
Alonso and Vallès ﻿
Infectious Diseases of Poverty          (2023) 12:112  
https://doi.org/10.1186/s40249-023-01164-2

RESEARCH ARTICLE Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Infectious Diseases of Poverty

A potential transition from a concentrated 
to a generalized HIV epidemic: the case 
of Madagascar
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Abstract 

Background  HIV expansion is controlled by a range of interrelated factors, including the natural history of HIV 
infection and socio-economical and structural factors. However, how they dynamically interact in particular contexts 
to drive a transition from concentrated HIV epidemics in vulnerable groups to generalized epidemics is poorly under-
stood. We aim to explore these mechanisms, using Madagascar as a case-study.

Methods  We developed a compartmental dynamic model using available data from Madagascar, a country 
with a contrasting concentrated epidemic, to explore the interaction between these factors with special considera-
tion of commercial and transactional sex as HIV-infection drivers.

Results  The model predicts sigmoidal-like prevalence curves with turning points within years 2020–2022, and preva-
lence reaching stabilization by 2033 within 9 to 24% in the studied (10 out of 11) cities, similar to high-prevalence 
regions in Southern Africa. The late/slow introduction of HIV and  circumcision, a widespread traditional practice 
in Madagascar, could have slowed down HIV propagation, but, given the key interplay between risky behaviors associ-
ated to young women and acute infections prevalence, mediated by transactional sex, the protective effect of circum-
cision is currently insufficient to contain the expansion of the disease in Madagascar.

Conclusions  These results suggest that Madagascar may be experiencing a silent transition from a concentrated 
to a generalized HIV epidemic. This case-study model could help to understand how this HIV epidemic transition 
occurs.
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Background
In 1981 the first cases of AIDS were described in San 
Francisco (USA), and the infectious nature of the new 
entity was soon established. By 1984 the causal patho-
gen, the HIV, was characterized, and the transmission 
mechanisms were described. By then, the world realized 
that the infection was already widespread in sub-Saharan 
Africa, where the majority of cases still occur and, more 
specifically, in Southern Africa with a pattern of general-
ized epidemics. However, reasons why some countries or 
regions in sub-Saharan Africa show disparate epidemic 
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profiles remain unclear. Although the mechanisms that 
drive HIV expansion are well-established, how they 
interact to shape the transition from low to high preva-
lence and sustained HIV incidence has not been fully 
elucidated, but has important implications for guiding 
responses [1]. Concentrated HIV epidemic are defined by 
the occurrence of the infection largely in identified vul-
nerable groups, such as sex workers, men who have sex 
with men, and injected drugs users. Conversely, HIV epi-
demic is termed as generalized when the transmission is 
sustained in the general population, defined as a general 
population prevalence of over 1% or in a sentinel popula-
tion like pregnant women. The transition from concen-
trated to generalized epidemic would take place if R0 is 
over 1 for a long period of time with self-sustained trans-
mission within the general population. From a public 
health perspective, once the HIV epidemic has a general-
ized profile, it would likely persist despite effective pro-
grams focusing on vulnerable groups.

In this study, we develop a new mathematical model to 
explore the mechanisms driving such transition, using 
Madagascar as a case-study. The island of Madagascar 
(formally Republic of Madagascar) is located in the east 
coast of Africa, close to Mozambique and South Africa, 
with a population of close to 30 milion   inhabitants. By 
contrast to Southern Africa, Madagascar shows a low 
prevalence of HIV in the general population (less than 
1%), alongside a high HIV prevalence among key popu-
lations. This is an astonishing concentrated epidemic 
profile, particularly given that Madagascar shows a 
widespread presence of the most recognized risk factors 
associated with HIV acquisition [2]. Since the late 1990s, 
previous studies have predicted that Madagascar was 
near the tipping point towards a generalized epidemic 
[2, 3]. The transition has not occurred to date, even if 
the general trend is an increase of prevalence among key 
populations [2].

