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Abstract
Background The HIV epidemic remains a major public health problem. Critical to transmission control are HIV prevention 
strategies with new interventions continuing to be developed. Mathematical models are important for understanding the 
potential impact of these interventions and supporting policy decisions. This systematic review aims to answer the follow-
ing question: when a new HIV prevention intervention is being considered or designed, what information regarding it is 
necessary to include in a compartmental model to provide useful insights to policy makers? The primary objective of this 
review is therefore to assess suitability of current compartmental HIV prevention models for informing policy development.
Methods Articles published in EMBASE, Medline, Econlit, and Global Health were screened. Included studies were identi-
fied using permutations of (i) HIV, (ii) pre-exposure prophylaxis (PrEP), circumcision (both voluntary male circumcision 
[VMMC] and early-infant male circumcision [EIMC]), and vaccination, and (iii) modelling. Data extraction focused on 
study design, model structure, and intervention incorporation into models. Article quality was assessed using the TRACE 
(TRAnsparent and Comprehensive Ecological modelling documentation) criteria for mathematical models.
Results Of 837 articles screened, 48 articles were included in the review, with 32 unique mathematical models identified. The 
substantial majority of studies included PrEP (83%), whilst fewer modelled circumcision (54%), and only a few focussed on 
vaccination (10%). Data evaluation, implementation verification, and model output corroboration were identified as areas of 
poorer model quality. Parameters commonly included in the mathematical models were intervention uptake and effectiveness, 
with additional intervention-specific common parameters identified. We identified key modelling gaps; critically, models 
insufficiently incorporate multiple interventions acting simultaneously. Additionally, population subgroups were generally 
poorly represented—with future models requiring improved incorporation of ethnicity and sexual risk group stratification—
and many models contained inappropriate data in parameterisation which will affect output accuracy.
Conclusions This review identified gaps in compartmental models to date and suggests areas of improvement for models 
focusing on new prevention interventions. Resolution of such gaps within future models will ensure greater robustness and 
transparency, and enable more accurate assessment of the impact that new interventions may have, thereby providing more 
meaningful guidance to policy makers.
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Key Points for Decision Makers 

This review synthesised the current compartmental 
models for modelling prevention interventions for HIV 
disease into a general framework.

We identified key modelling gaps; including that models 
insufficiently incorporated multiple interventions acting 
simultaneously, population subgroups were generally 
poorly represented, and inappropriate data was often 
utilised in model parameterisation.

Resolution of such gaps within future models will enable 
more accurate assessment of the impact that new inter-
ventions may have, thereby providing more meaningful 
guidance to policy makers.

1 Introduction

Human immunodeficiency virus (HIV) weakens the immune 
system leaving individuals vulnerable to opportunistic infec-
tions, including tuberculosis (TB), severe bacterial infec-
tions, and some cancers [1, 2]. In 2019, 1.7 million people 
were newly infected with HIV [3]. Current global strategies 
to reduce HIV transmission focus on prevention strategies, 
targeted to individuals at high risk for HIV [4]. However, 
despite an array of effective HIV prevention tools, uptake 
remains sub-optimal due to barriers along the HIV preven-
tion continuum, such as low HIV risk perception [5], access-
ing services [6], and stigma [3, 5].

New HIV prevention strategies continue to be devel-
oped to best meet users’ needs. Multiple forms of long-
acting pre-exposure prophylaxis (PrEP) products are under 
development and investigation; in 2021, the World Health 
Organization (WHO) recommended the dapivirine vaginal 
ring for women at high risk for HIV [7] and the US Food 
and Drug Administration (FDA) granted a Priority Review 
for injectable cabotegravir long-acting PrEP [8]. Recent 
years have seen promising advancements in developing 
HIV vaccines [9, 10], including some testing mRNA deliv-
ery of HIV vaccine antigens (NCT05001373). In addition, 

proof of concept has been established that broadly neu-
tralising antibodies (bNAbs)—a promising HIV vaccine 
candidate—delivered as passive immunisation can protect 
humans against infection if the infecting strain is sensi-
tive to the bNAb [11]. Engineered bNAbs with enhanced 
potency and half-life can potentially prevent infection for 
up to 6 months [12, 13]. The impacts of new technologies 
are not dependent on efficacy alone, but on acceptability 
and uptake as well, as is the case with oral PrEP [14].

Mathematical models can be important tools in assess-
ing the potential of interventions to prevent infection and 
can consequently guide policy making [15, 16], particu-
larly in  situations where ethical or logistical concerns 
make real-life assessments impractical [16]. One category 
of models, compartmental models, are commonly utilised 
to study infectious diseases and identify strategies for 
disease control [17, 18]. In compartmental models, each 
individual in a population can only be in one group or 
compartment (for example, uninfected men aged 20–30 
years with more than ten sexual partners per year not tak-
ing PrEP), with the total population being the sum of all 
the compartments. These models are dynamic, whereby 
the rate of infection for susceptible individuals varies 
according to the proportion infectious in the population at 
a given time [19, 20]. Numerical solution of these models 
can either be deterministic (in which chance events are 
ignored) or stochastic (in which events happen randomly 
at different rates). Compartmental models have been 
widely used to understand the potential impact of preven-
tion interventions in HIV and other infectious diseases, 
and can play an important role in priority setting [21, 22]. 
Alternative modelling approaches exist, for example the 
more complex individual-based models where individu-
als are represented as a single entity [23]. However, such 
models are relatively less commonly utilised in published 
literature for HIV prevention modelling compared with 
compartmental models, and reproducibility of such models 
can be challenging [24].

