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Abstract 

Background Including structural determinants (e.g. criminalisation, stigma, inequitable gender norms) in dynamic 
HIV transmission models is important to help quantify their population‑level impacts and guide implementation 
of effective interventions that reduce the burden of HIV and inequalities thereof. However, evidence‑based model‑
ling of structural determinants is challenging partly due to a limited understanding of their causal pathways and few 
empirical estimates of their effects on HIV acquisition and transmission.

Methods We conducted a scoping review of dynamic HIV transmission modelling studies that evaluated the impacts 
of structural determinants, published up to August 28, 2023, using Ovid Embase and Medline online databases. 
We appraised studies on how models represented exposure to structural determinants and causal pathways. Build‑
ing on this, we developed a new methodological framework and recommendations to support the incorporation 
of structural determinants in transmission dynamics models and their analyses. We discuss the data and analyses 
that could strengthen the evidence used to inform these models.

Results We identified 17 HIV modelling studies that represented structural determinants and/or interventions, 
including incarceration of people who inject drugs (number of studies [n] = 5), violence against women (n = 3), HIV 
stigma (n = 1), and housing instability (n = 1), among others (n = 7). Most studies (n = 10) modelled exposures dynami‑
cally. Almost half (8/17 studies) represented multiple exposure histories (e.g. current, recent, non‑recent exposure). 
Structural determinants were often assumed to influence HIV indirectly by influencing mediators such as contact 
patterns, condom use, and antiretroviral therapy use. However, causal pathways’ assumptions were sometimes simple, 
with few mediators explicitly represented in the model, and largely based on cross‑sectional associations. Although 
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most studies calibrated models using HIV epidemiological data, less than half (7/17) also fitted or cross‑validated 
to data on the prevalence, frequency, or effects of exposure to structural determinants.

Conclusions Mathematical models can play a crucial role in elucidating the population‑level impacts of structural 
determinants and interventions on HIV. We recommend the next generation of models reflect exposure to struc‑
tural determinants dynamically and mechanistically, and reproduce the key causal pathways, based on longitudinal 
evidence of links between structural determinants, mediators, and HIV. This would improve the validity and usefulness 
of predictions of the impacts of structural determinants and interventions.

Keywords HIV, AIDS, Structural factors, Social determinants of health, Structural interventions, Mathematical 
modelling, Causal pathways, Mediation analysis, Conceptual framework, Key populations

Background
Structural determinants of HIV are the social, economic, 
political, cultural, organisational, and environmental fac-
tors that shape HIV acquisition and transmission risks 
across individuals and populations (Table 1) [1–3]. Socio-
ecological frameworks have been applied to understand 
how structural determinants influence HIV transmis-
sion dynamics among populations most vulnerable to 
HIV (i.e. key populations) [4, 5]. Key populations include 
people who inject drugs (PWID), men who have sex with 
men (MSM), transgender people, and female sex workers 
(FSW) [6]. Inequitable access to essential resources such 
as education, employment, and health care, coupled with 
the criminalisation of certain behaviours, including sex 
work, drug use, and same-sex relationships concentrates 
HIV vulnerabilities within these groups [4, 7–9]. This 
compounding effect is exacerbated by pervasive stigma, 
discrimination, racism, homophobia, and sexism [10].

Recognising the importance of structural determi-
nants, the Global AIDS Strategy 2021–2026 includes the 
10–10-10 targets [10]. These targets aim to reach < 10% 
of key populations and people living with HIV (PLHIV) 
experiencing stigma and discrimination, < 10% of women 
and key populations encountering gender-based inequal-
ities and violence, and < 10% of countries having punitive 
laws and policies that limit access to HIV-related ser-
vices by 2025. The global strategy commits to supporting 
community-led organisations to deliver 60% of HIV pro-
grammes on societal enablers (structural interventions 
that improve the effectiveness of HIV services) includ-
ing those to reduce stigma and discrimination, support 
enabling legal environments, and eliminate gender-based 
violence [10]. However, quantitative evidence of the pop-
ulation-level contribution of structural determinants and 
the impact of structural interventions on HIV and other 
outcomes is sparse (although increasing), partly because 
these impacts are often difficult to evaluate empirically 
[11]. Estimating the population-level impact of structural 
determinants is required to inform effective policies and 
interventions to mitigate their impacts on HIV outcomes. 
It builds the evidence base on their importance and can 

inform resource allocation—through complementary 
economic evaluations—tailored to the most important 
epidemic drivers. Mathematical models of HIV trans-
mission that carefully triangulate information on struc-
tural determinants can provide a means to estimate their 
population-level impacts and quantitatively account for 
uncertainty in their individual-level effects, even with 
sparse observed data, to generate evidence on the poten-
tial benefits of structural interventions [12]. A key ben-
efit of these models is their ability to project non-linear 
dynamics, including both direct and indirect effects of 
structural determinants and interventions on HIV over 
relatively longer time horizons than statistical models 
when quantifying population-level impacts.

