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Text S1: Supplementary methods
Sexual partnerships were assumed to be exclusively heterosexual, and two types of
partnerships, distinguished by duration, were considered. The population was assumed closed
and stable, with only maturation and mortality into and out of the sexual network. The
population size remained constant, with individuals maturing into the network to offset those
who die or mature out of the network. In accord with the highest resolution of relevant data, a
monthly time step was used. With this model, the effects of network structure on disease
transmission, relationship type, and co-infection with other infectious diseases were evaluated.
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Behavioral module

Building Individuals
In the model, equal numbers of individuals of each sex were created and assigned an age
and node degree (maximum number of partners per year). The initial age was assigned with a
gamma probability distribution, with a range between 15 to 60 years old (Table S1, parameters
5-8).
Consequently, individual age was used to determine when individuals should be removed
from the sexual network, and was the basis for other age-specific traits.
We adopted a likelihood framework to estimate model parameters of the annual degree
node distribution by using the number of sexual partners reported in the Malawi study for both
males and females. For both males and females, the reported number of sexual partners follows a
gamma distribution:
f ( n) = n

k −1

e − n /θ
Γ(k )θ k

,

(1)

where the annual degree distribution is defined as the frequency of node degrees n in the
network, with shape parameter k and scale parameter θ .
Because the time step of the simulation is one month, and with the aim of preserving the
degree distribution of the network, we estimated the monthly probability of generating a
partnership according to the degree node for each individual, and we calculated the maximum
number of connections that should be generated in the network each month. We assumed that
casual partnerships were temporally independent, began at uniformly distributed random times
throughout the year, and lasted for a set duration, d. Further, as marriages generally last more
than one year, we assumed that if an individual was married, the relationship did not end during
any observation year.
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Thus, the expected number of casual partnerships within a year, cy, is the expected
number of marital partnerships, my, subtracted from the expected number of total partnerships, ny
or

c y = ny − my . (2)
Pm, the probability that a casual partnership recorded within the year, would also be recorded
within one particular month of the year given by

pm =

1+ d
12 + d

.

(3)

Here a partnership is recorded within the observation month if its center point falls within
an interval of length 1+d centered on the middle of the month, and a partnership is recorded
within the observation year if its center point falls within an interval of length 12+d. Because
yearly casual partnerships are assumed to be temporally independent, the expected number of
monthly partnerships, nm, for an individual with ny yearly partnerships is the expected number of
yearly casual partnerships, plus the expected number of yearly marital partnerships, my.
nm = c y pm + my =

(ny − m y )(1 + d )
12 + d

+ m y . (4)

The vector nm was used for estimating the probability of generating a connection
according to the node degree of each individual.
For calculating the maximum number of connections that should be generated each
month, we assumed that the expected numbers of yearly casual partnerships are Poisson
distributed; therefore, for each nm, the probabilities that the expected cy partnerships generate nm
casual partnerships during the month, are found according to
p (c y , nm ) =

c y nm e

−cy

nm !

,

(5)

evaluated from nm = 0 to nmax. These probabilities are then weighted by the yearly degree
frequencies, correcting for the fraction of individuals that are married, and summing over
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partnership numbers. The probabilities for casual partnerships, weighted by the node degree
distribution fy (n) are
pc (c y , nm ) = p(c y , nm ) *(1 − m) * f y (nm ) . (6)
The probabilities for marital partnerships, weighted by fy (n) are

pm (c y , nm ) = p(c y , nm ) * m * f y (nm ) . (7)
The probabilities for all partnerships, weighted by fy (n) are
pt (c y , nm ) = pc (c y , nm ) + pm (c y , nm ) . (8)
The total monthly partnership frequencies are then
ft (nm ) = ∑ cmax=1 pt (c y , nm ) . (9)
y
c

Each frequency includes both males and females; therefore, we divided it by two to
obtain the maximum number of connections that should be generated in one month.