Given the useful insights compartmental models can pro-
vide as new HIV prevention interventions are created, and 
the availability of compartmental models in published litera-
ture, we conducted a systematic review aimed at answering 
the following question: when a new HIV prevention inter-
vention is being considered or designed, what information 
regarding it is necessary to include in a compartmental 
model to provide useful insights to policy makers?

To our knowledge, no previous reviews have explored 
this question. An HIV model review undertaken in 2011 
[15] focused on key findings emerging from existing models 
with limited discussion of what structures (model compart-
ments and stratification) or parameters may be utilised for 
future models. Other reviews have focused on specific pre-
vention strategies, including PrEP [25], vaccination [26], 
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and test-and-treat [27], and also omitted important consid-
erations for robust infectious disease modelling.

Consequently, our objectives in this study were to (i) 
identify what HIV intervention structures—compartments, 
strata—and parameters are currently considered for reduc-
ing HIV incidence and how they are incorporated into com-
partmental models; (ii) assess the models for quality using 
the TRACE (TRAnsparent and Comprehensive Ecological 
modelling documentation) tool [28]; and (iii) identify gaps 
where important features of interventions are not currently 
represented in models. Given the current focus on HIV vac-
cination development, alongside new PrEP-based products 
and other technologies, the review scope was compartmen-
tal models capable of modelling prevention technologies in 
the future (e.g., bNAbs) and more specifically primary HIV 
prevention methods.

2  Methods

2.1  Protocol and Registration

We performed a review of published literature which 
adhered to the PRISMA systematic review guidance [29]. 
No protocol was prepared or published prior to the start of 
the review.

2.2  Inclusion and Exclusion Criteria

Articles published in English in the last 5 years were eligi-
ble (time limitation was set to ensure current/relevant mod-
els identified), with no restriction on countries included. 
Studies modelling sexual, vertical, and/or intravenous HIV 
transmission were included, representing the main modes 
of transmission [30, 31]. Three interventions were ana-
lysed: (i) circumcision (both voluntary male circumcision 
[VMMC] and early-infant male circumcision [EIMC]), (ii) 
PrEP, and (iii) HIV vaccinations (including bNAbs and other 
candidate HIV vaccines). This covered several modes of 
delivery (surgery, oral, injection [both healthcare- and self-
administered]), preparation (physical/anatomical, biologi-
cal, immunological), and administration frequencies (one-
off, daily or on demand, at timed intervals, long-acting). 
In terms of mathematical model requirements, we included 
models which met all the following requirements: (1) were 
compartmental models, due to their appropriateness for 
population-level modelling of infectious diseases, (ii) were 
dynamic models, to enable analysis of the indirect effects of 
interventions, and (iii) were expressed as ordinary differen-
tial equations to allow comparisons between the models. We 
also only included models where the differential equations 
demonstrating inclusion of HIV prevention technologies 
were defined and supplied in the main text, supplementary 

information, or referenced documents, to allow the model to 
be analysed and results reproduced.

We excluded studies if they modelled within-host disease 
or drug dynamics. Animal studies and studies with no math-
ematical models were omitted. We also excluded conference 
abstracts, review articles, letters to the editor, and commen-
taries. Finally, models analysing sexually transmitted infec-
tions (STIs) other than HIV were excluded.

2.3  Search Strategy and Selection Criteria

Searches were performed on 15 July 2020 in four databases: 
Medline, Embase, Global Health, and Econlit. Searches 
using free text and headings were developed from permuta-
tions of the following terms: HIV AND (PrEP OR Circumci-
sion OR vaccination) AND modelling (Online Resource 1, 
see electronic supplementary material [ESM]). The terms 
pertaining to mathematical models were non-specific to 
compartmental models to reduce risk of incorrect removal. 
Articles were reviewed and screened by RG and described 
using a PRISMA flow diagram [29]. Duplicates were 
removed; papers were then assessed for applicability against 
inclusion and exclusion criteria by sequentially assessing the 
title, followed by the abstract, and finally the full text.

2.4  Data Extraction and Synthesis

Data were extracted from the main text, supplementary 
material, and where necessary model equations from stud-
ies referenced in the main text. We extracted data on the 
study design (setting; population; model type; interventions 
modelled; modes of HIV transmission; costs or cost-effec-
tiveness inclusion; drug resistance/risk compensation mod-
elling; and uptake targeting by subgroup and outcomes) and 
model structure (interventions; onward transmission impact; 
adherence; parameter inclusion [including costs]; details of 
compartments and strata; and force of infection). A narra-
tive synthesis was conducted to synthesise the main find-
ings, with a thematic analysis approach used to identify key 
domains for review, whereby the author became familiar 
with the literature to develop themes and focus the review. In 
addition, a summary of model parameters and percentage of 
articles reviewed which include each parameter, dependent 
on article quality, was developed. Parameters were consid-
ered important to model developers if present in over 50% 
of included articles.

2.5  Quality Assessment

Models were evaluated for conformity to the TRACE guide-
lines [28] against eight criteria deemed appropriate for good 
practice in model development. Intervention coverage meth-
odology (i.e., how coverage was determined in the models) 
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was considered out of scope for critical evaluation, given 
the various processes, such as cost and intervention avail-
ability, that contribute to this. The TRACE guidelines aimed 
to assess quality in terms of problem formulation, model 
description, data evaluation, conceptual model, implementa-
tion verification, model output verification, model analysis, 
and model output corroboration. A traffic light system was 
developed alongside each criterion (see Online Resource 2 
in the ESM). Assessment was made purely on the published 
material.