Transmission dynamic models that describe the acqui-
sition and transmission of HIV have long been used 
to quantify the population-level impact of biomedical 
and behavioural interventions [13–16]. However, few 
mathematical models have so far considered structural 
determinants, in part due to the inherent complexity of 
incorporating these upstream factors, limited under-
standing of their causal pathways, and uncertainty in the 
benefits of associated interventions [11]. Unlike individ-
ual-level risk factors that directly influence HIV trans-
mission, structural determinants influence HIV risks 
through multiple intervening mechanisms [2, 17]. Given 
the importance of structural determinants, a new genera-
tion of evidence-based mathematical models is needed to 
better inform public health and decision-making on end-
ing HIV/AIDS, and to evaluate the cost-effectiveness of 
different intervention strategies. These models need to 
explicitly represent structural determinants in a way that 
adequately captures the patterns of exposure and their 
influence on individual-level HIV risks through different 
causal pathways, while being firmly grounded in robust 
empirical evidence.

The overarching objective of this paper is to develop an 
evidence-based methodological framework to improve 
the design and analysis of dynamic HIV transmission 
models of structural determinants. Using our experi-
ence of modelling structural determinants [4, 18–23] 
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and a scoping review evaluating previous models that 
represented structural determinants of HIV, we develop 
recommendations for the next generation of models and 
data needs. Although our framework focuses on HIV, it 
can also be applied to other infectious diseases.

Conceptual framework: causal pathways linking structural 
determinants to HIV in models
Structural determinants often have diffuse effects, in 
that exposure to structural determinants may impact 
multiple outcomes, through diverse causal pathways 
and mediators, which will differ by structural determi-
nant and setting (see Table 1 for definitions of key terms) 
[17]. Exposure to some structural determinants may also 

increase exposure to other structural determinants (e.g. 
incarceration may increase exposure to stigma), and 
mediators and outcomes may themselves impact future 
exposure to structural determinants (e.g. HIV acquisi-
tion leading to illness, loss of income, and financial hard-
ships) [24, 25]. Transmission dynamics models allow us 
to reproduce these complex relationships.

To model exposure to structural determinants, we 
need to translate the main features of exposures into 
their mechanistic components. This requires identifying 
and defining the patterns of exposure to the structural 
determinants that can be modelled, based on available 
evidence of their prevalence and frequency in the popu-
lations and settings of interest. We then need to simulate 

Table 1 Definitions of key terms used in this paper

Transmission dynamics model: A model in which the force of infection changes over time due to direct and indirect effects from changes in the pro‑
portion of individuals living with transmissible HIV (i.e. virally unsuppressed) [26].

Basic reproduction number, 𝓡0: The average number of secondary transmissions from a person living with HIV in an otherwise completely sus‑
ceptible population. If 𝓡0 >1, HIV has the potential to spread in the population, whilst if 𝓡0 <1, sustained HIV transmission is unlikely. Conceptually, it 
depends on the contact rate (c), the duration of time virally unsuppressed (D), and the transmission probability per contact (β). Other factors also affect 
𝓡0, including population heterogeneity (vulnerability and exposure to HIV may vary across and within populations), and mixing patterns (how contact 
between groups varies, i.e. who mixes with whom) [27–30].

Force of infection, λ: The per capita incidence rate at which people susceptible in the population acquire infection [26]. It depends on the contact rate 
(c) (which can be conceptualised as accounting for mixing patterns by relevant population subgroups), the probability of transmission per effective 
contact (β), and the prevalence (I/N) of virally unsuppressed infection (I) among partners (N).

Structural determinants: The fundamental, foundational, underlying social, economic, political, cultural, organisational, and environmental determi‑
nants that affect HIV risks by shaping exposure patterns to risk and prevention factors (mediators) further downstream on the causal pathways [1].

Distal structural determinants: Macrolevel, aggregate structural determinants that affect whole populations, communities, or groups of individu‑
als (e.g. key populations) [4, 31, 32]. They affect exposure to individual‑level proximate structural determinants. Examples include laws and policies 
such as those governing sex work, sex between men, and drug use, but also alcohol and tobacco advertising, systemic and institutionalised racism, 
and inequitable norms surrounding gender, sexual identity, and substance use.

Proximate structural determinants: Structural factors experienced at an individual‑level [4, 31, 32]. They are closer to and have more immediate 
effects on HIV risks. Examples include incarceration, stigma, discrimination, violence, housing instability, access, and availability of drugs.

Structural interventions: Interventions that promote the availability, accessibility, or acceptability of specific resources needed to prevent poor health 
outcomes or that reduce vulnerability to them [33]. They seek to mitigate the negative effects of structural determinants or prevent exposure to them 
(e.g. drug law reform that institutes drug treatment instead of incarceration). Structural interventions encompass both societal enablers and develop‑
ment synergies [34]. Societal enablers are social programmes, policies, and interventions that aim to remove barriers to accessing necessary health 
services. Examples include decriminalisation (e.g. of sex work, sex between men, and drug use/possession), community mobilisation, stigma reduction, 
and other specific interventions including the Avahan intimate partner violence intervention in India or the integration of self‑help groups to empower 
FSW within the national sex worker programme in Zimbabwe [35, 36]. Development synergies are investments in other sectors that can have positive 
effects on HIV outcomes (e.g. HIV incidence, treatment use, mortality). Examples include investments in education, employment practices, gender 
equality, legal reform, as well as specific economic empowerment interventions, such as cash transfer interventions for women.