Methods
The HIV transmission model
We represent the temporal dynamics of disease spread 
by a set of ordinary differential equations [4]. This sys-
tem represents the progression of the disease as a con-
sequence of sexual encounters between infectious and 
non-infected individuals (see Fig. 1).

The whole population is divided into a set of groups. 
The male population is considered as a single group, 
while female population is subdivided into four groups: 
two groups according to sexual activity (sexual workers 
and rest of women), where each of them is in turn sub-
divided into young Adolescent Girls and Young Women 
[(AGYW) women between 15 to 24 years old] and adult 
females. The particular consideration of AGYW is based 

on the recognition of their high vulnerability to HIV in 
sub-Saharan Africa (see discussion) [5]. Both males and 
females are recruited into the population as fully sus-
ceptible individuals, represented by the subscript S in 
the set of dynamic variables [see Additional file  1: Eqs 
(SA1)–(SA11)]. These recruitment rates are defined as 
the number of males and females per unit time that reach 
sexual maturity at any given time. As these individuals 
encounter infectious sexual partners, they can acquire 
the infection and then transition to the HIV acute infec-
tion stage [see subscript (I) in Fig.  1 and equations in 
Additional file 1)]. This stage lasts, on average, between 
2 and 3  months [6, 7] (see values in Additional file  1: 
Table SA1), and is characterized by a transient high viral 
load and infectiousness (Fig. 1) [7, 8]. The following stage 
(chronic or stable stage) is characterized by a much lower 
viral loads and infectiousness. The duration (see sub-
script C) is controlled by the rate µ (see Fig. 1), and lasts 
around 10 years [7, 9] followed by the breakdown of the 
immune system leading into the AIDS stage (see sub-
script A). See the Additional file  1 for a comprehensive 
description of the system of Ordinary Differential Equa-
tion’s (ODE).

The demographic model
In the absence of disease transmission, female and 
male adult subpopulations grow as a result of a balance 
between a recruitment rate into sexual maturity and an 
average mortality rate. Adult populations are driven by 
time-dependent demographic parameters (recruitment 
rates, FX and FY, and adult mortality rates, δX and δY). 
FX and FY represent the absolute number of females and 
males entering sexual active life per year, respectively. 
They depend on the population size of every city and 
have a monotone increasing trend over time, which along 
with immigration from rural areas, leads to demographic 
growth (see the case of Antananarivo in Additional file 1: 
Fig SC1). In the supporting information, we explain the 
strategy we followed to accurately estimate them from 
demographic life table data. The rest of model demo-
graphic parameters (α and σ’s, see Fig. 1 and Additional 
file  1: Table SA1) were searched to be compatible with 
surveyed sex worker population across cities in 2014 and 
2017. We fit a trajectory for the number of sex workers 
that could have been observed from 2000 to 2016 under 
two reasonable hypotheses, namely, the constant-fraction 
and the sigmoidal hypotheses. The first one assumes 
that the average fraction of sex workers in the popula-
tion remained constant over the whole period of interest 
(2000‒2016). The second hypothesis takes into consid-
eration Madagascar economic crises (2009–2013) and 
makes the assumption that the fraction of sexual workers 
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within the adult female population could have increased 
as a consequence of the crisis. We modeled this growth 
as a sigmoidal curve (see Additional file 1 for details).

Model validation
We used disease data (see Additional file  1: Table SF1) 
and the demographic information found in annual life 
tables from 2000 to 2016 to search for parameter combi-
nations able to yield temporal trajectories in agreement 
with the HIV epidemiological data available. The process 
of model assessment and validation was done in three 
different phases: (1) the simple demographic model [see 

Additional file  1: Eq. (SA13)], (2) the expanded demo-
graphic model [see Additional file  1: Eq. (SA12)] and, 
finally (3) the full disease transmission model [see Addi-
tional file  1: Eqs. (SA1)–(SA11)]. Parameter estimations 
were based on several data sources [10–13]. Initial popu-
lation values were chosen to correspond to the year 2000. 
Adult sex ratio is considered 1:1 [12]. Disease initial HIV 
prevalence for sexual workers in 2000 was set to be a 1% 
of the 2016 prevalence value for each city (see Additional 
file 1: Tables SF1 and SF2) because these yield very low 
initial numbers of infected individuals in 2000 (between 1 
and 10 for most cities). Disease prevalence for the rest of 