3  Results

Following the removal of duplicates, 837 articles were 
screened for relevance. As per the PRISMA flow diagram 
(Fig. 1), 335 articles were excluded based on title, with most 
studies not relevant to HIV. We also excluded 302 articles 
by abstract, with these articles including mostly conference 
abstracts, animal studies or in vivo studies. Of the remaining 

200 full-text articles reviewed, 48 articles met the eligibility 
criteria. The main reasons for exclusion were that dynamic 
compartmental models were not utilised, or differential 
equations were not published.

3.1  Study Characteristics

3.1.1  Interventions

Forty articles modelled PrEP (83%), 26 articles modelled 
circumcision (either VMMC or EIMC) (54%), and five arti-
cles modelled preventative vaccination (10%). Many PrEP 
studies did not specify the type of PrEP formulation con-
sidered (n = 17). Oral PrEP was the most reported formula-
tion of PrEP (n = 8), with alternative formulations including 
delivery through long-acting injectables [32–34] and vaginal 
rings [35]. For vaccines, two studies reviewed two or more 
vaccine types. One study considered three vaccine prepa-
rations (bNAbs, P5-like vaccines, idealised vaccines) [36], 

Fig. 1  PRISMA flow diagram
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while another study assessed non-specific and clade-specific 
vaccines [37].

Only five articles solely modelled one intervention, in 
all cases this was circumcision. Additional interventions 
modelled alongside HIV prevention included antiretroviral 
treatment (ART) (n = 43, 90%) HIV testing (n = 12, 25%), 
risk reduction for people using drugs or stimulants (n = 4, 
8%) [38–41], female injectable contraceptives (n = 1, 2%) 
[34], and gonorrhoea treatment (n = 1, 2%) [42].

3.1.2  Settings and Populations

More studies (n = 31, 65%) were based in low-and-mid-
dle-income countries (LMIC) than high-income countries 
(HIC) (n = 14, 29%), whilst some were based in multiple 
countries (across differing income categories) [37, 41, 43]. 
Fifteen articles modelled heterosexual transmission, 15 
modelled only transmission among men who have sex with 
men (MSM), and four articles modelled transmission in the 
general population [43–46], for example modelling the sexu-
ally active population [46]. One article modelled transgen-
der female sex workers (FSW), cis-MSM, cis-FSW, and 
transgender women not involved in sex work [40], whilst one 
model considered transgender female sex workers, their cli-
ents and regular partners [47]. Two articles modelled MSM 
and heterosexual populations [48, 49] with six papers also 
including FSWs [41, 50–54]. One paper included MSM in 

San Francisco and the general population in South Africa 
[37]. Two articles modelled serodiscordant couples [55, 56] 
and one article modelled citizens of Botswana and migrants 
in Botswana [57]. Among LMICs, the majority of studies 
considered heterosexual HIV transmission (20/31, 65%), 
whereas heterosexual transmission was considered in only 
2/14 studies (14%) based in HICs and MSM transmission 
was considered in all HIC studies (14/14, 100%) (Fig. 2).

3.1.3  Modelling Methods

Thirty-two unique HIV models were identified. Nine models 
were included in at least two articles and were developed 
further to include new subgroups. Models using identical 
structures were also parameterised for different settings 
[58–63] or drug preparations [32, 33, 35]. Almost all models 
were deterministic; only one used a stochastic approach [64]. 
Three studies used the Optima HIV model, which incor-
porates multiple interventions and modes of transmission 
[41, 54, 57], whilst one study compared outcomes across 
three alternative models [50, 52]. All studies included sexual 
transmission, with a few models also modelling additional 
modes of transmission via sharing of intravenous needles 
[48, 49], vertical transmission [56], and both intravenous 
and vertical transmission [41, 54, 57]. Outcomes considered 
included infections averted, total costs, costs per infection 

Fig. 2  Pie chart of populations and technologies by income group
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averted, disability-adjusted life-years (DALYs) averted, and 
incremental cost-effectiveness ratios.

For a full list of characteristics by study, see additional 
files (Online Resource 3 [ESM]).

3.2  Quality Assessment

Online Resource 4 provides the traffic light assessment 
for each study against the eight TRACE criteria [28], with 
green, yellow, and red indicating that the criteria was respec-
tively met, somewhat met, and insufficiently met (see ESM). 
The median number of red criteria per article was 2.0 (range 
1–5), and the median number of green was 4.5 (range 2–7).

All studies provided a well justified and clearly stated 
research question, with over half (n = 25) of the studies 
deemed appropriate for answering the research questions. 
Shortcomings included over-simplification of HIV disease 
progression, insufficient regard for heterogeneity, and omis-
sion of ART use. Data quality in most studies (n = 32, 67%) 
was deemed only partially adequate; although most studies 
referenced parameters, with few relying heavily on expert 
opinion, they were often not relevant to the population under 
review. Demographic data were also not always clearly refer-
enced. Most studies included parameter calibration (n = 45, 
94%) and sensitivity analysis (n = 39,81%) but uncertainty 
ranges were sometimes not reported. No articles included 
information regarding software testing and documentation 
and only a few studies (n = 5, 10%) validated their predic-
tions with other data.