Forming Initial Partnerships

We allowed for two types of relationships; casual relationships, which lasted on average
6 months (Table S1 parameter 14), and marriage (long term relationship), which lasted more than
1 year. Partnership formation occurs in two steps. First, the age mixing pattern of marriage is
generated by estimating the probability of generating a marriage using a gamma probability
distribution (eq 1) according to age and gender (Table S1, parameter 9-12). This step generates
the age mixing pattern of marriage. Then marriages are generated until the fraction of the
married population estimated for Malawi is reached (Table S1, parameter 13). Casual
partnerships are then formed with the remaining available individuals (married or single)
according to their node degree, and then these available individuals are randomly connected
until the monthly number of connections fy (eq 9) is reached.
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Dynamic of the Network

Partnerships are broken and reformed with data-determined probabilities each month;
thus, with the aim of keeping the yearly degree distribution, individuals may sometimes have
zero partnerships in a particular month. For Malawi, the probability of ending a marital
relationship follows an exponential distribution as a function of the duration of the marriage X,
with an average duration of marriage of 6.92 years. Hence, each marriage has a probability of
ending in each time step according to an exponential cumulative probability function with a scale
parameter λ (eq 10). Casual partnerships break up following the same function but at a higher
rate λ (Table S1, parameter 14):
f ( x) = 1 − e − λ x .

(10)

As the sexual network represents only individuals engaging in sexual activity, population
dynamics consist of maturation into and out of the sexual network by “mortality” related to age
or HIV. At a maximum age of 60, individuals are assumed to no longer be sexually active and
are removed from the sexual network and replaced with a new individual of age 15. This new
individual has the same sex and node degree as the removed individual, so that the sex ratio and
network structure is maintained. Individuals who have broken a relationship and new individuals
who have replaced deceased individuals or those who have matured out of the sexual network
are reconnected by the same process used to make the initial connections.
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Table S1- Parameters used in the behavioral module of the model

Parameter
Number of sexual partners per year
Gamma distribution (males)
1. scale
2. shape
Gamma distribution (females)
3. scale
4. shape
Initial condition age distribution
Gamma distribution (males)
5. scale
6. shape
Gamma distribution (females)
7. scale
8. shape
Marriage age distribution
Gamma distribution (males)
9. scale
10. shape
Gamma distribution (females)
11. scale
12. shape
13. Percentage of married population
14. Duration of casual relationship
Separation probability (exponential distribution)
15. scale

Value

Reference

Derived from [1]
1.1
1.9
Derived from [1]
3.8
0.4
Derived from [2]
2.24
17.32
Derived from [2]
2.46
13.5
Derived from [1]
2.25
17.23
Derived from [1]
2.38
13.85
63%
Derived from [1]
6 months Derived from [1]
0.15

Derived from [1]

Epidemiological module

The epidemiological module was subdivided into two steps, the spread of the infections,
and the progression and recovery of each infection. We assumed that HIV transmission is caused
by penile-vaginal heterosexual contact exclusively. We selected gonorrhea, syphilis and herpes
simplex virus type-2 (HSV-2) as the infections to be simulated in the sexual network, based on
the amplification effect on HIV transmission and their relevance in terms of prevalence in the
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Malawi population. The dynamics of these STI's are well known, and the effect of each infection
on the transmission of HIV has been determined.
A key assumption for the epidemiological module is that the interaction caused by coinfection has only one direction. In other words, we assumed that HIV infection has no effect on
the natural history of the other infectious diseases included in the model. This assumption may
be seen as an oversimplification due to the fact that studies have shown that HIV infection
affects the transmission and progression of other infectious diseases such as HSV-2 and malaria.
Yet, studies have mainly focused on the impact of co-infection on HIV. As a result, uncertainty
about the effect of co-infection in the direction of the other diseases is still high.