Fig. 1  Graphic representation of women and men subpopulations progressing through the different stages of the disease since they acquire 
the infection from infectious males and women, respectively1. 1At any stage of the disease, women (X) can become sexual workers (W), at rate σ, 
or reverse that condition, at rate σr. The aging rate α controls the transition from young [see superscript (0)] to adult women (see superscript (1)). 
All stages, both in men and women, are subject to mortality. Additional disease-induced mortality is only considered during the AIDS phase (see 
subscript A). For simplicity, arrows representing this fatal transition are not shown. The typical course of a HIV infection is drawn on the top panel
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groups at the initial year are then set accordingly. Param-
eter distributions consistent with both demographic and 
disease data showed that model parameter values were 
further constrained by population and disease data over 
the studied period (see Additional file 1: Fig. SE7).

Model projections
The ensemble of parametric configurations providing 
good fit to data up to 2016 (see Additional file 1: Tables 
B1 and B2) was then used to project the evolution of 
the disease up to 2033. The numerical integration of the 
full system requires annual time-dependent parameters, 
this is, future recruitment and mortality rates from 2016 
to 2033. These were extrapolated from the same demo-
graphic life tables under the assumption that mortality 
and fertility rates maintain the trends observed between 
2000 and 2016. This procedure yielded expected annual 
rates (FX, FY, δX, and δY) up to 2033 (see Additional file 1: 
Fig. SE1). Model projections were then calculated from 
year 2016 up to year 2033 taking into account the uncer-
tainty we have in model parameter estimates (see Addi-
tional file 1 for details).

Data availability
Base and intermediate data used for this study is fully 
available in the referenced link as a Dryad dataset [14].

Results
R0 and the stationary state
The average R0 values across the 10 studied cities are 
shown in Fig.  2 (see also Additional file  1: Tables SB1 
and SB2). Since some parameters are time-dependent, 
these values correspond to year 2000, and are calculated 
using Eq. (SB46) (see Additional file 1). They appear to be 
consistently bounded between 3 and 9 across the differ-
ent cities. We plot R0 in year 2000 in terms of male sexual 
encounter rates and the probability (pYX) of acquiring the 
infection for a male encountering an infectious female for 
the city of Antananarivo (Fig.  3). This allows picturing 
the effect on R0 of circumcision (a widespread cultural 
practice in Madagascar with almost 95% of males cover-
age [15]), which would reduce this infection probability. 
In no city, the conservative estimation of 60% risk reduc-
tion due to circumcision [16–18] of HIV transmission 
from female to male (pYX) would have taken R0 below 1 

Fig. 2  R0 values in 2000 and HIV prevalence levels both in the general (GP) and in the SW population for the two last years for which surveyed 
data existed (2012 and 2016, see Additional file 1: Table SF1) along with our model prediction for 2033 (see shaded row). Figure modified from [2] 
with permission from the authors
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(see also Additional file  1: Figs. SB1 and SB2). We also 
explore the effect of circumcision in Fig.  4, where we 
compare model predictions when we use a constrained 
prior (0 < pYX < 0.0004) vs using a less constrained one 
(0 < pYX < 0.001) in our parameter searches (see also Addi-
tional file  1: Fig SE4 and SE5). If R0 > 1 and parameters 
were kept constant, stationary prevalence values would 
be reached. This stationary state can be calculated as well 
by using a semi-analytical approach [19] (see Additional 
file 1: Fig SA1).  

