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1 Model formulation

The mathematical model was based on our previous model [1] which we extended to

include pre-exposure prophylaxis (PrEP) (see Figure 1). HIV stages were denoted using

index k: k = 1 (primary infection), k = 2 (chronic infection), k = 3 (AIDS stage with

onset of severe symptoms), k = 4 (AIDS stage where individuals are not sexually active).

The population of size N(t) was stratified into four risk groups with sizes Nl(t) by the

average number of new sexual partners per year cl. We denoted risk groups using index

l = 1, 2, 3, 4 in the order of increasing risk, i.e. group l = 1 was comprised of lowest

risk individuals and group l = 4 consisted of highest risk individuals. Individuals did

not change their risk behavior. The model was formulated as a system of differential

equations for the number of individuals in different classes as follows

Figure 1: Diagram of the HIV transmission model for risk group l.
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where k = 2, 3, 4 and l = 1, 2, 3, 4. Sl(t) and SP
l (t) denote the number of individuals who

are susceptible and who are susceptible and take PrEP. Ilk(t) is the number of individuals

who are infected. IPl1(t) is the number of individuals infected while taking PrEP. Alk(t) is

the number of individuals on antiretroviral treatment (ART).

The force of infection (per year) in group l was given by

JP
l (t) = λcl

4∑
l′=1

Mll′(t)

[
εP
IPl′1(t)

Nl′(t)
+

4∑
k=1

(
hk
Il′k(t)

Nl′(t)
+ ε

Al′k(t)

Nl′(t)

)]
, (2)

where Nl(t) = Sl(t) + SP
l (t) +

∑4
k=1 [Ilk(t) + Alk(t)] + IPl1(t) is the population size in

group l. The total population size can be expressed as N(t) =
∑4

l=1Nl(t). The force

of infection takes into account that infectivities of untreated individuals, hk, depend on

infection stage k = 1, 2, 3, 4. Infectivity of individuals on ART, ε, is stage independent. We

further assumed that individuals on PrEP who get infected may have lower viral loads

levels and thus lower infectivity in the primary stage, εP , than individuals who don’t

take prophylaxis, h1, ε
P ≤ h1. The force of infection depends also on the transmission

probability per partnership, λ, the average number of new partners per year, cl (l =

1, 2, 3, 4), and mixing between susceptible MSM in group l and infected MSM in group

l′ = 1, 2, 3, 4. Mixing is described by a matrix with the elements Mll′(t)

Mll′(t) = ω
cl′Nl′(t)

4∑
l′′=1

cl′′Nl′′(t)

+ (1− ω)δll′ , (3)

where δll′ = 1 if l = l′ and δll′ = 0 otherwise. Mixing parameter ω ∈ [0, 1] allows to change

mixing from assortative (ω = 0) to proportionate (ω = 1). Values of ω between 0 and 1

correspond to intermediate levels of mixing.
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2 Model outputs

The outputs of the model were HIV prevalence, PrEP coverage per risk group and popu-

lation level ART coverage, all computed at the steady state of Eqs. 1. The steady states

were obtained numerically in Mathematica (version 10.0.2).

HIV prevalence was computed as
[∑4

l=1

∑4
k=1 (I∗lk + A∗lk) +

∑4
l=1 I

P∗
l1

]
/
∑4

l=1N
∗
l , where

∗ refers to the steady state values of the variables. Population level ART coverage was

computed as
∑4

l=1

∑4
k=1A

∗
lk/
[∑4

l=1

∑4
k=1 (I∗lk + A∗lk) +

∑4
l=1 I

P∗
l1

]
. PrEP coverage in risk

group l was computed as
(
SP∗
l + IP∗l1

)
/
(
SP∗
l + IP∗l1 + S∗l

)
.

3 Model parameters

For most model parameters we used commonly cited values (Table 1). Since estimates

of the degree of assortativeness in the population of MSM in the Netherlands are not

available, we considered intermediate mixing (ω = 0.5). The initial population size, N0,

was adjusted so that the steady-state population size in the absence of PrEP was about

190 000 individuals [2]. The average number of new partners per year, cl, was determined

from Rutgers World Population Foundation sexual behavior data from 2006 for MSM in

the Netherlands [3] using the method described in detail in Ref. [1]. We used population

stratification by risk from Ref. [1] where three groups with highest risk were grouped into

one. The percentages of MSM in the four risk groups were 45.1%, 35.3%, 12.5% and 7.1%.

The average number of new partners per year (range) was 0.13 (00.45), 1.43 (0.453.35),

5.44 (3.358.88) and 18.21 (8.88500), respectively.

