine 
VL monitoring lowered the acquired and transmitted 
HIV drug resistance infections. Using a population-based 
compartmental model and data from Vietnam, where the 
prevalence of transmitted drug resistance is 5%–15%, it 
was shown that even low coverage of routine VL testing can 
substantially reduce the prevalence of HIV drug resistance. 
An achievable coverage of 30% VL monitoring could 
potentially prevent 12%–31% of transmitted drug resis-
tance (2260–5860 cases) and an estimated 25%–59% of 
acquired drug resistance (9620–22 650 cases) in Vietnam33 
(table 1).

The evidence supporting VL monitoring influ-
encing mortality is less substantial. Three simulation 
studies have investigated the effect VL monitoring has 
on mortality related to HIV and found a reduction, 
however less pronounced and significant compared 
with that of HIV incidence and burden of drug resis-
tance. All three simulations were individual stochastic 
models that spanned over 5 years. The first two 
models were based on adult populations, where Estill 
et al reported a modest 6% reduction in mortality 
with VL compared with immunological monitoring32 
and Phillips et al reported similar results where 83% 
of potential life-years survived were predicted using 
VL monitoring (switch when VL >500 copies/mL) 
and 82% with immunology and clinical monitoring.38 
This simulation study was however based on a popu-
lation where infected individuals initiated ART at the 
WHO clinical stage 4.38 Similar results were shown in 
a paediatric study, where the mortality over 5 years 
was not significantly reduced by VL monitoring when 
compared with CD4 monitoring. There was however 
an improvement in their overall CD4 measurements, 
more switching to second-line ART when necessary 

and reduced time spent on failing ART, when VL 
monitoring was used.37

All but one VL monitoring simulation studies excluded 
pregnant women from the study population and only one 
study focused solely on VL monitoring for this group. This 
model evaluated the timing of a single (assumed to be 
POC) VL during pregnancy to predict VL at delivery. Two 
timings were considered, strategies based on gestation age 
and strategies based on duration on ART, aiming to eval-
uate strategies that might be practically implemented in 
LMICs. The results demonstrated that taking VL measure-
ments with respect to gestational age performed better 
than VL measurements based on the duration on ART.36 
None of the studies included breastfeeding women.

Three mathematical models provided evidence of viable 
and valuable VL monitoring features for the future, POC 
VL testing and differential VL monitoring. A study by Estill 
et al28 aimed to estimate the cost-effectiveness of POC VL 
testing in resource-limited settings using a stochastic math-
ematical model adapted for costs and timelier returning 
of VL measurements. In addition, VL monitoring of 6 
months was evaluated and it was found that POC VL tests 
were cost-effective under certain scenarios, a higher limit 
of detection, adherence counselling could reduce the rate 
of ART failure leading to a reduction in the number of new 
infections and/or a reduced transmission rate due to test 
knowledge (table 1).

Differential ART monitoring, where infected indi-
viduals with either good ART adherence or established 
viral suppression are monitored differently from those 
initiating ART or with poor adherence, may be a valu-
able strategy in limited resource settings. Phillips et al29 
used an IBM model to investigate whether there exists an 
opportunity for differential ART adherence monitoring 
through a cost-effectiveness analysis. In this model, ART 
adherence is modelled as the average adherence over 
3 months, parameterised between 0% and 100% for 
each individual. Each patient’s average adherence was 
modelled to vary over time due to factors, including: 
adherence interventions, age and presence of symptoms 
related to the toxicity of ARVs. The cost threshold for 
adherence monitoring was $23–$32 per person-year and 
$50 per person-year with and without VL monitoring, 
respectively, and therefore differential adherence moni-
toring was shown to be feasible.

