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HIV conceptual network model

The conceptual framework (Figure S1) shows the interdependent pathways of action among

the simulated interventions, which we hypothesize act synergistically to decrease HIV incidence in

the agent population. As shown in Figure S1, eligible HIV-infected agents who access VCT can

initiate antiretroviral therapy (ART). Studies have indicated that early initiation of ART can

effectively eliminate HIV transmission between serodiscordant partners by suppressing viral load

(Cohen et al. 2011; Donnell et al. 2010; Montaner et al. 2010). HIV-positive agents who initiate

ART are also less likely to progress to AIDS (Egger et al. 2002; Marks et al. 2005; Mocroft et al.

2003). Additionally, drug-using agents can enroll in substance abuse treatment, which increases the

probability of initiating ART (Sorensen and Copeland 2000).

Between 1986 and 2010, 3,328 cases of HIV were reported to the PNLS and CCS-SIDA, of

which 1,339 progressed to AIDS diagnosis, resulting in 787 recorded deaths. Modern highly ART

was first introduced in Cabo Verde in December 1, 2004, and in 2010 the ART coverage (i.e., the

percentage of known HIV-positive patients eligible for therapy that were reported to have received

ART) was estimated to be 71.9% (UNAIDS 2012). The DOHCV guarantees universal and free

access to ART to all eligible HIV-positive patients. Patients are considered eligible to initiate

treatment according with the following DOHCV guidelines: (1) ART is recommended for all HIV-

infected individuals who present with AIDS symptoms; or (2), asymptomatic HIV patients

recommendations vary by pretreatment CD4 T lymphocyte (CD4) cell count and plasma HIV RNA

(ribonucleic acid) viral load, as follows: treat all patient with CD4 <200 cells/mm3, and considerer

treatment based on patient motivation if CD4 is greater than 200 cells/mm3 and less than 350

cells/mm3. Finally, patients with CD4>350 cells/mm3 should be treated if the plasma RNA levels

are greater than 30,000 copies/mL, otherwise treatment should be delayed.
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Table S2 shows the relationship between adherence to ART, the per-partnership annualized

probability of HIV transmission between serodiscordant agents, and progression to AIDS. Based on

a study by Bangsberg et al. (2000), which showed a highly correlated and approximately linear

relationship between adherence to HIV therapy and log10 viral load, we modeled the effect of ART

on probability of HIV disease transmission at the individual level (i.e., accounting for the

relationship among adherence, viral load, and per-event HIV transmission).

Partnership formation

The model assumes that the status (e.g., HIV disease stage) of each agent , = 1,⋯ , is

updated on an annual time-step , = 1,⋯ , following pre-programmed rules and interactions

with other agents, 1,⋯ , − 1, + 1,⋯ , . In the network, given an agent , the number of (sexual

and/or drug using) partnerships with other agents at time-step (i.e., , ), follows a negative

binomial (NB) distribution for all agents per time step, , ~ ( , ), where partners are acquired

with probability until suitable partners are found (see Tables 2 and 3). This model for

partnership formation and resulting partner distributions reflect empirical behavior and data

observed in previously conducted sexual and drug-using network studies (Friedman et al. 1999;

Latkin et al. 2003).

Partnership formation occurs when two agents are both drug users or if they are from

opposite gender. The assortative mixing (i.e. sexual and/or drug using partnerships among people

with similar risk for acquiring HIV), has been incorporated by weighting the probability of each

contact to favor the formation of links between agents with similar characteristics. For PWUD, 58%

are connected solely with PWUD.

In order to avoid overestimation of the partnership turnover or underestimation of the
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partnership duration that may result from randomly re-assigning all (k) links at each new time step,

we developed the following algorithm that describe the process of partnership formation and

dissolution: at each subsequent time step, partners are added or removed from the index agent’s

network according to the difference between the total number of partners in the previous time step

and the new time step. For instance, if an agent i had k=2 partners in time step t=1 and k=4 partners

are drawn for the agent at the beginning of time step t=2, then agent i adds two new agents to the

four she/he is already connected to. On the other hand, if only k=1 partner is drawn for the index

agent at time step t=2, then the agent looses one of the two links in its network at random. This

process continues sequentially through the list of agents so that the population’s degree distribution

is updated iteratively.