Model projections
The model shows sigmoidal-like dynamics of disease 
establishment (see Fig. 5 and Additional file 1: Figs. SE2–
SE6) upon introduction, which can be characterized by 
three different phases. The introduction or initial phase 
may last about 15 to 25 years. This period is character-
ized by a slight exponential increase in prevalence, but 
still at very low levels. After this initial phase, the dis-
ease finally takes off. Full disease establishment is only 
reached after about 35 to 55 years since the disease was 
initially introduced. A sharp transition between low to 
high prevalence characterizes the intermediate or transi-
tion phase, which is fast and may only last about 10 years 
(see Additional file  1: Fig SA2). These overall temporal 
scales are a direct consequence of the estimated para-
metric configurations within biologically reasonable 

ranges (see average values in Additional file  1: Tables 
SB1 and SB2). To characterize these phases, we defined 
two thresholds and a turning point (the time at which 
the rate of increase along the projected temporal evo-
lution is the highest). The first threshold which is the 
end of the initial phase is set when prevalence is 10% 
of the maximum value. The second threshold which is 
the beginning of the third phase is set when prevalence 
has reached 90% of the corresponding maximum value. 
Maximum prevalence is defined as the prevalence level 
reached by the end of the projected period (2033). Turn-
ing-point year distributions and the prevalence levels 
in the whole population for the ensemble of parametric 
configurations are shown in Fig. 4a and b.

Disease prevalence for every key group follows a 
slightly different trajectory from introduction to full 

Fig. 3  R0 changes as a function of βY, the sexual encounter rate 
of males, and pY X, the transmission probability from infected females 
to males1. 1The rest of model parameters, but female-to-male 
transmission probabilities (pYX), and the male sexual encounter 
rate (βY), are kept constant. Their values are chosen to correspond 
to Antananarivo (see Additional file 1: Table SB1, and also Figs. SB1 
and SB2). Time-dependent parameters Fx, FY, δX and δY are set to their 
values in 2000 (see Additional file 1 and Table SA1 for a full definition 
of model parameters). The estimated average female- to-male 
transmission probabilities and the sexual encounter rates (βY) 
are represented by a little circle defining the initial coordinates 
of the arrow. The tip of the arrow represents the potential reduction 
in R0 caused by a 60% reduction in the transmission probability 
from infectious females to males as a consequence of circumcision 
(as reported in [16–18])

a

b

Fig. 4   a, b Turning points (blue, left vertical axis) and expected 
prevalence in 2033 (magenta, right vertical axis) calculated 
for the projected temporal evolution of total disease prevalence 
within the general population in the 10 cities. Box plots represent 
distributions across the parameter configurations that provided 
a good fit to data for the period 2000–2016. In a, parametric 
configurations were searched within pYX values between 0.0 
and 0.001, as indicated in Additional file 1: Table SA1, while, in b, 
searches were conducted by constraining even more pYX (between 
0.0 and 0.0004), to mimic the effect of circumcision as a 60% 
reduction in transmission from females to males. Anta  Antananarivo; 
Ants  Antsirabe; Maha  Mahajanga; Toam  Toamasina; Fian  Fianarantsoa; 
Toli  Toliary; Taol  Taolagnaro; Mora  Moramanga; Moro  Morondava; 
Nosy  Nosy Be
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establishment, being always the sex workers prevalence 
the first to take off, and the one reaching the highest val-
ues. For comparison, we show the temporal evolution of 
the prevalence within sex workers and the general pop-
ulation in Antananarivo (Fig.  5). Other cities showed a 
similar pattern (see Additional file 1: Figs. SE2–SE6).

Our model predicts a sharp increase in prevalence val-
ues around 2022 until reaching steady values over 2030 
(see Figs. 4, 5). This pattern is consistent across cities (see 
also Additional file 1: Figs SE2–SE6). In Fig. 5a, we show, 
for instance, an increase of disease prevalence within 
the sex worker key population jumping from average 
values of 1% before 2015 to values as high as 60% after 
2030,while overall prevalence in the total population sta-
bilize around values from 20 to 30% (Fig. 5b). We recall 
here that overall prevalence is given as a fraction of total 
adult population. Also, we visually show a summary of 
projected prevalence in 2033 in the general population 
along with of R0 values in 2000 across cities over the map 
of Madagascar (see Fig. 2).