Exposure history: The specified duration of exposure as well as the time‑varying intensities of exposure within different exposure periods (e.g. cur‑
rent, recent (< 6 months), and non‑recent (≥ 6 months) exposures) [37]. Duration and time periods of exposure are usually based on the recall periods 
of the survey instruments that measure exposures, and intensities are based on the findings of analyses that assess the effects of exposure on causal 
pathways within those time periods.

Causal pathways: The chain of variables that causally link exposure to structural determinants and structural interventions to individual‑level HIV risks.

Direct pathways: Causal pathways not involving mediators. These may represent that the mediators on the causal pathways are unmeasured 
and therefore unobserved.

Indirect pathways: Causal pathways that involve mediators.

Mediators: Intermediate variables on the causal pathways that link exposure to structural determinants and interventions to HIV risks. They are typically 
assumed or established as the main mechanisms through which exposure to structural determinants affects HIV vulnerabilities. Examples for structural 
determinants may include the number of sexual or injecting partners, the frequency of sex or sharing injection equipment, inconsistent condom use, 
and access to and uptake of HIV prevention and treatment, and others. Mediators may be observed or unobserved. The term ‘mediator’ to describe 
a variable is context specific. A variable that is a mediator on one causal pathway could be considered an independent exposure variable on another 
(e.g. pre‑exposure prophylaxis (PrEP) use could be a mediator in analyses estimating the effect of exposure to HIV education on individual HIV acquisi‑
tion risk and an exposure variable in analyses estimating the impact of PrEP use on HIV acquisition).

HIV outcomes: The last step in the causal pathways. These include HIV acquisition and onward HIV transmission, as well as individual‑level HIV health 
outcomes such as HIV‑related morbidity and mortality (e.g. disability‑adjusted life years).
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the main causal pathways, including mediators, needed 
to adequately reproduce the effects of exposure on HIV 
outcomes (Table  1, Fig.  1). Ideally, this requires strong 
empirical evidence on the causal pathways, including 
mediators, and the magnitudes and durations of causal 
effects (e.g. relative risks) linking structural determi-
nants, mediators, and HIV outcomes.

Structural determinants may be distal or proximate 
(Table  1, Fig.  1) [4, 31, 32, 38]. Distal structural deter-
minants include macro-level aggregate exposures that 
affect whole populations, communities, or groups, such 
as laws and policies, social norms, and gender inequal-
ity [4, 31, 32]. Proximate structural determinants are 
individual-level consequences of distal exposures, such 

as incarceration, discrimination, and violence [4, 31, 32]. 
Some researchers advocate for focusing on proximate 
structural determinants, as they may be more easily 
modified by social programmes and policies [39]. They 
may also be more easily measured and thus operational-
ised in models, and their evidence base may be stronger 
than for distal structural determinants [5, 7, 40].

Models need to specify and quantify how exposure to 
structural determinants affects HIV outcomes, based on 
evidence of their effects. How these effects are captured 
in models will depend in large part on the model struc-
ture and the choice of mediators represented. In a simpli-
fied example modelling a homogeneous population with 
random mixing, important parameters that determine 

Fig. 1 Conceptual framework illustrating the causal pathways connecting exposure to structural determinants to HIV transmission 
and population‑level HIV outcomes, via mediators, in dynamic mathematical models. Exposure to distal structural determinants such as laws 
and policies and proximate structural determinants such as stigma and discrimination (e.g. homophobia, racism, sexism, transphobia) impact HIV 
outcomes through their effects on intermediate variables (mediators). How exposure to structural determinants may impact HIV transmission 
within a modelled population can be conceptualised by considering the effects of exposure to structural determinants and interventions on key 
parameters that determine the basic reproduction number, 𝓡0, and the force of infection, λ (i.e. HIV incidence). In a simplified model that assumes 
a homogeneous population and therefore random mixing patterns, these parameters include contact rates (c), transmission probabilities (β), 
and the duration spent virally unsuppressed among PLHIV (D). Important mediators to account for include those affecting these parameters. In 
a more realistic heterogeneous population and models with non‑random mixing, additional complexity can be considered. The exact way in which 
this is modelled will differ by model. I/N = the prevalence of virally unsuppressed HIV among partners of those not living with HIV
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levels of HIV transmission include the probability of HIV 
transmission (β) per effective contact, the average dura-
tion of transmissibility among PLHIV (D; the time spent 
virally unsuppressed), and the contact rates between 
people (c; e.g. sexual or sharing injecting partners) 
(Fig.  1) [26]. Changes in these parameters influence the 
force of infection (λ) and the basic reproduction number 
(𝓡0)—concepts central to transmission dynamics mod-
els (Fig. 1, Table 1). In reality, populations are not homo-
geneous and both population heterogeneity and mixing 
patterns by relevant population subgroups will impact 𝓡0 
and λ and intersect with structural determinants [41, 42].