3.3  Model Characteristics for Pre‑Exposure 
Prophylaxis (PrEP)

Online Resource 5 Presents the model characteristics con-
sidered in the analysis (see ESM).

3.3.1  Model Structure to Incorporate PrEP

PrEP interventions were largely incorporated in models by 
moving susceptible people into a compartment or stratum at 
a set rate to represent PrEP use (n = 32, 80%). Alternatively, 
some studies (n = 8, 20%) included PrEP users only in the 
infection rate by factoring directly into the force of infec-
tion equation the proportion of the population taking PrEP 
and its impact on infection risk. People infected with HIV 
whilst receiving PrEP generally moved through subsequent 
infected stages alongside those infected whilst not on PrEP 
(n = 28, 70%). Alternatively, studies where infected PrEP 
users remained segregated following infection were able to 
incorporate supplementary factors such as increased testing 
for infected PrEP users (n = 9, 23%) and altered infectious-
ness levels for infected PrEP users to transmit HIV transmis-
sion (n = 7, 18%)

3.3.2  Modelling PrEP Uptake and Use

Uptake and drop-out rates for PrEP use were common 
parameters allowing movement between compartments or 
strata. Uptake was often set at a pre-determined rate to con-
tinue indefinitely or vary dependent on a fixed level of cov-
erage (the percentage of susceptible individuals receiving 
PrEP) (n = 26, 65%); for example, one paper varied PrEP 
uptake rate so it was slower as coverage level approached 
target coverage [65]. Stratification of different population 
groups was sometimes performed to analyse the impact 
of targeting PrEP to subgroups (n = 34, 85%), commonly 
defined by age, sex, sexual preferences, and HIV risk. Less 
frequent parameters included the proportion of the popu-
lation eligible for PrEP (n = 5, 13%, 3 models) [39, 51, 
65–67], time when PrEP commenced (n = 6, 15%), and, for 
models accounting for infections while using PrEP, the HIV 
testing rate and rate of disease progression (n = 10, 25%).

As non-oral PrEP preparations provide persistent levels 
of protection, loss of protection for such delivery methods 
was incorporated in treatment drop-out or average treat-
ment duration (n = 3, 8%) across one model [32, 33, 35]. 
Two articles (5%) utilising variations of one model [32, 33] 
reviewed the impact of extending the period at which drug 
levels persist at effective levels, thus continuing protection 
despite drop-out.

3.3.3  Modelling PrEP Impact on the Rate of Infection

The effect of PrEP on reducing HIV acquisition rate through 
sexual transmission was incorporated directly in the rate of 
infection or as a multiplier of it. Most studies (n = 38, 95%) 
included an efficacy parameter, which reduced susceptibil-
ity for those in the PrEP compartment or stratum through a 
reduction in overall rate of infection, or risk per sex act. The 
rare exception used in two models assumed complete protec-
tion, thus removing PrEP users from risk of infection (n = 2, 
5%) [42, 68]. Five studies (13%) [41, 48, 49, 54, 57] utilising 
two models additionally considered acquisition risks through 
intravenous needle sharing.

Many studies did not account for PrEP adherence. Where 
this was considered (n = 14, 35%), approaches included 
incorporating adherence parameters by directly reducing 
risk of infection as seen in two models (n = 2, 5%) [53, 66] 
or stratifying PrEP users by adherence levels with accompa-
nying forces of infection (n = 6, 15%). One model utilised 
across two studies (n = 2, 5%) [36, 69] assumed perfect 
adherence but varied intervention coverage rates to reflect 
imperfect use, whilst another incorporated adherence in their 
PrEP efficacy value (n = 1, 3%) [64]. One model included 
residual protection against HIV for a heterosexual popula-
tion, whereby an individual missing a dose of PrEP will 
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continue to have some level of protection, with the protec-
tion level dependent on adherence [65].

For injectable PrEP, rather than considering adher-
ence, one model utilised in two studies (n = 2, 5%) [33, 
35] included a reliability parameter representing the pro-
portion of injections successful in yielding efficacious drug 
levels, with stratification of individuals with successful and 
unsuccessful injections and differences in applied force of 
infection.

A limited number of models (n = 6, 15%) incorporated 
the impact of PrEP on drug resistance levels, with varying 
model complexity. A more complex approach altered PrEP 
efficacy dependent on whether a drug-sensitive or drug-
resistant HIV strain was being transmitted [70]. Only five 
models considered risk compensation (n = 5, 13%) [38, 42, 
56, 71, 72]; those that did altered rates of condom use, sex-
ual partners, and HIV testing. One study modelled increased 
gonorrhoea risk by incorporating compartments for gonor-
rhoea infection [42].

3.3.4  Modelling Costs of PrEP Use

Twenty-four studies (60%) assessed cost and cost effective-
ness of PrEP. Costs included varied by study, from direct 
costs exclusively to indirect costs and productivity losses. 
Cost-effectiveness studies often incorporated cost savings 
due to HIV infections averted and reduced ART use (n = 7, 
18%).