Discussion
Our model supports the notion that a complex inter-
play between different drivers determines the timing and 
speed of the transition from a concentrated to a gener-
alized HIV epidemic across different countries and sub-
regions. In Madagascar, we believe that two major factors 
may have been modulating disease expansion, and delay-
ing this potential transition: the late/slow introduction 
of HIV and/or widespread practice of circumcision [15]. 
According to our analyses, HIV prevalence should have 
been very low still in 2000 according to the earliest data 
available from 2005 [20] and 2007 [21], but estimated R0 
was already much larger than 1 in most cities. Therefore, 
the model reveals that the protective effect of circumci-
sion was minimal back then, and may have already van-
ished in Madagascar (Fig.  3). This is in agreement with 
previous authors, which pointed out that over certain 
threshold of HIV prevalence among sex workers, cir-
cumcision does not have a substantial effect towards HIV 
prevention at population level [22]. Furthermore, our 
results suggest that the turning point towards generalized 
epidemic in Madagascar is very close or may have even 
been surpassed in certain localities (Fig. 4). At this stage, 
AGYW may play a key role mediated by transactional sex 
in the generalization and maintenance of the epidemics 
in the general population (Fig. 6), with a key interaction 
with acute HIV infections.

However, the generalization of the HIV epidemic is far 
from a homogeneous process across the 11 studied cit-
ies, and it looks more like a patchwork of micro-epidem-
ics leading to different regional and subregional stages 
(Fig.  2). In spite of this heterogeneity, according to our 
model future HIV prevalence in Madagascar for next 
decade (2030s) may be similar to other HIV/AIDS highly 
hit countries from the Southern African region between 
9 and 24%, unless a sustained action is taken.

Our model is based on the key recognition of com-
mercial sex as the main driver of HIV infection leading 
to a generalized epidemic in Sub-Saharan Africa [22]. 
However, we expanded the classical concept of sex work-
ers, encompassing the consideration of transactional sex 
(occasional sexual intercourse in exchange of any mate-
rial or non-material benefit other than money). Trans-
actional sex has been underscored as a risky factor for 
HIV expansion [23], and it is especially prevalent among 
AGYW and well documented in Madagascar [2, 24]. A 
disproportionate fraction of sexual encounters between 
males and younger females (intercourse mixing age 
heterogeneity, factored by the parameter fW and f0, see 
Additional file  1: Table SB1 and SB2, and also Fig SE7), 
has been early noticed as a risk factor of HIV acquisi-
tion for AGYW on itself, and through associated risky 
behaviors, such as concurrency and inconsistent use of 

Fig. 5  a, b Projected prevalence trends in Antananarivo, as a fraction 
of infected individuals, for the SW (PSW) and overall adult (P) 
populations are represented. True observed data (for 2005, 2007, 
2010, 2012 and 2016) are highlighted (in orange) in panel (a), 
with error bars representing confidence intervals. The five lines 
represent 5%, 25%, 50%, 75%, and 95% percentiles from the lowest 
to the highest values, respectively
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condoms [25–27]. Thereby, AGYW is now considered as 
a truly key population in most Sub-Saharan countries [5], 
with six or sevenfold higher risk of HIV acquisition com-
pared to males of the same age [27, 28]. In Madagascar, 
all of these factors and behaviors have been reported as 
highly prevalent [2]. Of note, the widespread presence of 
sex working and transactional sex is strongly influenced 
by underlying socio-economic factors, such as finan-
cial insecurity and poverty [27] and structural factors 
such violence and criminalization [29]. Consequently, 
our model may underestimate the speed of transition 
towards generalized epidemics if a major economic cri-
sis occurs, as we expect as consequence of epidemic 
outbreaks like COVID-19 or climate change impacts in 
form of droughts and secondary food insecurity, as it has 
been recently experienced in Madagascar [30], which 
may in turn hamper the HIV response [31]. Indeed, it has 
been underlined the disproportionate susceptibility of 
women to these factors [32]. For this reason, it is strik-
ing to observe that future projections about the impact of 
these crisis on HIV/AIDS epidemic, focus almost entirely 
on the effect on the sustained provision of anti-retroviral 
drugs and HIV-services [33, 34] without considering the 
indirect impact on the economy and other cofactors.