Scoping review: existing models of structural 
determinants and HIV
Search methods and studies identified
To develop our framework and recommendations, we 
conducted a scoping review of HIV transmission dynamic 
modelling studies to appraise previous approaches. We 
included studies that modelled exposures to structural 
determinants and/or interventions, and their media-
tors, and estimated their impacts on HIV acquisition 
and onward transmission in any population and setting. 
We conducted the search on August 28, 2023, for stud-
ies published since January 1, 1980, using Ovid Embase 
and MEDLINE online databases (Additional file  1: Text 
S1, Additional file  2: Tables S1 and S2). We adopted a 
three-way classification to characterise studies: (a) static 
approaches where the proportion of individuals exposed 
to the structural determinants and its effects on the 
assumed mediators and/or HIV acquisition or transmis-
sion risks were accounted for by applying fixed relative 
rates or probabilities to relevant model parameters influ-
enced by the structural determinants; (b) stratification-
based approaches where the modelled population could 
experience one level of exposure, with some movement 
between exposed and non-exposed states; and (c) stratifi-
cation-based approaches with movement between multi-
ple exposure history states (e.g. recent, non-recent). Our 
scoping review was reported using the PRISMA exten-
sion for scoping reviews (Additional file 2: Table S3) [43]. 
Additional details on the scoping review’s methods are 
provided in Additional file 1: Text S1.

We identified 17 modelling studies based on 13 mod-
els that assessed the impact of structural determinants 
and/or interventions on HIV (Table 2, Additional file 1: 
Text S2, Additional file 2: Table S4, Additional file 3: Fig. 
S1). Most studies modelled proximate structural deter-
minants (number of studies [n] = 12) [4, 44–54] and/or 
structural interventions (n = 14) [4, 5, 44, 46–52, 54–57], 
primarily affecting key populations including PWID 
(n = 8) [5, 46–48, 50, 53–55], FSW (n = 5) [4, 49, 55–57], 
and MSM (n = 3) [5, 46, 55]. Four models of PWID were 

not gender-stratified [47, 50, 53, 54]. Studies were pri-
marily published since 2015 (n = 13) [4, 44–48, 50–55, 
58] and largely modelled settings in Western and Central 
Europe and North America (n = 8) [4, 5, 44–47, 49, 57] 
and Eastern and Southern Africa (n = 7) [4, 5, 49, 51, 52, 
57, 58]. Seven studies modelled multiple settings in dif-
ferent regions [4, 5, 49, 53–55, 57], including two studies 
that modelled 58 and 77 countries, respectively [53, 55]. 
One study modelled hypothetical settings with moderate 
to high HIV prevalence [50].

The modelling objectives of studies were primarily to 
estimate the impact of structural interventions on new 
HIV acquisitions (n = 15) [4, 5, 44, 46–52, 54–58] or to 
assess the contribution of structural determinants to HIV 
epidemics (n = 6) [4, 45, 48, 51–53] (Table 2). Most stud-
ies estimated impacts by predicting the fraction of new 
HIV acquisitions occurring or averted under different 
scenarios (n = 11 [4, 5, 44, 45, 47, 49, 51, 54–57]; Table 2).

Structural determinants and interventions examined
Exposure to proximate structural determinants included 
incarceration of PWID (n = 5) [46–48, 50, 54] and Afri-
can American men (n = 2) [44, 45], client- and police-
perpetrated violence against FSW (n = 2) [4, 49], intimate 
partner violence against women (n = 1) [52], HIV stigma 
(n = 1) [51], and housing instability among PWID (n = 1) 
[53]. Few studies modelled distal exposures (Table  2, 
Additional file  2: Table  S4) [58]. One study modelled 
“positive and negative attitudes” among Kenyan youth, 
which reflected a combination of proximate and distal 
exposures (e.g. health worker confidentiality, poverty, 
peer influences, stigma, and more) [58]. The modelled 
structural interventions included reducing/eliminating 
incarceration of PWID (n = 5) [46–48, 50, 54], reducing/
eliminating violence against women and FSW (n = 5) [4, 
5, 49, 52, 55], community mobilisation and empower-
ment for FSW (n = 3) [4, 56, 57], and HIV stigma reduc-
tion [51]. Most of these modelled several interventions or 
delivery strategies. One study considered the impacts of 
achieving the UNAIDS 10–10-10 targets [55]. Another 
modelled structural changes, including eliminating police 
beatings in Ukraine [5]. Six studies, five of which mod-
elled incarceration, also modelled scale-up of biomedical 
interventions such as prison- or community-based opi-
oid agonist therapy, PrEP, or ART for prisoners or their 
partners [5, 44, 47, 48, 50, 54].

Representations of exposure to structural determinants
The static representation category included studies that 
did not explicitly represent structural determinants (e.g. 
as compartments; n = 7; Table  2 (a), Additional file  2: 
Table S4) [5, 49, 51, 55–58]. For instance, Strathdee and 
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colleagues modelled the impact of eliminating police 
beatings among PWID in Ukraine by comparing the 
baseline to a scenario with reduced sharing of injection 
equipment by a factor that was informed by empirical 
analyses showing greater sharing frequency if ever beaten 
by police and assuming that the reduction in sharing was 
due to the elimination of beatings [5]. Studies in this cate-
gory included others that represented structural determi-
nants as parameters that influenced HIV transmission or 
behaviours (n = 3) [5, 51, 58], and studies using the Goals 
models (n = 3) [49, 55, 57].