Spread of the Infections

For the spread of the STI's, the probability of disease transmission per partnership per
month depends on the number of sexual contacts per partnership per month and the transmission
probability per sexual contact for each STI. The number of sexual contacts per partnership per
month is assumed to be a function of the number of partnerships of the infected sex only. This
function is defined as:
Cn = C1 N −0.75 , (11)
where C1 is the number of sexual contacts per month for individuals having one partnership
according to age (Table S2 parameter 7-10) , and N is the number of partnerships the individual
has in the specific month. This function is consistent with individuals with more partnerships
having more sex but keeps the number of sexual contacts per month realistic.
For each infection, we obtained the estimated amplification factor on the probability of
HIV transmission per sexual contact. For our simulation, the algorithm assessed whether the
individual infected with HIV has another infectious disease, and if co-infection was present, the
HIV transmission probability was increased depending on the amplification cofactor (Table S2

Cuadros et al. 8
BMC Infectious Diseases

parameter 49-53). If co-infection is not present, then the cofactor value is equal to one. Then, the
new HIV transmission probability including the amplificatory effect was calculated by
Tc = T * cofactor , (12)
where T is the stage or sex-specific transmission probability per sexual contact (Table S2
parameter 1-6). When multiple co-infections are present, we assumed a saturation effect on the
enhancement on the transmission probability. Thus, when more than one co-infection is present,
the transmission probability is amplified only by the highest cofactor. For the special case of
HSV-2, the amplification factor is only effective if the HSV-2 infection is reactivated (shedding)
[3]. Therefore, the algorithm not only verifies the presence of HSV-2 co-infection but also its
reactivation. On the other hand, HSV-2 not only enhances the transmissibility of HIV but also
affects the susceptibility to being infected with HIV [3]. For this reason, the algorithm verifies if
the susceptible receptor is infected with HSV-2 and its reactivated stage. In this case, the
transmission probability is also increased by the respective amplification factor (Table S1
parameter 53).
The transmission probability per partnership per month is then calculated using the
binomial (Bernoulli) model as
Tp = 1 − (1 − Tc )cn , (13)

where Cn is the number of sexual contacts the individual has with the partner (eq 11). The
probability of condom use is represented by a gamma probability function (eq 1), depending on
age (Table S2 parameter 31, 32). If a condom is used, then the probability of transmission of the
STI is reduced 94% (Table S2, parameter 33):
Tcondom = Tp *0.06 . (14)
Circumcision is known to affect the dynamics of HIV and has been proposed as one of
the explanatory variables for contrasting differences in prevalence among countries of subSahara Africa. The probability of HIV transmission from infected female to uninfected male is
approximately halved by circumcision,
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Tcircum = Tp / 2

.

(15)

Circumcision is included in our model at the beginning of the simulation, where a
percentage of males estimated for Malawi (Table S2 parameter 62) are randomly selected from
the male population and identified as circumcised males.
For the spread of Malaria infection, we used the daily Entomological Inoculation Rate
(EIR), defined as the number of infected bites that a person receives per day, for both rainy and
dry seasons estimated for Malawi, as well as the malaria transmission efficiency for an infected
bite. Each individual was exposed to a malaria infection by a probability of transmission:
Tmalaria = EIR * malaria transmission efficiency. (16)
Because Tmalaria is calculated based on daily EIR, while the time step of the simulation is
the month, we calculated the monthly probability of malaria infection, TMmalaria, using the
Bernoulli model:
TM malaria = 1 − (1 − Tmalaria )30

.

(17)

In order to include the effect of partial immunity generated by multiple malaria
infections, each new infection is recorded and then used for calculating the susceptibility of a
new infection using the model proposed by Gu and coworkers [4]:
S malaria =

1
N σ
1 + inf
N1

,

(18)

where Ninf is the number of malaria infections an individual has had in his/her life; σ and N1 are
constants. After calculating the susceptibility coefficient, the new probability of malaria infection
TM'malaria becomes
TM'malaria = TMmalaria * Smalaria . (19)
The core of our model is the spread of HIV infection. Before the introduction of HIV
infected individuals, the model simulates for several years the dynamic of the other infectious
diseases previously mentioned. When an endemic steady state for all infectious diseases is
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reached (after about 500 time steps), the model introduces HIV infected individuals until the
HIV prevalence reaches 1%, which is the prevalence observed in Malawi in 1981 [5].