The people who use drugs’ and female sex workers’ risk network

The principal illicit drugs consumed in Cabo Verde are marijuana, followed by crack, and

hashish. In general, the drugs are smoked, snorted or chewed, although a small proportion reported

injection drug use. According to a recent survey, injecting drug users represented only 1.7% of the

PWUD population in Cabo Verde, and only 2 cases of HIV infection were attributed to injection

drug use in 2010 (Monteiro and Sylva 2011). Therefore, we did not include a separate class of

agents that are injecting drug users. In recent years, with growing tourism and immigration from the

Economic Community Of West African States (ECOWAS), the FSW population in Cabo Verde has

increased substantially (Monteiro and Sylva 2011). In Cabo Verde, PWUD receive support from

local non-profit organizations and from the Department of Health of Cabo Verde, through universal

healthcare system care centers that provide referrals to substance abuse treatment centers (Monteiro

and Sylva 2011). The centers follow the Minnesota model (Cook 1988) to treat substance abuse.
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This approach has abstinence as the principal objective, and is typically characterized by a thorough

and ongoing assessment of all aspects of the patient and of multimodal therapeutic approaches,

which includes a multidisciplinary team of professionals (e.g., counselors, psychologists, nurses). In

Cabo Verde, this treatment is employed on a 9-month inpatient and 3-month outpatient basis.

Figure S2 shows the simulated Cabo Verde HIV population network structure at model

initialization, for a random subsample of 1,000 agents; stratified by drug use, HIV status, sex and

female sex workers (FSW) activity. We observed a large number of dendritic (linear chains of

connections between nodes) and cyclic (multiple pathways between network members)

microstructures, which are common characteristics of drug-using networks (as seen among PWUD

in New York city by Friedman et al. (1999) and in Colorado Potterat et al. (2002)), and sexual

networks in west Africa (INE et al. 2008; Sawers and Stillwaggon 2010). Moreover, a major

component, with a cluster of PWUD and FSW, is seen in the individual-based model risk network,

which includes agents who act as a “bridge” between smaller components and the central core.

Sensitivity analyses

The individual-based model was coded in PYTHON™ (version 2.7.2), an open-source

programming language (van Rossum and Drake 2001), and all analyses were conducted using a

Beowulf supercomputing cluster. The simulation’s performance among non-drug users and PWUD

was tested in the following three scenarios:

a) per-contact rate of HIV transmission during unprotected intercourse was increased by

25% and 50%, and decreased by 25% among all agents;
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b) annual probability of progression to AIDS among HIV-positive agents naïve to therapy

and on ART (across all adherence strata) is increased by 25% and 50%, and decreased by

25% among all agents;

c) annual probability of sexual risk behavior is not increased/decreased among all HIV-

positive agents, 25% increase among HIV-positive agents, and decreased by 25% among

all agents.

Figure S3 shows a series of tests in which different sets of parameter values were varied and

their influence on the simulated HIV transmission dynamics among Cabo Verde population

described. Overall, the individual-based model produced reasonable results for the three test

scenarios and demonstrated analogous changes for the non-drug users population and PWUD

agents. The model was more sensitive when the per-contact rate of HIV transmission during

unprotected intercourse was scaled up by 50% among agents, with gain of 57% and 51% for HIV

incidence among non-drug users and PWUD respectively, when compared with the status quo. The

individual-based model was least sensitive in test scenario showed in Panel b), with maximum gain

in HIV incidence of 3% (among non-drug users) and 5% (among PWUD).

We performed additional sensitivity analyses in transmission probabilities during the acute

phase assuming higher and lower acute stage infectivity (30 and 3 times higher than the latent stage,

respectively). The results in HIV incidence showed that the individual-based model is sensitive in

the difference between transmission probabilities in acute and latent phases. Therefore, the effect of

changing acute phase probabilities does not influence which sets of interventions performed best,

and consequently the interpretation of the results.
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Table S1 Hypothetical HIV prevention strategies evaluated using the Cabo Verde individual-based model, in Cabo Verde at year 2010
Strategy Rate of HIV testing Rate of condom usage Rate of initiating SA

treatment
Rate of discontinuing
SA treatment

Rate of initiating
ART

Likelihood of
achieving ≥90% ART
adherence

Rate of
discontinuing ART

Status quo (1) % of population tested per
year:
15.0% of non-drug users
14.0% of PWUD
27.0% of FSW

% of condom usage per
year:
59.0% of non-drug users
55.6% of PWUD
55.3% of FSW

9.2% of PWUD
population initiates
SA treatment per year

14.6 % of PWUD in
SA treatment
discontinue treatment
per year

% of HIV+

population initiates
ART per year:
40.0% of non-drug
users
8.0% of PWUD
(14.0% among those
in SA treatment)
30.0% of FSW

% of HIV+ on ART
achieve ≥90%
adherence:
73.5% of non-drug
users
50.0% of PWUD
(73.5% among those in
SA treatment)
50.0% of FSW