The stratification-based representation category 
included studies that stratified the population into mutu-
ally exclusive compartments or states, with transitions 
between them, to represent one current or recent expo-
sure history to structural determinants (n = 2; Table 2 (b), 
Additional file  2: Table  S4) [52, 53] or that represented 
multiple different exposure histories (n = 8; Table  2 (c), 
Additional file 2: Table S4) [4, 44–48, 50, 54]. For exam-
ple, Shannon and colleagues’ model among FSW in Can-
ada, Kenya, and India was the first to represent several 
structural determinants and exposure histories dynami-
cally (Fig. 2a provides a simplified adaption of their Van-
couver model flowchart) [4]. FSW transitioned between 
compartments of never, recent, and non-recent physical 
and sexual client violence and police harassment, which 
differed by settings. Similarly, all studies of incarceration 
represented multiple exposure histories (e.g. current, 
recent, non-recent incarceration; Table  2, Additional 
file 2: Table S4) [44, 45, 47, 48, 50, 54].

Dynamically representing structural determinants 
offers more flexibility to capture both long and short-
term effects of exposure, including cumulative, gradual, 
waning, or lagged effects, by varying HIV risks associ-
ated with each exposure level. It also allows for the con-
sideration of different rates of re-exposure. Granular 
exposure histories also  facilitate a wider range of inter-
ventions to be explored. For instance, Shannon’s model 
differentiated the smaller impact of an intervention that 
reduces the incidence of violence versus an intervention 
that additionally removes the persisting negative effects 
of ever having experienced violence [4]. It showed that 
tackling all forms of violence would have a greater impact 
on HIV given high levels of co-exposures and interac-
tions. Other structural determinants could be modelled 
similarly (Fig. 2b provides an example for stigma among 
MSM). Nevertheless, the stratification-based approach 
can be complex and data-intensive, making the static 
approach perhaps more practical for situations with 
sparse data, such as initial assessments. However, the 

stratification-based approach can also be simplified by 
using fewer stratifications.

Most studies represented the indirect effects of expo-
sure to structural determinants through mediators 
related to sexual behaviours and HIV services access 
(Table  2). For instance, Shannon’s study modelled the 
effects of exposure to violence on HIV through lower 
condom use, and feedback loops between the types of 
violence, since recent police harassment increased expo-
sure to recent client violence and vice versa (Fig. 2a) [4]. 
The most common mediators across studies were con-
tact patterns (n = 8) [44–48, 50, 52, 54], the frequency 
or number of sexual/injecting partners (n = 9) [5, 44–48, 
50, 52, 54], condom  use (n = 6) [4, 49, 52, 56–58], and 
ART  use (n = 5) [44–46, 51, 58]. Some studies consid-
ered upstream mediators, such as binge drinking or 
harm reduction services [4, 46–48]. Three studies among 
PWID (two on incarceration [47, 54] and one on housing 
instability [53]), modelled both the total effect of expo-
sure (by changing the transmission probability among 
those exposed based on empirical estimates that implic-
itly captured indirect pathways involving injection drug 
use) and indirect effects through changes in mixing pat-
terns (e.g. no contact between those in prison and the 
community; Table 2).

Use of empirical evidence
In all studies, empirical evidence was used to inform 
model development. The information used included 
the proportion of the population exposed to the struc-
tural determinants (n = 9) [44–46, 48–52, 54], rates of 
exposure (n = 5) [4, 44, 45, 47, 48, 50, 52, 54], durations 
of exposure (n = 7) [44–47, 50, 53, 54], and estimates of 
the effect size of exposure to structural determinants or 
interventions on mediators or HIV risks (n = 10) [4, 5, 44, 
45, 48, 50, 52–57] (Additional file 2: Table S5). All mod-
els were calibrated to different HIV outcomes (e.g. HIV 
prevalence, ART coverage) (Additional file  2: Table  S6). 
Seven studies also calibrated or cross-validated models 
using structural determinants data including the propor-
tion exposed or exposure rates (n = 4) [47, 51–53], and 
the effect size of exposure on HIV or HIV prevalence or 
incidence stratified by exposure histories (n = 4) [47, 48, 
50, 54] (Additional file 2: Table S6).

Most model assumptions on structural determinants 
and their effects on mediators and HIV risks were based 
on empirical evidence—mostly from surveillance data or 
cross-sectional surveys, and largely from the same set-
tings and risk populations as those modelled (Additional 
file  2: Table  S5). In these modelling studies, the effects 
of exposures on mediators and HIV risks were based on 



Page 14 of 21Stannah et al. BMC Medicine          (2024) 22:404 

various designs, each with limitations, including cross-
sectional studies, cohort studies, trials, and some system-
atic reviews and meta-analyses, although these mostly 
included cross-sectional studies and sometimes pooled 

data from multiple settings. Cross-sectional effect sizes 
may limit the strength of evidence of a causal link, due to 
reverse causation. Single parameters were often informed 
by multiple sources (Additional file  2: Table  S5). Only 