3.4  Model Characteristics for Circumcision

3.4.1  Model Structure to Incorporate Circumcision

The majority of models (n = 15, 58%) modelled circumci-
sion taking place prior to entering the model in addition to 
circumcision of individuals within the model, with models 
generally having a set fraction of the population entering 
the model already circumcised and also a circumcision rate 
parameter to enable stratification of males by circumcision 
status. Alternatively, two models across two articles mod-
elled circumcision taking place only prior to individuals 
entering the model (n = 2, 8%), either at birth [56] or prior 
to sexual debut [35], with both stratifying the population into 
circumcised or not with no circumcision rate parameter. Sev-
eral articles (n = 9, 35%) did not explicitly state whether cir-
cumcision was occurring prior to entering the model or for 
individuals within the model; the majority of these (n = 6, 
23%) across three models [45, 55, 61–63] altered the risk of 
infection to consider the proportion of males circumcised, 
whilst one model (n = 3, 12%) stratified males into circum-
cised or not and altered the risk of infection to consider the 
probability an individual undertaking a sexual act is circum-
cised [41, 54, 57].

3.4.2  Modelling Circumcision Uptake

One method for incorporating circumcision uptake was by 
stratifying males into circumcision status prior to entering 
the model, for example stratifying individuals at birth (n = 2, 
8%) [35, 56]. Alternatively, models considered circumcising 
males following entry into the model, at a pre-determined 
rate (n = 15, 58%); with circumcision rate either continuing 
indefinitely or varying dependent on level of coverage (per-
centage of males circumcised). Stratification enabled target-
ing of subgroups (n = 13, 50%) defined by age, sexual risks, 
sexual preferences, and geographical location. Several models 
utilised stratification by HIV status to set whether circumci-
sion could take place in the susceptible population only (n = 9, 
35%) or whether infectious individuals in addition to suscepti-
ble individuals could be eligible (n = 12, 46%). Additionally, 
models stratifying by sexual risk were able to set eligibility 
as HIV-negative and high sexual risk individuals only [58], 
whilst one model utilised across two studies also stratified by 
age to emulate reaching circumcision targets defined by age 
group [61, 62].

3.4.3  Modelling Circumcision Impact on the Rate 
of Infection

Reduction of HIV acquisition rate due to circumcision was 
included in all models directly in the rate of infection or as a 
multiplier of it. Some studies utilised strata to limit the pro-
tective effect dependent on sexual positioning (n = 3, 12%, 
one model) [41, 54, 57], sexual orientation (n = 5,19%, two 
models) [36, 51, 65, 67, 69], or time period since circumcision 
surgery (to account for a wound healing period) (n = 2, 8%, 
one model) [65, 67]. One model weighted the transmission 
probability per sexual act in the force of infection by the frac-
tion of time spent in wound healing [58]. One model alone 
incorporated the reduced transmission risk due to circumcision 
(n = 3,12%) [58–60] into the force of infection, by stratifying 
males by circumcision status in the infectious stages of disease. 
One model incorporated risk compensation by increasing the 
rate of partner change in the force of infection for circumcised 
men (n = 3, 12%) [58–60].

3.4.4  Modelling Costs of Circumcision

Only 11 studies (42%) assessed cost or cost effectiveness of 
circumcision. Included costs varied, from fixed and variable 
costs, to costs per surgical method used, to varying costs by 
age.
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3.5  Model Characteristics for Vaccination

3.5.1  Model Structure to Incorporate Vaccinations

Vaccines were included in some models through incorpora-
tion of a vaccinated stratum or compartment. Some studies 
additionally incorporated a compartment for individuals 
vaccinated and also receiving PrEP [71] with an annual rate 
of dropping PrEP if vaccinated and compartments for differ-
ent vaccine types [37]. One model segregated individuals as 
having a high or low immune response following vaccina-
tion, and included a complex structure involving 13 com-
partments for vaccinated individuals [46].

3.5.2  Modelling Vaccination Uptake

Numerous approaches, including continuous vaccination 
versus mass vaccination campaigns [46], were used to model 
vaccine uptake. Assumptions around uptake varied, includ-
ing setting uptake rates to meet a defined level of cover-
age [36, 46], moving a fraction of susceptible individuals 
directly into the vaccination compartment after a certain 
time period [46], or varying uptake rate dependent on the 
number of people already vaccinated [43]. Some models 
incorporated targeted vaccination of subgroups based on 
age, sex, and sexual risk [36, 71] with a simple approach 
stratifying sexual risk as low or high [71] and a more com-
plex approach stratifying by FSW and low, medium, or high 
sexual risk for males and females [36].

Some models did not consider vaccination drop-out 
(n = 3, 60%). Models that did consider retention incorpo-
rated a rate of loss of protection [37] or returned individuals 
to the susceptible compartment after a defined time period 
[46].

Two models (n = 2,40%) considered more than one vac-
cine type or preparation (e.g., bNAbs, P5-like vaccines, ide-
alised vaccines) and varied uptake and efficacy by vaccine 
type.

3.5.3  Modelling Vaccination Impact on the Rate 
of Infection

Reduction of HIV acquisition rate due to vaccination was 
included in all models directly in the rate of infection or as 
a multiplier of it. However, all models assumed vaccine effi-
cacy due to the lack of available evidence. Some studies var-
ied efficacy based on the choice of vaccination (n = 2,40%). 
A minority of models were more complex, accounting for 
different levels of immune response over time [46] or mod-
elling risk compensation following vaccination by varying 
condom use for vaccinated individuals [37, 71].

3.5.4  Modelling Costs of Vaccination

Models (n = 3, 60%) considered vaccine costs using the cost 
per vaccination schedule [71], per vaccine [46] or per person 
per year [36]. One study purely considered the savings from 
ART costs avoided [37].