In agreement with previous work [35, 36], our model 
predicts that the sex workers population is the first to 
take off in the trajectory towards disease establishment 
(Fig. 5a). At that point, sex workers HIV prevalence may 
be the startup of the HIV introduction into the general 

population through bridge populations (clients), followed 
by a further expansion of HIV infection mediated by 
transactional sex mainly practiced by AGYW and older 
males. Therefore, the intercourse mixing-age model and 
risky behaviors associated to transactional sex may play a 
crucial role in the spread and maintenance of the epidem-
ics once HIV prevalence has reached a certain threshold 
among general population (see Fig. 6). At a certain stage, 
the HIV epidemics evolve independently from the num-
ber of HIV positive sex workers [35]. The inclusion of dif-
ferent infectiousness levels (see Fig. 1) through the stages 
of the natural history of a HIV infection allows to explore 
their interaction with behavioral factors which are par-
ticularly associated to the described pattern of sexual 
encounters [37], and circumcision. Here, we strongly sug-
gest that acute infections would play an important role in 
the epidemics transition. Accordingly, previous authors 
pointed out the disproportionate contribution of acute 
infections at the early stages of disease expansion [38]. 
Although most previous HIV compartmental models of 
this kind [39, 40] do not consider these critical interac-
tions, previous work considering some of them leads to 
similar conclusions [36].

Main parameters of HIV transmission established by 
previous observational studies lie within the bounds 
of our model estimations. Scarce HIV cases has been 
reported in Madagascar at least since 1989 [41]. There-
fore, we calculated R0 values in 2000, when prevalence 
was still thought to be very low. These values depend 

Fig. 6  Conceptual model of HIV progression from concentrated epidemic to generalized and self-maintained epidemic in countries 
with the socio-behavioural characteristics of Madagascar. The start up of the epidemic is characterized by a long-lasting and steady increase 
of HIV prevalence among SWs. HIV infection spills over to GP (adult females, AGYW and indirectly other GP males) through bridge population (SW 
clients, see red arrows). The intensity of this initial spillover is enhanced as prevalence among SW increases in a positive feedback manner. Once 
a certain threshold in GP has been reached, prevalence/incidence in GP may be self-sustained and tend to increase through high risk intercourse 
between AGYW and older adults. This threshold may be reached sooner depending on the prevalence of age disparate relationships, concurrency 
and inconsistent use of condoms. Transactional sex may be the main mediator of such risk factors. SW  sex workers, GP  general population, 
AGYW​  adolescent girls and young women
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on most model parameters, and vary between about 3 
and 9 across the different cities (Fig.  2) in good agree-
ment with observational estimations [42]. However, 
these estimations may be a little inflated because they 
are calculated under the assumption of random sexual 
contacts between the different groups [43]. Notwith-
standing, these values are particularly useful for relative 
comparisons, and to elucidate which model parameters 
have the highest influence on disease propagation just 
after HIV introduction. They represent highest bounds, 
as it is known that in general contact heterogeneity, and 
non-random sexual mixing (for instance, sequential 
monogamy), commonly slows down disease propagation 
[44]. In summary, from our case-study, we suggest that 
factors influencing the transition towards a generalized 
HIV epidemics result from a complex interplay between 
geographic isolation, which may be enhanced by politi-
cal issues, slowing down the introduction of HIV, cultural 
practices, such as circumcision, but as well the societal 
consideration of women and gender-based practices that 
may protect young women from risky behaviors (i.e. early 
marriage, matriarchal structures), biological (i.e. the key 
role of acute infections during the transitional phase), 
and socio-economic disruptions. The transition from 
rural to urban societies, with the interaction between all 
these elements, may exacerbate these underlying factors 
(erosion of traditional practices, increasing population 
mobility and lack of social protection towards AGYW).