Fig. 2 Dynamically representing exposure to structural determinants and their causal pathways in HIV models, with multiple different exposures 
and exposure histories. a Model flowchart (adapted from Shannon et al., 2015) [4] showing how exposure to different types of violence 
among FSW in different work environments and their impacts on HIV were represented in their model, and b a hypothetical model flowchart 
based on Shannon’s approach representing how exposure to stigma among MSM in settings could be modelled. Evidence suggests that in settings 
where sex between men is criminalised, MSM experience more stigma [59]. Enacted stigma, such as denial of care, and anticipated stigma, 
such as fear of discrimination, are linked to lower and slower uptake of HIV testing and treatment [60]. These could be represented by stratifying 
the population based on type of stigma, and criminalisation of sex between men, with multiple exposure histories for stigma to reflect 
short and long‑term effects of exposure on HIV risks, and interactions reflecting links between the different exposures (purple arrow, incidence rate 
ratio for exposure; IRR > 1)
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one study (Shannon et  al.) that represented structural 
determinants dynamically with multiple different expo-
sure histories was informed by longitudinal data on the 
effects of exposure on its mediators (condom use) for 
all exposure histories, and only in one of the three set-
tings modelled [4]. Data used to parameterise exposures, 
transitions, and effect sizes were sometimes derived from 
different studies and settings, meaning that estimates 
informing the same model were not always based on 
standardised exposure definitions, potentially reducing 
the external validity of some model findings. Few studies 
validated their model predictions for structural determi-
nants against observed estimates, perhaps due to insuf-
ficient validation data [4].

Methodological framework: improving models 
of structural determinants and HIV
Given existing limitations, we propose a generalised 
framework of recommendations for modelling structural 
exposures and their causal pathways and discuss data 
needs for this next generation of models (Fig. 3, Table 3). 
For simplicity, we focus on deterministic compartmental 
models, but the framework can also be applied to indi-
vidual-based models.

Recommendations
First, models should consider dynamic and granular rep-
resentations of structural determinants within the model, 
while being cautious not to add complexity when there is 
not strong evidence to support it (Fig. 3a). Models should 
represent the key dimensions of exposure, including 

Fig. 3 Methodological framework for modelling structural determinants. a Recommendations for the next generation of models focused 
on structural determinants and HIV, and b the future data needed to improve models of structural determinants, including the strength 
of quantitative evidence that could be used to inform the effects of exposures on mediators and HIV outcomes in models. SD, structural 
determinant
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Table 3 Recommendations for developing, analysing, and describing models of exposure to structural determinants and 
interventions

PAF population attributable fraction, tPAF transmission population attributable fraction

Topic No Recommendation to consider

1. General

 Structural determinants 1.1 Clearly define the structural determinant(s) of interest

 Population, setting, and time period 1.2 Specify the population group(s) exposed to the structural determinant, 
the setting(s) modelled, and the year(s) modelled

 Research objectives & research questions 1.3 Define i) the objectives of the modelling exercise (e.g. predicting the contribu‑
tion of exposure to past epidemics and/or the impact of structural interventions 
on new transmissions) and ii) the research questions

2. Exposure to structural determinants

 Exposure history 2.1 Consider reflecting different exposure histories (e.g. current, recent, and non‑
recent exposure) to account for short‑ and long‑term exposure effects

 Additional stratifications 2.1a Consider additional stratifications (e.g. different durations, frequencies, intensi‑
ties, exposure environments, etc.) that could be needed to replicate the effects 
of exposure in the model

 Influence of past exposures 2.2 If relevant to the structural determinant, consider reflecting the influence 
of past exposures on future risks of exposure (e.g. reincarceration rates)

 Co-exposures and inter-relationships 2.3 If modelling multiple structural determinants, consider representing interrelation‑
ships between them (i.e. interactions)

 Influence of interventions 2.4 If modelling structural interventions, describe the interventions and explain 
how they are assumed to influence exposure to structural determinants (as 
defined above) or causal pathways (as described below)

3. Causal pathways and mediators

 Causal pathway overview 3.1 Represent the modelled direct and indirect causal pathways from exposure 
to mediators, and HIV risks in flowcharts

 Mediators 3.1a Clearly define the mediators on indirect pathways

 Effect size estimates 3.2 Specify the magnitude of direct and indirect effects of structural exposures 
on mediators and/or HIV risks

 Intervention pathways 3.3 If modelling structural interventions, describe how they impact the causal path‑
ways they intervene on

4. Empirical evidence, model parameterisation, and calibration

 Evidence-based 4.1 Ensure that causal pathways and mechanisms of interventions are evidence‑based

 Parameterisation 4.2 Parameterise the model using data (point estimates and uncertainty ranges) 
on exposures, mediators, and their effects on HIV prevalence and/or incidence, 
preferably from the same settings and populations as those modelled

 Calibration 4.3 Calibrate the model using epidemiological as well as structural determinants data 
(point estimates and 95% confidence/uncertainty intervals), accounting for param‑
eter uncertainty (e.g. using a Bayesian framework)

 Qualitative and other sources of evidence 4.4 Consider whether model assumptions and causal pathways are also supported 
by qualitative evidence, social theory, and/or input from people with lived experi‑
ences

5. Model outcomes, modelling scenarios, and validation

 Main model outcomes 5.1 Define the primary model outcomes (e.g. infections averted, PAF, tPAF, HIV preva‑
lence or incidence) and secondary outcomes (e.g. impacts on other structural 
determinants or the mediators) and provide uncertainty ranges of model estimates