For a full list of characteristics by study, please see addi-
tional files (Online Resource 6) in the ESM.

3.6  Combined HIV Prevention Interventions

In instances where multiple prevention interventions could 
be efficacious in reducing acquisition risk for individuals 
within a compartment, numerous models (n = 5, 10%) cal-
culated the combined impact as the product of each inter-
vention’s efficacy when acting independently, with multiple 
approaches to this. For example, one model included the 
following formula within the wider risk of infection equa-
tion to calculate the combined efficacy of PrEP, condoms, 
and circumcision:

[1-PrEP efficacy against HIV(%)] × [1-circumcision 
efficacy against HIV acquisition(%)] × [1-effectiveness of 
condoms for HIV prevention(%)] [35].

This results in a smaller rate of infection where multi-
ple preventative measures are used in combination. Similar 
methodology was used across other models considering mul-
tiple interventions working collectively [32, 33, 39, 55]. An 
alternative approach was including parameters in the differ-
ential equations representing the reduction in HIV transmis-
sion due to prevention interventions and multiplying these 
by the force of infection [56]. Alternatively, one model set a 
baseline transmission probability per sex act for uncircum-
cised males to females, and then multiplied this by various 
factors to account for introducing preventative measures; for 
example, per sex act the baseline transmission probability 
would be increased by a multiplicative factor increment of 
0.09 if the susceptible individual is taking PrEP and then by 
a further multiplicative factor increment of 0.4 for female-
to-male transmission if the male is circumcised [67].

Some models explored how uptake of one intervention 
impacted uptake of another, for example, reducing PrEP use 
as vaccine utilisation increased [71] or via ‘product can-
nibalism,’ which altered uptake of differing interventions 
dependent on the number of products in use and user prefer-
ence [36, 69], and is alternatively referred to as 'substitution’ 
in economic terminology and ‘migration’ in epidemiology 
[73].

Several models used optimisation methods to determine 
the optimum allocation of interventions to maximise impact 
(n = 4, 10%), for instance by varying risk groups receiving 
interventions [45], redistributing international funds [41], or 
expanding budgets [72].
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3.7  Synthesis of Results

See additional files (Online Resource 7) in the ESM for a 
summary of model parameters and percentage of articles 
reviewed which include each parameter dependent on article 
quality. There was no association identified between article 
quality and intervention features incorporated for PrEP or 
circumcision. It is not possible to reliably comment on dif-
ferences in characteristics included in vaccination models as 
few articles were included.

A number of parameters were included in a large number 
of studies. The only parameters included across all mod-
els were intervention uptake/coverage (n = 48, 100%) and 
reduction in HIV acquisition risk (n = 48, 100%). For PrEP, 
varying intervention uptake by risk group was included 
in about half of studies (n = 21, 53%). For circumcision, 
restricting models so the intervention occurs only at birth 
(n = 17, 65%) or throughout life (n = 15, 58%) and ensur-
ing only HIV-susceptible individuals are eligible (n = 21, 
81%) were included in a majority of studies. For vaccina-
tion, varying intervention uptake dependent on the number 
of individuals already vaccinated was included in over half 
of studies (n = 3, 60%).

4  Discussion

This review is the first to assimilate the information pertain-
ing to HIV preventative interventions that should be con-
sidered when designing or implementing new solutions, for 
incorporation into compartmental models. The insight pro-
vided will guide future mathematical model development, 
and aid policy makers in determining optimal HIV preven-
tion combination strategies.

In reviewing compartmental model structures for HIV 
prevention interventions, we found that most models 
included PrEP, with fewer considering circumcision or vac-
cines, and were largely based in LMICS, especially Eastern 
and Southern Africa. Common intervention parameters con-
sidered in the models were efficacy and intervention cov-
erage. We also identified important model considerations 
dependent on the intervention being modelled. For instance, 
the need to vary intervention uptake by infection status 
(susceptible or infected) was required only where interven-
tion use was not limited by HIV status (i.e., circumcision); 
interventions requiring frequent administration were more 
likely to vary eligibility dependent on sexual risk group 
(i.e., PrEP); and interventions requiring administration via 
healthcare staff were more likely to vary uptake dependent 
on number already covered (i.e., vaccinations). These factors 
were of importance to model developers, and by extension 
could be important to funders of the research. More gener-
ally, we identified that models considered efficacy impacted 

by intervention reliability, adherence, resistance, risk com-
pensation, uptake, and discontinuation; and costs.

Our review identified key gaps in how models incor-
porated the impact of interventions on HIV transmission. 
We found that most models did not incorporate some key 
subgroups into their analysis, with no model stratifying the 
population by ethnicity, which impacts HIV prevalence [74], 
intervention access [75], and uptake [76–78]. Furthermore, 
only a small number of studies considered vertical or intra-
venous HIV transmission in addition to sexual transmission. 
Given these modes of transmission continue to contribute 
to new HIV cases [31], their incorporation would increase a 
model’s capacity to guide policy makers.