A second study compared fixed (1, 3, 6, 12 or 24 months) 
to adaptive VL monitoring strategies, to provide insight 
into how VL monitoring strategies should be tailored for 
individuals in resource-limited settings. Differentiating 
VL testing based on individual characteristics (reported 
ART adherence, age, sex and education level) resulted in 
less time spent on failing ART and freeing up resources.30

Discussion
These mathematical models highlight the benefit of 
routine VL monitoring to reduce HIV incidence and 
the spread of HIV drug resistance. However, the results 
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on mortality due to HIV-related causes were less robust. 
Despite the variety of VL testing recommendations across 
developing and developed settings and major policy 
changes over time (eg, moving to ‘test and treat’), the 
majority of the models compared and evaluated a set 
strategy of either biannual or annual routine VL moni-
toring and in Estill et al’s32 VL monitoring every 2 years, 
to one another, failing to consider novel strategies such 
as differentiated care. They also compare the benefits to 
immunological and/clinical monitoring which is rapidly 
being phased out. These models do not seek to deter-
mine the best timing and frequency to take VL measure-
ments among people living with HIV, which is becoming 
more important as access to VL is increased in LMICs. 
Furthermore, as more mathematical models are devel-
oped for this purpose, it will be important to consider 
the features of the VL cascade, such as VL turnaround 
time into the modelling process.27–40

Two-thirds of the HIV burden occurs in SSA, where 
majority of the infection occurs in women of child-
bearing age. As a result, more newly pregnant women are 
being tested and diagnosed with HIV at antenatal clinics, 
where they initiate lifelong ART to PMTCT. Pregnant and 
breastfeeding women are therefore an important popu-
lation group for HIV intervention and routine VL moni-
toring.41 However, the results of this review showed very 
few studies focus on pregnant women (n=11, 4%) and 
only two VL monitoring studies did not explicitly exclude 
pregnant women from the analysis (<1%).33 36 Lesosky et 
al36 showed that if the WHO VL monitoring guidelines 
for adults were used, 69% of the pregnant women would 
not receive a VL test during pregnancy. Moreover, neither 
of these studies included breastfeeding women, despite 
the possibility of HIV transmission during this period and 
the recommendation by the WHO that breast feeding 
should be practiced, even for HIV-positive mothers in 
low-resource settings. In fact, studies have shown ART 
adherence to be problematic during the postpartum 
period therefore leading to increased risk of vertical 
transmission.37

Furthermore, less than 1% of the mathematical models 
involved infants/children and only one VL monitoring 
study was conducted on children below the age of 5 
years.37 The VL timing and frequency evaluated in this 
study was the same strategy used for adults, biannual and 
annual VL measurements which may not be appropriate 
for this population and different strategies should be 
examined. National and international policies regarding 
VL monitoring have been changing rapidly since the 
introduction of the testing and there are ongoing discus-
sions regarding the utility, practice and scale-up of VL 
monitoring, as well as new technology, such as POC 
testing, that may change policy yet again. Mathematical 
modelling may be a relevant approach to evaluation of 
potential approaches in this context.

These mathematical models show that there is poten-
tial and benefits for the use of POC VL testing and 
differential ART monitoring approaches, particularly in 

limited resource settings. In most LMIC settings HIV care 
remains a ‘vertical’ care platform, with a single strategy 
for all. There are exceptions, for example, both South 
Africa and Kenya have differentiated care programmes 
for children and pregnant women.18 42 However, there 
is no added benefit in additional confirmatory resis-
tance testing when a high VL is detected using VL moni-
toring.27 28 40

Conclusion
This review highlights how useful mathematical model-
ling has been in understanding the large-scale or long-
term impact of HIV interventions. Despite this, few 
models have been updated or newly created to incor-
porate the new era of highly effective ART and routine 
VL monitoring. Similarly, as more empirical studies 
consider and call for models of differentiated care—for 
example—for vulnerable or special populations, the 
simulation models require updating. Additional work on 
special populations and updating or creating new models 
to better understand the likely impact and consequences 
of a rapidly changing clinical practice and policy that 
may be driven by health system evaluation or by donor 
funding are urgently needed.
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