Our study is limited first by the scarce information 
available on the distribution of women in the differ-
ent key groups (Sex-workers and transactional sex, and 
non-sex-workers or -transactional sex). Specific hypoth-
eses controlling this distribution are implicitly assumed 
in the set of α and σ’s parameters (see Fig. 1 and Addi-
tional file 1: Tables SA1, SB1 and SB2). Second, there is 
no direct data on the age-disparity of sexual relationships 
in Madagascar, and finally, the paucity of epidemiological 
time-series data, as pointed out previously [2]. Further-
more, we do not considered other key populations (men 
who have sex with men and injected drug users), which 
have been largely neglected in Sub-saharan Africa [45], 
but their role in the generalization of epidemics should 
not be discarded. In fact, the role of injected drug users 
has been particularly underscored in Sub-Saharan Africa 
[46], and this represents an increasing population in 
Madagascar [2]. The bridge between these key popula-
tion and the general population through bisexual inter-
courses and sex working, should be further explored. 
Future models of this kind should also take into account 
mobility between localities as pointed out recently [47, 
48]. At this stage, our model does not consider the move-
ment of populations at risk (specifically sex workers) 
between cities following tourist seasons, as it has been 

reported in Mahajanga and Nosy-be (the two cities with 
higher HIV prevalence among sex workers, Fig. 2) [2, 24]. 
These dynamics may foster even more diffusion of HIV to 
other parts of the country. For the seek of simplicity, we 
have not included Sexually Transmitted infections (STI), 
which increase the risk of HIV transmission and suscep-
tibility [49], as well as schistosomiasis infection which is 
highly prevalent in Madagascar [50], and may contribute 
to the diffusion of HIV through their genital manifesta-
tions (Male and Female Genital Schistosomiasis) [51, 
52]. Finally, we did not considered the impact of ARV 
coverage, which is already very low according to official 
reports [53] and, therefore, its current role in containing 
the diffusion of HIV is probably very limited.

Our projections should be considered a call for action 
given the scant attention that HIV in Madagascar has 
received, and the Public Health crisis that potentially 
could unfold, but could still be avoided. Furthermore, the 
lack of inclusion of coinfections (STI and schistosomia-
sis) and mobility between cities and a possible underesti-
mation of the amount of AGYW practicing transactional 
sex could make our model projections still conservative.

Considering the discussed limitations, our model can-
not be simply regarded as a predictive exercise and pro-
jections should be considered with caution. However, 
according to our results a generalized epidemics can not 
be ruled out under reasonable assumptions. In this sense, 
it is worrisome to see that Madagascar shows some of 
the poorest HIV response indicators in the world (only 
14% of persons living with HIV are estimated to be under 
follow-up and this data was not considered in our mod-
eling estimates) [53]. Given the plausibility of the worst 
case scenario outlined in this article, it is important to set 
up observational studies on HIV prevalence/incidence 
and risky factors that would help to draft more accurate 
predictions, alongside the implementation of robust pre-
ventive measures focused on monitoring and identifying 
hot-spots and vulnerable key populations (sex workers 
and AGYW). Finally, the case-study of Madagascar can 
help to understand how has occurred (or may occur) the 
transition from concentrated to generalized epidemics in 
different settings.

Conclusions
The UNAIDS Fast Track Strategy aimed to end HIV 
epidemic by 2030. However, in spite of the outstand-
ing progress experienced, like the sustained decline on 
AIDS-related deaths, the disease is far from being under 
control. Setbacks could still happen, including crisis with 
major socio-economical or management care disruptions 
due to the Covid-19 epidemic, climate change or other 
natural disasters. Disentangling the interplay between 
the different factors driving HIV expansion requires 
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a dynamic approach. By developing a new data-based 
transmission dynamic model, here we report that Mada-
gascar could be undergoing a silent, non-linear transition 
from a low-prevalence, concentrated to a well-estab-
lished generalized epidemic. Unless a sustained response 
is implemented, we foresee that this country would reach 
HIV prevalence similar to high endemic countries by 
2033. Not only in Madagascar, but also in other settings, 
our work can help to understand the context-dependent 
interactions underlying these rapid transitions and raise 
alarm bells before it is too late to avoid them.
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