HIV transmissions caused by commercial sex

The data available show that males do not report sexual contacts with prostitutes as
sexual partners; as a result, the degree node distribution estimated for males does not take into
account sexual contacts with prostitutes [6-8]. However, because commercial sex has been
considered an important risk factor for acquiring HIV infection, we include this mechanism of
HIV transmission in the model.
Data from another study in Cameroon, Kenya and Zambia, called the four cities study,
was used to parameterize the spread of HIV infections caused by sexual contacts with prostitutes
[7-8]. In our model, commercial sex is a simple generalized linear equation for calculating the
probability that a male gets any of the STI's included in our simulation, including HIV. We
assumed that in average 8% of the male population have six sexual contacts with a prostitute per
year. The model is a mass action Bernoulli model, where the probability of transmission depends
on the actual prevalence of the STI into the population. For HIV, because prostitutes are
cataloged as a core group, and the prevalence is usually higher compared to the total population,
we assumed that the HIV prevalence in prostitutes is five times the actual HIV prevalence in the
population. Thus, the probability of transmission caused by sexual contact with a female sexual
worker (FSW) is calculated as;
I fsw (t ) = 1 − {(1 − p fsw (t )) + [ p fsw *(1 − T ) n ]} , (20)

where pfsw(t) is five times the HIV prevalence of the total population at time t, T is the
probability of female to male transmission in chronic stage of HIV infection (Table S2 parameter
21) and n is the number of sexual contacts that a male individual has with the prostitute in a
month (Table S2 parameter 60). Every month, a number of male individuals (Table S2 parameter
54) are chosen randomly and become infected via commercial sex with a probability IFSW.
Because our goal was to measure the impact of co-infection on the spread of HIV infection, we
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allowed to prostitutes to have infections with other STIs according to the prevalence of the STI
reported for prostitutes. Hence, the baseline HIV transmission probability was amplified
according to the presence of co-infection.

Progression of the Infections

The model simulates the progression of each infection. Gonorrhea is the simplest one,
where each month infected individuals have a constant probability of recovery from the
infection, with an average duration of the infection of ten weeks (Table S2 parameter 30). An
individual that recovers from gonorrhea infection becomes susceptible again.
Syphilis infection has a more complex progression divided in two main stages. The
primary stage of the infection is the first six months, characterized by a high probability of
transmission for both sexes and the highest amplificatory effect on HIV transmission (Table S2
parameter 34, 36). After this initial six month stage, the infection remains latent for eight years.
The latent stage is characterized by a low probability of transmission and no amplification effect
on HIV transmission (Table S2 parameter 35-37). We assume that individuals infected with
syphilis receive treatment; therefore, after the latent stage, individuals recover from the infection
and become susceptible again.
HSV-2 infection has the most complex dynamics. A newly infected individual enters a
chronic stage of the infection lasting 10 years. During this interval, there are about four
reactivations of the infection (shedding) per year for non HIV co-infected individuals, and six
episodes per year for co-infected individuals (Table S2 parameter 25,26). These reactivation
periods last 15 days and produce the amplificatory effect of HSV co-infection on both the
transmission and acquisition of HIV (Table S2 parameter 27). Hence, for our simulation, only
co-infected individuals with HSV-2 in shedding episodes have amplified the transmission and
acquisition of HIV.
In contrast to the other STI's included in the simulation, individuals infected with HSV-2
do not recover from the infections; but after the 10-year chronic stage, individuals do not
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transmit the HSV-2 infection, and there is no cofactor effect on HIV transmission or acquisition
(Table S2 parameter 23, 24).
For malaria, infected individuals recover at a constant rate, with an average duration of
the infection of two months (Rmalaria). However, with the aim of including the effect of partial
immunity generated by multiple infections, we used the equation proposed by Gu and coworkers
[4], to calculate a recovery coefficient rmalaria, which decreases the duration of the infection:
rmalaria =

1
N ρ
1 + inf
N2

.