Many models assigned intervention uptake based on indi-
vidual risk status, with the number in each risk level esti-
mated predominantly from population demographics. How-
ever, there is a disparity between perceived and actual risk 
[79–82], which can affect uptake of prevention interventions 
and differs by sex [83] and ethnicity [81, 84], amongst other 
factors. Studies did not include separate parameters for will-
ingness to accept an intervention or user preferences, which 
can affect intervention uptake [85], rather considering this 
within the intervention uptake parameter. This highlights 
that not all important drivers for intervention uptake are 
included explicitly in models, although they may be implic-
itly considered. Models also generally prevented individuals 
from changing sexual risk groups during their life course 
[86], thus limiting the ability to reassess eligibility status and 
move people off interventions as risks change. Consequently, 
although population demographics can estimate risk group 
numbers and thus an assumed intervention uptake rate, this 
likely does not fully account for complexities such as per-
sonal preference or risk perception. As prevention strategies 
commonly target interventions based on risk, it is important 
that models accurately represent these risk groups to enable 
useful predictions of programme impact.

Although several models considered intervention adher-
ence, there was no instance where the level of adherence 
was varied by subgroup. Instead, a standard reduction of 
efficacy was applied to all groups receiving the intervention 
or alternatively adherence differences were enveloped into 
the differing rates of infections by risk group level. Strati-
fication by subgroup should be considered as adherence is 
impacted by many factors including age [87–90], ethnicity 
[90], and sex/gender [88, 89].

Many studies assessed outcomes for PrEP, circumcision, 
and vaccines in combination with other HIV and sexual and 
reproductive health interventions, with efficacy of combin-
ing interventions largely estimated multiplicatively as we 
have described. However, other incremental outcomes can 
occur when combining prevention intervention. For instance, 
multiple interventions may produce a combined efficacy 
which is less than the sum of the individual programmes [91, 
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92] or the overall efficacy may equal the efficacy achieved 
by the strongest of the combined interventions when acting 
alone [91, 92]. The sequential order in which interventions 
are integrated can also impact combined efficacy [55, 93], or 
there may be a synergistic effect whereby combined efficacy 
is greater than the sum of the individual interventions’ effi-
cacies [92]; for example, although HIV vaccines may have 
limited efficacy independently, one study found concomitant 
use of PrEP may improve immune response to boost vaccine 
responses [94]. As global guidelines recommend providing a 
combination of prevention interventions [4, 95], it is impera-
tive that their combined effects are correctly studied and rep-
resented. To facilitate this, evidence (from sources including 
trial/observational/implementation research) may be needed 
as new interventions become available, to quantify the total 
effectiveness of combinations of interventions.

We found no association between article quality and the 
intervention features incorporated. Indeed, article quality of 
included studies varied; with data evaluation, implementa-
tion verification, and model output corroboration identified 
as areas of poorer model quality. Many models also incor-
porated parameter data which was not relevant to the set-
ting, with a lack of parameter uncertainty ranges reported. 
Mathematical models are dependent on the quality of data 
informing them [96] and should ideally review outcomes 
over a range of credible and realistic parameter values 
[97]. If such data are unavailable, then particular atten-
tion needs to be given to ensure that results are relevant, 
including sensitivity of outcomes. Although many aspects 
of model structure were considered in our review, interven-
tion coverage was deemed out of scope for critical appraisal, 
as models do not separate out the various processes that 
contribute to uptake, such as acceptability, cost, and avail-
ability. Whilst these factors are critical to the performance 
of a programme, it is uptake that determines the impact on 
transmission. The models, almost universally, highlight the 
role of uptake rather than how to increase it. However, as 
coverage is important to intervention success, reviewers of 
model predictions must consider coverage assumptions as 
dictated by model researchers and funders.

Strengths of this study include that we considered only 
peer-reviewed, published literature, and did not incorporate 
grey literature which is of more variable quality. The study 
reviewed multiple prevention interventions (PrEP, circum-
cision, and vaccinations) and although ideally a review of 
all interventions (including condom use) may provide addi-
tional insight, the interventions provided reasonable rep-
resentation of primary HIV prevention models due to the 
delivery modes and intervention frequencies covered. More-
over, we were interested in developing insight into models of 
particular relevance to novel intervention techniques (such 
as emerging PrEP-based products and vaccinations) where 
there is ongoing research and heightening interest around 

their future potential to prevent HIV; comparatively lower 
levels of research are ongoing around other preventative 
methods (such as ART and testing), and relevance of model-
ling techniques for these interventions was deemed of lower 
relevance to fulfil our study aim.

This review builds on prior reviews of HIV mathemati-
cal models [15, 25–27]. Strengths include our inclusion 
of prevention interventions that were missing from prior 
reviews [98, 99]; performing a comprehensive review of 
available modelling literature run with real-life data rather 
than building hypothetical un-tested models [99]; reviewing 
models for multiple interventions rather than considering 
only one [25–27]; presenting an in-depth review of differ-
ing approaches to model structure, parameter inclusion, and 
risk of infection for prevention interventions and identifying 
gaps, rather than higher level outlines [15, 25]; and review-
ing the quality of included models, which was missing in 
other reviews [15, 26, 27, 98]. In line with our findings, 
recent studies reviewing mathematical models for TB vac-
cinations and antimicrobial resistance similarly identified 
concerns with model data [100, 101], intervention defini-
tions in models [101], and model validation [100].

This review has several limitations. Firstly, study screen-
ing and analysis was performed by only one individual (RG). 
Secondly, the search for this review was undertaken on 15 
July 2020. An updated database search on 28 November 
2022 (across all search engines except ECONLIT) identi-
fied 868 new articles published pre-screening, these were 
not incorporated in this analysis. Given our review identi-
fied 48 articles for inclusion from 1460 published following 
screening, we can estimate that around 28 additional articles 
may now be eligible for inclusion and an updated review to 
identify and analyse newer models may add to the findings 
of this review, particularly on vaccine models. However, to 
the best of our knowledge, no systematic review has been 
published in the interim and hence this article remains an 
important contribution to the field, and addresses a gap in 
the literature.