 Time horizons of outcomes 5.2 Determine the time horizon of analyses. Consider predicting outcomes 
over short (1 year), medium (2–10 years), and longer (> 10 years, lifetime, etc.) 
time horizons to understand short, medium, and long‑term impacts of exposures 
and interventions

 Modelling scenarios 5.3 Specify the modelling scenarios, including counterfactuals, used to estimate 
model outcomes and address the primary (and secondary) research questions

 Sensitivity analyses 5.4 Use sensitivity analyses to explore how impacts change if short‑term reductions 
in exposure are not sustained long‑term

 Validation 5.5 Validate model estimates of the proportion exposed and individual‑ and pop‑
ulation‑level impacts of exposures, interventions, and mediators by comparing 
to empirical estimates that were not used for fitting
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exposure histories, duration, frequency, intensity, as well 
as co-exposures with other structural determinants and 
important feedback loops linking them. To connect expo-
sure to HIV outcomes, the key causal pathways should 
be considered, including the mediators required to ade-
quately capture the effects of exposure in the model.

When deciding on parameters related to structural 
determinants, it is important to weigh up the strengths 
and validity of available evidence and their relevance to 
the specific research question and context. Even if the 
model perfectly represents the mechanistic process link-
ing structural determinants to HIV outcomes, using 
biased inputs, or inputs from different populations and 
settings, could bias model outputs [61]. Ideally, model-
lers should consider evidence for effect modification, 
cumulative effects, and interactions [62]. If parameters 
are uncertain and the internal validity is weak, trans-
parently conducting detailed uncertainty and sensitivity 
analyses is warranted [63]. In some instances, model-
lers may need to decide whether to try and incorporate 
uncertainty in the appropriate parameter value, explore 
assumptions in additional scenarios, or not to model the 
research question at all. Attention should be paid to the 
external validity (i.e. generalisability and transportabil-
ity) of parameters [64]. At the fitting stage, data on HIV 
epidemiological and intervention outcomes should be 
used, ideally stratified by exposure history to the struc-
tural determinant. Efforts should be made to fit or vali-
date model predictions to the prevalence of exposure to 
structural determinants, and levels of mediators by expo-
sure history, if available and relevant. Ideally, the fitting 
method should allow uncertainty in parameter assump-
tions to be reflected (e.g. using a Bayesian framework), 
including uncertainty in estimates related to structural 
determinants [26].

Finally, when conducting model analyses, the model-
ling scenarios, including the counterfactuals, used to 
assess the contribution of structural determinants to 
HIV incidence or to evaluate future changes due to intro-
ducing structural interventions should be clearly speci-
fied. Sensitivity analyses should be used to explore how 
impacts change if short-term reductions in exposure to 
structural determinants are not sustained long-term 
[63]. Data on HIV outcomes, mediators, and structural 
determinants not used at the fitting stage should be used 
to validate predictions, which can help indicate whether 
the model predicts the impact of structural interventions 
well or not [65]. Similarly, predictions from older mod-
els considering the same structural determinants could 
be compared to observed estimates, to identify strengths 
and weaknesses in their model structures and/or param-
eterisations that can inform newer models.

Future data needs
Ultimately, the extent of model complexity will be deter-
mined by the research question and the availability of 
data on structural determinants, mediators, confounders, 
and HIV or other outcomes (Fig. 3b). Our set of recom-
mendations (Table 3, Fig. 3a) can help outline data issues 
to consider. Ideally, exposures to specific structural deter-
minants would be consistently measured to facilitate 
comparisons across studies and from the same settings 
and populations modelled. However, currently, expo-
sure measurements (i.e. the survey questions) can vary 
considerably. For example, a global systematic review 
among sex workers and MSM in 2017 found that stud-
ies measuring stigma used various metrics that were not 
necessarily developed for the populations of interest and 
were largely not validated [66]. Additionally, most stigma 
measures among MSM addressed stigma based on sexual 
orientation rather than behaviour, limiting the general-
isability of the measures to other settings where under-
standings of sexual orientation and identities may differ. 
Additional estimates of prevalence that reflect the dif-
ferent exposure histories are needed. These could come 
from cross-sectional studies and population surveillance 
exploring exposure over different recall periods. Further-
more, rates of exposure from longitudinal studies would 
be useful to inform models. In the absence of these, or if 
estimates from longitudinal studies may be limited (e.g. 
if there is substantial loss-to-follow-up), rates could be 
estimated by fitting the model to good quality cross-sec-
tional data measured at different time points.