(21)

Here Ninf is the cumulative lifetime number of the individual's malaria infections; ρ and
N2 are constants. After calculating the susceptibility coefficient, the new probability of recovery
from malaria infections R'malaria becomes
R'malaria = Rmalaria * rmalaria . (22)
In order to maintain the concept of partial immunity, the recovery coefficient was
truncated at 20 malaria infections with a minimum value of 0.5.
Individuals infected with HIV have a probability of developing AIDS calculated by a
Weibull cumulative probability function depending of the duration of the infection x, with scale
parameter λ, and shape parameter k (Table S2, parameters 11,12):
f ( x) = 1 − e− ( x / λ )

k

.

(23)

We assumed that individuals who develop AIDS are no longer spreaders of the infection;
they leave the sexual network and are replaced by new individuals in the same way that was
explained previously for “mortality”.
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Table S2 - Parameters used in the epidemiological module of the model

Parameter
HIV probability of transmission per sexual contact
T (low income countries)
1. Acute male-female
2. Chronic male-female
3. Advanced male-female
4. Acute female-male
5. Chronic female-male
6. Advanced female-male
Number of sexual contacts per month (by age)
7. 15-20
8. 21-30
9. 31-40
10. 41-60
Initial HIV infection age distribution (gamma)
11. Scale
12. Shape
HIV progression (Weibull cumulative probability
function)
13. Scale
14. Shape
HSV-2 probability of transmission per sexual
contact
Primary infection
15. Male to female
16. Female to male
Early stage
17. Male to female
18. Female to male
Chronic stage
19. Male to female
20. Female to male
HSV-2 stage duration
21. Primary infection
22. Early stage
23. Chronic stage
24. Latent stage
HSV shedding frequency per year
25. In HIV positive individual
26. In HIV negative individual

Value

Reference
[9]

0.0276
0.003
0.0219
0.03496
0.0038
0.02774
[10]
11
9
9
7
Derived from [2]
8
5
[11-12]
5
4
[13-14]

0.3
0.15
0.01
0.005
0.005
0.003
[13-14]
3 weeks
3 months
10 years
lifetime
[14]
6 per year
4 per year
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27. Shedding during reactivation
Gonorrhea probability of transmission
28. Male to female
29. Female to male
30. Gonorrhea duration of infection
Condom use by age (Gamma distribution)
31. Scale
32. Shape
33. Condom reduction of transmission
Syphilis probability of transmission
34. Early stage male to female
35. Latent stage male to female
36. Early stage female to male
37. Latent stage female to male
Syphilis stage duration
38. Duration early stage
39. Duration latent stage
Malaria Entomological Inoculation Rate (EIR)
40. Rainy season
41. Dry season
42. Duration of rainy season
43. Malaria transmission efficiency
Malaria susceptibility coefficients
44. Sigma
45. N1
Malaria recovery coefficients
46. Rho
47. N2
48. Time of malaria parasite clearance
Amplificatory factor in HIV transmission
49. Gonorrhea
50. Syphilis
51. Malaria
52. HSV-2
53. Enhanced susceptibility to HIV in HSV-2
infected individual
Commercial sex parameters
54. Proportion of male population having sex
with prostitutes per month
55. Gonorrhea prevalence in prostitutes
56. Syphilis prevalence in prostitutes

15 days
[15-16]
0.23
0.13
3 months
14.1
1.78
94%

[15-17]
Derived from [2]

[18-19]
[15-16, 20-21]

0.175
0.018
0.088
0.009
[15-16, 20-21]
6 months
8 years
Derived from [22]
1.2
0.6
6 months
0.026
2
200

[23-24]

[4]
[4]

2
400
2 months
3
2.5
1.25
3
3

0.0066 (8%
in a year)
23%
16%

[25-26]
[27-32]
[32-35]
Derived from [26,
36-37]
[3, 13-14, 32, 38-40]
[3, 13-14, 32, 38-40]

[7-8, 41]
[7, 41]
[7, 41]
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57. HSV prevalence in prostitutes
58. Percentage of circumcised males
59. HIV reduction in probability of transmission
in circumcised males
60. Number of sexual contacts a male individual
has with a prostitute in a month

90%
31%
2 times

[7-8, 41]
Derived from [2]
[42-43]

6

Derived from [7]