In this review, it was deemed fitting to consider one mod-
elling approach alone, as the substantial differences across 
the various modelling types would make summarising them 
together inappropriate. Due to their appropriateness for 
infectious diseases, compartmental models alone were con-
sidered in this analysis. However, alternative mathematical 
model designs exist—with differing levels of complexity—
which could also suitably represent HIV disease dynamics. 
A recent paper modelling PrEP found static models, which 
are simpler to create, provided a useful estimate of impact 
over short–medium time horizons comparable to more com-
plex compartmental models [102]. Individual-based mod-
els, which can model stochastic changes in an individuals’ 
sexual network over time [103–105], may also be particu-
larly valuable by better representing the complex structure of 
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sexual partnerships and understanding the drivers of behav-
iour. However, such models require appreciably more data 
to parameterise and in terms of this review, it would have 
been challenging to describe and catalogue the structures 
and parameters for such models due to their relative lack of 
transparency [106]. Given the relatively higher volume of 
ordinary differential equation models for HIV, as utilised 
to describe compartmental models, and their utility in pro-
viding evidence for decision making in infectious diseases, 
it was deemed sufficient to include compartmental models 
alone to meet our study aim.

Due to the immediate relevance to policy makers in this 
area, this article reviewed the published literature to inspect 
compartmental models developed for modelling HIV pre-
vention interventions, rather than critiquing published 
models against predetermined criteria. One limitation to 
this approach is that models are largely created to address 
a particular question; hence, if authors or funders (policy 
makers) are uninterested in the impact of ethnicity on HIV 
transmission and acquisition, for instance, the models may 
not incorporate this parameter. In this way, developed mod-
els are biased by the question they are developed to answer. 
However, as our aim was to identify model factors of rele-
vance to policy makers, we believe this bias highlights those 
factors deemed important to the funders and policy makers. 
Indeed, models may include parameters which impact little 
on HIV disease transmission, but are considered important 
to include or represent in the models by authors or funders.

Further, published models generally did not distinguish 
whether they were developed as simple representations of 
reality—for instance to generate hypotheses—or as close 
representations of reality. During this review we did not 
exclude models based on their stated aims and as such 
all models were reviewed collectively. Although this may 
explain somewhat the variability in model complexity, this 
generalisation did not hinder our ability to identify the HIV 
intervention structures and parameters included in published 
models, and so we do not feel this negatively impacts the 
findings. For future studies to consider the impact of model 
aims, they should ideally be more explicitly outlined in pub-
lished modelling papers, although the distinction around 
closeness to reality is potentially difficult to define.

Compared with approaches taken in other reviews of 
mathematical models, a weakness of our approach is that 
we did not include schematics and model differential equa-
tions which may enable the reader to better understand how 
models are built; for this we refer readers to Dorratoltaj et al. 
[98], which may enable the reader to better understand how 
models are built. We also did not review model outcome 
predictions to assess the potential impact of future interven-
tion campaigns, as performed in other reviews [25, 101], 
nor did we compare qualitative predictions between models 
to determine differences based on model complexity. The 

consideration of how models differ and how this impacts 
validity is important; indeed, we have identified from other 
work in this series that model validation is an understudied 
area requiring focus [107]; however, this was beyond the 
scope of this review. Further, we believe the identification 
of parameters commonly utilised in such models, as was the 
focus of this review, is in itself important. This work will 
enable accurate models to be more quickly developed, there-
fore enabling accurate predictions to be established from one 
model rather than comparing multiple model predictions.

More generally, mathematical models have limitations, 
including that they are a simplification of reality, and require 
assumptions be made about the ‘real world’ [108]. They 
must strike the right balance between being as simple as 
possible but with the necessary complexity to remain useful 
[109]. These limitations are discussed more fully in a recent 
article by Saltelli et al. [110]. Furthermore, models provide 
only one form of evidence for policy makers and as such 
should be considered alongside intelligence such as coun-
try priorities and ethical considerations; indeed, ethics and 
social justice priorities may outweigh economic considera-
tions [48]. Model outputs should be viewed in the context 
of their limitations and fundamental uncertainty; and with 
that understanding, model predictions can be appropriately 
factored into decisions [109, 110] and utilised to fill impor-
tant gaps in research.

5  Conclusions

This review synthesised the current compartmental models 
for modelling prevention interventions for HIV disease into 
a general framework. Several gaps were identified. Critically, 
at present, models insufficiently incorporate multiple inter-
ventions acting simultaneously, a task which will become 
increasingly complex to model over time as factors such as 
viral suppression and long-acting PrEP use become more 
prevalent. Also, as prevention strategies often target inter-
ventions to those at highest risk, it is important that models 
improve the representation of population subgroups; for 
example, incorporating ethnicity and improving sexual risk 
group stratification. Additionally, many models use inap-
propriate data in parameterisation, which will affect the 
accuracy of model outputs. Resolution of such gaps within 
future models will enable more accurate assessment of the 
impact that new interventions may have, thereby provid-
ing more meaningful guidance to policy makers. Given the 
importance of models in decision making, and the number 
of new HIV prevention interventions in the latter stages of 
development, it is critical that models reliably and robustly 
reflect the real world and the impact of the products they 
seek to represent.
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