% of HIV+ on ART
discontinue therapy
per year:
17.8% of non-drug
users
25.0% of PWUD
(15.0% among those
in SA treatment)
25.0% of FSW

Increase HIV
testing (2)

% of population tested per
year:
30.0% of non-drug users
28.0% of PWUD
54.0% of FSW

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Increase condom
distribution (3)

Same as status quo
strategy

% of condom usage per
year:
78.5% of non-drug users
74.0% of PWUD
73.8% of FSW

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Increase SA
treatment (4)

Same as status quo
strategy

Same as status quo
strategy

18.4% of PWUD
population initiates
SA treatment per year

7.3% of PWUD in SA
treatment discontinue
treatment per year

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Scale-up early
HIV treatment
and optimization
of care (5)

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

Same as status quo
strategy

% of HIV+

population initiates
ART per year:
80.0% of non-drug
users
16.0% of PWUD
(28.0% among those
in SA treatment)
60.0% of FSW

% of HIV+ on ART
achieve ≥90%
adherence:
97.8% of non-drug
users
66.5% of PWUD
(97.8% among those in
SA treatment)
66.5% of FSW

% of HIV + on ART
discontinue therapy
per year:
8.9% of non-drug
users
12.5% of PWUD
(7.5% among those in
SA treatment)
12.5% of FSW

Combination
prevention (6)

Same as increase HIV
testing strategy

Same as increase condom
distribution

Same as increase SA
treatment strategy

Same as increase SA
treatment strategy

Same as improve
ART strategy

Same as improve ART
strategy

Same as improve
ART strategy

Abbreviations: ART – antiretroviral therapy; PWUD – people who use drugs; SA – substance abuse; FSW – female sex workers
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Table S2 Relationship between adherence to ART, per-act risk of HIV transmission between serodiscordant
agents (heterosexual male, heterosexual female, female sex workers), and progression to AIDS, in Cabo Verde at
year 2010

Abbreviations: AIDS – acquired immunodeficiency syndrome; ART – antiretroviral therapy; HIV – human
immunodeficiency
Notes: a – acute phase defined as the first year following seroconversion

Variable Base Estimate Source

Progression to AIDS (annual probability)

Not on ART

0% – 29% adherent to ART

30% – 49% adherent to ART

50% – 69% adherent to ART

70% – 89% adherent to ART

≥90% adherent to ART

Risk of infection per sex act (latent phase)

Not on HAART

0% – 29% adherent to HAART

30% – 49% adherent to HAART

50% – 69% adherent to HAART

70% – 89% adherent to HAART

≥90% adherent to HAART

Increase in per-act risk of infection during acute phasea

0·100

0·100

0·082

0·064

0·046

0·010

0.0196

0.0196

0.0158

0.0079

0.0040

0.0004

4·3

(Bangsberg et al. 2001; CASCADE

Collaboration 2003)

(Bangsberg et al. 2000; Gray et al. 2001;

Quinn et al. 2000)

(Hughes et al. 2012)
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Fig. S1 Conceptual framework of the HIV transmission individual-based model, in Cabo Verde at year 2010

Legend: Arrows represent causal effects between two phenomena in the model. For example, accessing voluntary counseling and HIV testing increases an
agent’s probability of HIV testing, which can result in both the knowledge of an HIV-positive status and initiation of antiretroviral therapy. Green boxes
represent agent characteristics, blue boxes represent agent behaviors, and purple boxes represent interventions that influence these behaviors. Red boxes
represent model outputs. Adapted from Marshall et al. (2012)
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Fig. S2 Simulated Cabo Verde HIV population network structure at model initialization of a representative subsample of 1000 agents,
stratified by drug use and HIV status (color) and gender (shape), in Cabo Verde

Legend: HIV-positive (red); people who use drugs (blue); non-drug users (green); heterosexual male (square); heterosexual female (circle); Female sex workers
(inverted arrow). Links indicate heterosexual intercourse/drug usage activity between two agents.
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Fig. S3 Sensitivity analysis of projected HIV incidence (per 10,000 person years) in 2021 among the non-drug users adult Cabo Verde
population and the drug-using population, for various scenarios

Panel a
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Panel b
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Panel c

Note: a) Increase/decrease in the per-contact rate of HIV transmission during unprotected intercourse; b): Increase/decrease in the annual probability of
progression to AIDS among HIV positive agents naive to therapy and on ART (across all adherence strata); c) Increase/decrease in the annual probability of
sexual risk behavior

Abbreviations: AIDS – acquired immunodeficiency syndrome; ART – antiretroviral therapy; HIV – human immunodeficiency virus; Dashed line indicates “HIV
elimination phase” (less than 10 cases per 10,000 per year), as defined by Granich et al. (2009)
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