Text S2: Supporting results
Parameters included in our model are estimated from available published biological and
behavioral data. Due to the variability generated by the different data collections and analyses,
all estimations are associated with some degree of uncertainty. Analyses were conducted using
Latin Hypercube Sampling and Partial Rank Correlation Coefficient (LHS/PRCC) through
Monte Carlo sampling [44-45] from specific ranges using the uniform probability distribution
function (pdf) for 200 runs of the model.
In the absence of published studies about the distribution and the range of most of the
parameters, ranges were chosen to be as large as possible and represent plausible values for these
parameters given the empirical evidence. These choices represent the most influential parameters
in our formalism as seen in multiple analyses of the model and there are not precise estimates for
them.
We conducted three different analyses where we explored the uncertainty and sensitivity
of each module, behavioral and epidemiological, separately, and then we explored the
uncertainty and sensitivity of the entire model.

Uncertainty and sensitivity analyses of the behavioral module

For the uncertainty and sensitivity analyses of the key parameters of the behavioral
module, we set the default probability of HIV transmission T= 0.003, but we did not include the
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cofactor effect caused by co-infection. We sampled seven parameters: the minimum and
maximum age of individuals included in the sexual network, the mean number of sexual contacts
per month (assuming the same for all ages), the mean durations of casual relationships, the
proportion of the married population, the proportion of the male population that has sex with
prostitutes per month, and the number of sexual contacts that a male has with a prostitute in a
month. The specific range for the sampling of each parameter is specified in table S3.

Table S3 - Parameters sampled and their range for the uncertainty analysis for the
behavioral module

Parameter

Minimum age
Maximum age
Number of sexual contacts per month
Duration of casual relationship (months)
Proportion of married population
Proportion of male population having sex
with prostitutes per month
Number of sexual contacts a male individual
has with a prostitute in a month

Range of uniform
pdf
[14-18]
[55-62]
[6-14]
[3-9]
[0.5-0.7]

Reference

Derived from [2]
Derived from [2]
Representative assumption
Representative assumption
Derived from [2]
Representative assumption

[0.005-0.01]
Representative assumption
[1-20]

Descriptive statistics for the uncertainty analysis indicated that the variation generated by
the uncertainty of the parameters sampled is fairly low (Table S4). On average, all possible
combinations of the parameters sampled did not produce an epidemic. The 95th percentile,
however, indicated that with some combination of the behavioral parameters and without the
inclusion of co-infection, 5% of the simulations generated a HIV close to 5% (Table S4).
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Table S4 - Descriptive statistics from the uncertainty analysis for the behavioral module
in the absence of co-infections

Descriptive Statistics
Mean
Median
Standard Deviation
25th percentile
95th percentile

HIV prevalence
0.87
0
2.07
0
4.95

The sensitivity analysis revealed that the average number of sexual contacts per month
and the mean duration of casual relationships were the only statistical significant parameters; in
other words, these parameters may explain most of the variation observed among simulations
(Table S5). The number of sexual contacts and the duration of the relationships are parameters
related to the HIV transmission risk per partnership. According to the binomial model for the
calculation of the per-partner probability of HIV transmission, increasing the duration of the
relationship or the number of sexual contacts will increase the risk of HIV transmission. We
observed that simulations with mean duration of casual relationship longer than 8 months and
with 12 sexual contacts per month were able to produce an HIV epidemic higher than 6%.

Table S5 - Partial rank correlation coefficients of the parameters sampled from the
behavioral module

Parameter
Minimum age
Maximum age
Number of sexual contacts per month
Duration of casual relationship
Proportion of married population
Proportion of male population having sex with prostitutes per month
Number of sexual contacts a male individual has with a prostitute in a month
The results are significant at the 0.05 level (*), the 0.01 level (**) or the 0.001 level (***).