Despite increasing recognition of the importance of 
structural determinants for HIV transmission, estimation 
of the total effect of structural determinants on HIV out-
comes has generally been overlooked in epidemiological 
analyses, except for socioeconomic status (e.g. income, 
education, employment) [67–69]. Previously, many esti-
mates have been based on cross-sectional studies and 
ecological analyses, which despite being useful, may 
have limited value for causal inferences given the risk for 
reverse causation, confounding, and ecological fallacy 
[70]. To improve the strength of evidence linking struc-
tural determinants, mediators, and HIV outcomes, causal 
analyses of longitudinal studies are needed (Fig.  3b). A 
challenge is the potential abundance of confounding fac-
tors that may or may not be measured, but which may 
need to be adjusted for [71]. Ignoring this background 
heterogeneity could risk biasing the contribution of the 
structural determinant to HIV outcomes in the model. 
Empirical evidence (e.g. reviews of quantitative stud-
ies) can help identify the confounders to consider and 
directed acyclic graphs (DAGs) can help choose which to 
control for [72]. Estimates from path-specific inferences 
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such as causal mediation analyses could be used to 
parameterise effect sizes [73]. Mediation analyses can be 
used to estimate causal estimands of exposure to struc-
tural determinants, including natural direct and indirect 
effects, path-specific effects, controlled direct effects, 
and proportions mediated, using longitudinal data (Addi-
tional file  1: Text S3) [74]. To improve the validity of 
model predictions, effect sizes should ideally be based on 
the same exposure definitions and settings as the other 
parameters (e.g. proportions exposed, exposure rates) 
that inform the model.

Although it may not be possible to randomise (at the 
individual or cluster-level) some structural determinants 
(e.g. criminalisation), evidence on the causal effects and 
impacts of structural interventions should ideally come 
from randomised controlled trials (RCTs)—often con-
sidered the gold standard for causal inference analyses 
(Fig.  3b). For example, there have been several RCTs of 
individual and community-level interventions to address 
inequitable gender norms [75–82]. However, even with 
RCTs, additional analyses might be needed to identify 
and quantify specific causal pathways. For example, RCT 
data has also been used in causal mediation analyses to 
estimate the effects of exposure to interventions on ineq-
uitable gender norms along specific pathways [83, 84].

Given the challenges associated with obtaining causal 
estimates, evidence on structural determinants and 
causal pathways should be complemented with informa-
tion from additional sources, including qualitative evi-
dence, social theory, and inputs and involvement in the 
research from people with lived experience, ideally from 
the same or similar settings and populations as the ones 
modelled [85]. In our review, 11 of the studies that mod-
elled specific settings included co-authors from those 
settings; however, it was generally unclear if people with 
lived experienced from those settings were involved in 
the studies. Finally, modellers should aim for transpar-
ency in reporting the strengths of evidence on model 
assumptions related to structural determinants and 
attempt to triangulate all relevant data to help identify 
and quantify sources of uncertainty using distributions of 
parameter values.

Discussion
In this paper, we introduce conceptual and methodo-
logical frameworks to assist investigations of the popu-
lation-level impacts of structural determinants on HIV 
outcomes, underpinned by a scoping review of previ-
ous models. Simultaneously, we advocate for strength-
ening the empirical evidence of the effects of structural 
determinants and interventions on HIV outcomes—an 
essential foundation for developing better models and 
prioritising interventions.

Previous models of structural determinants and inter-
ventions include notable efforts to represent structural 
determinants dynamically, with particularly complex 
representations of violence and incarceration, which 
were modelled in several studies with multiple expo-
sures, exposure histories, and additional stratifications. 
Our recommendations aim to build upon these to help 
the next generation of models represent structural deter-
minants dynamically and mechanistically and to portray 
the important causal pathways and mediators to pro-
duce useful, evidence-based estimates of the impacts of 
structural determinants and interventions. These insights 
could be useful to inform policy decisions for resource 
allocation [86]. Further, our methodological framework 
supports transparency in reporting of methods and 
assumptions to facilitate comparisons in approaches and 
results across studies, which differed among the studies 
identified in our review.

Others have considered how to represent social and 
structural determinants in transmission dynamic models 
of infectious diseases [71, 87, 88]. Although our frame-
work was principally developed to support the design of 
HIV models, our recommendations have broad appli-
cability and can be readily extended to models of other 
infectious diseases that may face similar limitations. 
Indeed, a previous review of tuberculosis models also 
found few models that represented structural determi-
nants (e.g. undernutrition, wealth), which were limited by 
simple exposure representations and causal pathways, an 
almost exclusive focus on proximate structural determi-
nants, and a lack of evidence on the exposures from the 
necessary contexts [88]. More generally, we advocate a 
mechanistic approach with an emphasis on understand-
ing and reproducing the key causal pathways, which is 
adaptable yet applicable to multiple and diverse struc-
tural determinants, mediators, and outcomes, in various 
contexts.

Conclusions
Increasingly, transmission dynamic models are being 
used to explore how exposures to structural deter-
minants influence social and health inequalities, and 
how structural interventions might mitigate these 
impacts. Models informed by strong evidence on the 
causal pathways linking structural determinants and 
interventions to changes in HIV outcomes—through 
their direct and indirect effects on downstream medi-
ators—can be used to estimate the contribution of 
structural determinants to HIV epidemics and to pre-
dict the impacts of structural interventions. Our rec-
ommendations for the next generation of models can 
help modellers think about how to model exposure to 
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structural determinants and interventions dynamically 
and mechanistically to improve estimation of their 
impacts. Future research should prioritise longitudi-
nal studies designed to estimate the causal effects of 
structural determinants on mediators and HIV over 
suitable timeframes. This will not only contribute to a 
deeper understanding of structural determinants, but 
also facilitate greater use of models in exploring the 
impacts and economic feasibility of structural inter-
ventions, which will be critical in the next phase of the 
global HIV response.
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