PRCC
0.02
0.07
0.49***
0.53***
0.04
0.01
0.04
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Uncertainty and sensitivity analyses of the epidemiological module

For the uncertainty and sensitivity analyses of the key parameters in the epidemiological
module, we included the cofactor effect caused by co-infection. We sampled from the range of
the cofactor values of the four infectious diseases included in the model, gonorrhea, syphilis,
HSV-2 and malaria (Table S6).
The results from this analysis indicated that the variation generated by the uncertainty of
the cofactors is higher than the variation generated by the uncertainty on the behavioral
parameters (Table S7). The first empirical quartile indicated that at least in 75% of the
simulations the HIV prevalence was higher than 10%. The sensitivity analysis indicated that
infections with a short infectivity period but with high cofactor such as gonorrhea and syphilis,
and the cofactor for infections present in the general population such as malaria, are the
parameters contributing to the variation observed in the model (Table S8).

Table S6 - Parameters sampled and their range for the uncertainty analysis for the
epidemiological module

Parameter

Amplificatory factor in HIV transmission
Gonorrhea
Syphilis
Malaria
Enhanced transmission of HIV in HSV-2
co-infected individual
Enhanced susceptibility to HIV in HSV-2
infected individual

Range of uniform
pdf

Reference

[1.1-9]
[1.4-10]
[1.1-1.6]
[2-5]

[27-31]
[33-35]
Derived from [26, 37]
[3, 13-14, 38-40]

[2-10]

[3, 13-14, 38-40]
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Table S7 - Descriptive statistics from the uncertainty analysis for the epidemiological
module

Descriptive Statistics
Mean
Median
Standard Deviation
25th percentile
95th percentile

HIV prevalence
23.44
22.83
7.35
17.02
32.80

Table S8 - Partial rank correlation coefficients of the parameters sampled from the
epidemiological module

Parameter
Amplificatory factor in HIV transmission
Gonorrhea
Syphilis
Malaria
Enhanced transmission to HIV in HSV-2 co-infected individual
Enhanced susceptibility to HIV in HSV-2 infected individual

PRCC

0.42**
0.46**
0.75***
0.04
0.29

The results are significant at the 0.05 level (*), the 0.01 level (**) or the 0.001 level (***).

Uncertainty and sensitivity analyses of the complete model

To explore the uncertainty and sensitivity of the complete model to the key behavioral
and biological parameters, we performed an analysis that combined the ranges previously
mentioned for both modules and the proportion of male population with circumcision [lower
bound= 0.2; upper bound=0.5].
The combination of the uncertainty of the parameters of both modules increased the
imprecision of the model. One important result from this analysis was that, in contrast with the
uncertainty analysis for the epidemiologic module, the combination of both modules produced
some combinations of behavioral parameters that did not allow the generation of an HIV
epidemic. Thus, even with the inclusion of the cofactor effect, the results indicated that in 25%
of the simulations an epidemic could not be produced (Table S9).
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The results from the sensitivity analysis of the complete model were similar to the result
of each module separately. The PRCCs showed that as in the behavioral module, the model was
highly sensitive to the average duration of a casual relationship and the mean number of sexual
contacts per month (Table S10). We observed that in simulations with an average duration of
casual relationships of 2 months the HIV prevalence was less than 1%, whereas in simulations
with an average duration of casual relationship longer than 4 months, the HIV prevalence was
higher than 2%.
These results indicated the relevance of parameters that measure the risk of HIV
transmission per partnership. Clearly, an increment in the duration of a relationship as well as the
number of sexual contacts significantly increased the probability of HIV transmission and
therefore, the HIV prevalence. Due to the methodological difficulties for measuring these
parameters (especially the mean duration of a casual relationship), they are highly imprecise. Our
model indicated however, the relevance of these parameters on epidemiological models.
Efforts focused on increasing the precision of their estimation will improve the accuracy
of predictions from mathematical and computational models. On the other hand, the cofactors for
infectious diseases present in the general population such as malaria and the enhanced HIV
transmission caused by HSV-2 infection were the most influent epidemiological parameters.

Table S9 - Descriptive statistics from the uncertainty analysis for the complete module.

Descriptive Statistics
Mean
Median
Standard Deviation
25th percentile
95th percentile

HIV prevalence
14.03
7.12
16.02
0.23
45.06
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Table S10 - Partial rank correlation coefficients of the parameters sampled from the
complete module

Parameter
Minimum age
Maximum age
Number of sexual contacts per month
Duration of casual relationship
Proportion of married population
Proportion of male population having sex with prostitutes per month
Circumcision
Amplificatory factor in HIV transmission
Gonorrhea
Syphilis
Malaria
Enhanced transmission to HIV in HSV-2 co-infected individual
Enhanced susceptibility to HIV in HSV-2 infected individual

PRCC
-0.04
0.09
0.45***
0.79***
-0.10
0.068
-0.17

-0.03
-0.31
0.23**
0.31**
0.10

The results are significant at the 0.05 level (*), the 0.01 level (**) or the 0.001 level (***).

Limitations of the model

Although the sexual network simulated allows for link dynamics, the degree distribution
of the nodes and the node degree of each individual is maintained constant throughout the entire
simulation. This assumption may be unrealistic, since the degree distribution of sexual networks
on human populations might change over time. The node degree distribution of the network was
estimated from data collected in 2003, and thus this degree distribution might not correspond to
the node degree distribution of the sexual network in 1980. Intervention programs focused on
preventing promiscuity and changes in behavior resulting from the HIV epidemic itself could
decrease the number of sexual partners that a person has in a year. Consequently, the behavioral
data for 2003 could underestimate the node degree distribution of the network at the beginning of
the epidemic.
The static degree distribution also has an effect at an individual level. For simplification,
and given the lack of data, we assume that each individual has the same node degree (number of
sexual partners per year) during his/her entire sexual life. Although the degree distribution of the
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network may be relatively stable for a long period of time, nodes (individuals) may change their
degree over time. For example, an individual may start having many sexual partners; but
marriage, possible infections with other STIs, and the HIV epidemic itself may generate a
behavioral change in the individual, resulting in a lower number of sexual partners or even
monogamy. This decision-making may be an important process in the network, where the
inclusion of simulation tools, such as artificial intelligence, may be an interesting approach to
simulating such behavioral changes.
We also assumed no control interventions for the other STIs and malaria, and therefore
the prevalence of these infections remained constant over the simulation. This assumption may
appear unrealistic since important efforts to control malaria and STIs in sub-Saharan Africa have
been effective in reducing their prevalence; consequently, the effects of these diseases on HIV
may have been decreasing in recent years.
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Supplementary figures

B

Percentage of male individuals

A

Number of female sexual partners per year

Number of female sexual partners per year

Percentage of female individuals

C

Number of male sexual partners per year

D

Number of male sexual partners per year

Figure S1 - Annual degree distribution of the number of sexual partners per year. Males:

(A) Estimated for Malawi [1] (B) resulting from the simulations; and for females: (C) Estimated
for Malawi [1] (D) resulted from the simulations. Red lines represent the fitted gamma
distribution. The histograms represent the distribution of the data.
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B

Percentage of individuals

A

Age

Age

Figure S2 - Age distribution of males and females combined. (A) Age distribution of sexual

active population estimated for Malawi in 2003 [2] and (B) Age distribution of sexual active
population resulting from the simulation for 2003. Red lines represent the fitted gamma
distribution. The histograms represent the distribution of the data.
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B
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A

Age females

Age females

D

Percentage of individuals

C

Age males

Age males

Figure S3 - Marriage distribution according to age. (A) Female age distribution estimated

from Malawi in 2003 [2] and (B) the age distribution from the simulation estimated for 2003. (C)
Male age distribution estimated from Malawi in 2003 [2] and (D) the age distribution from the
simulation estimated for 2003. Red lines represent the fitted gamma distribution. The histograms
represent the distribution of the data.
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B

Percentage of individuals

A

Number of marriages
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Figure S4 - Number of long-term relationships (marriages) during the entire sexual life of
an individual male or female. (A) Derived from Malawi in 2003 [2] and (B) derivate from the

simulations.
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Figure S5 - Age-distribution of the HIV prevalence. (A) The observed data from Malawi in

2004 [46], (B) the resulting HIV prevalence distribution from Simulation 2 for the same year.
(C) The observed age-distribution data from Malawi for HSV-2 in 2004 [46], and (D) the HSV-2
age-distribution prevalence from Simulation 2 for the same year.
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