We related annual ART uptake rate, τ , to the percentage of infected individuals start-

ing ART within one year, τ ∗, as τ ∗ = [1− exp (−τ × 1year)] 100%. Similarly, we related

ART dropout rate, φ, to the percentage of treated individuals who drop out from ART

within one year, φ∗, as φ∗ = [1− exp (−φ× 1year)] 100%. Finally, PrEP uptake rate in

risk group l, Kon
l , was related to the percentage of HIV-negative individuals in risk group

l starting to use PrEP within one year, Kon∗
l , as Kon∗

l = [1− exp (−Kon
l × 1year)] 100%.

All the results in the main text were presented in terms of annual ART, τ ∗, and PrEP,

Kon∗
l , uptake percentages (range 0—100%).

The probability of transmission per partnership, λ, and annual ART uptake percentage

τ ∗ were chosen so that in the absence of PrEP HIV prevalence was 8% [12] and ART

coverage was 80% [11]. The baseline value for PrEP effectiveness (1−Ω) was 86% [13, 14].

The baseline duration of taking PrEP (1/Koff
l ) was 5 years [2]. The sensitivity analyses

for these two parameters were shown in the main text. The baseline value for infectivity

of individuals who acquired HIV while taking PrEP was half the value of infectivity of

individuals with primary infection who did take PrEP (εP = h1/2). We assumed that
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annual ART uptake percentage for individuals who were infected on PrEP, τP∗l , was 95%.

The sensitivity analyses for εP and τP∗l for the scenario of PrEP uptake in the highest

risk group are shown in Figure 2.

Figure 2: Sensitivity analyses for annual ART uptake percentage by individuals who were

infected while taking PrEP (left) and infectivity of individuals who were infected while

taking PrEP (right) for the scenario when PrEP is taken in the highest risk group only.

The model results for the effective reproduction number were insensitive to variation of

both parameters. The baseline parameter values indicated in the figure were used in the

main text.

PrEP parameter specification for uptake in the highest risk group:

• Kon
l = 0, Koff

l = 0, τPl = 0 for l = 1, 2, 3.

• Kon
4 , Koff

4 , τP4 were varied as described in Table 1.

PrEP parameter specification for uptake in two groups with highest risk:

• Kon
l = 0, Koff

l = 0, τPl = 0 for l = 1, 2.

• Kon
3 = Kon

4 , Koff
3 = Koff

4 , τP3 = τP4 were varied as described in Table 1.

4 Additional results

In Figure 3 we extended the results shown in Figure 1 C in the main text to include a

wider range of PrEP uptake percentages. In this scenario, HIV elimination occurred when

PrEP uptake exceeded 64% (see Figure 1 A in the main text). In Figure 3 we showed the
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Table 1: Model parameters and their baseline values.

Notation Baseline value, unit Description

ρk

ρ1 = 1/0.142 yr−1 Rate of transition from stage k to stage k + 1

for untreated individuals (k = 1, 2, 3)

[4, 5, 6, 7, 8]

ρ2 = 1/8.439 yr−1

ρ3 = 1/1.184 yr−1

ρ4 ρ4 = 1/1.316 yr−1 HIV related mortality for untreated individuals

[4, 5, 6, 7, 8]

γk

γ1 = 1/8.21 yr−1
Rate of transition from stage k to stage k + 1

for treated individuals (k = 1, 2, 3) [4, 6, 9]
γ2 = 1/54.0 yr−1

γ3 = 1/2.463 yr−1

γ4 γ4 = 1/2.737 yr−1 HIV related mortality for treated individuals [4,

6, 9]

hk

h1 = 0.62

Infectivity of untreated individuals in stage k

of infection (k = 1, 2, 3, 4) [4, 7, 8]

h2 = 0.12

h3 = 0.642

h4 = 0.0

N0 210000 Initial population size; adjusted so that the

steady-state population size in the absence of

PrEP was 190 000 [2]

ε 0.01 Infectivity of treated individuals [4, 10]

ω
[0,1] Mixing parameter (ω = 0 – assortative and

ω = 1 – proportionate mixing)0.5 (baseline)

µ 1/45 yr−1
Rate of recruitment to sexually active

population [1]

ql, l = 1, . . . , 4

q1 = 0.451

Initial population fractions in risk group l [1]
q2 = 0.353

q3 = 0.125

q4 = 0.071

cl (range),

l = 1, . . . , 4

c1 = 0.13 (0—0.45) yr−1

Average number of new partners per year in

risk group l (range) [1]

c2 = 1.43 (0.45—3.35) yr−1

c3 = 5.44 (3.35—8.88) yr−1

c4 = 18.21 (8.88—500) yr−1
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Notation Baseline value, unit Description

φ∗ 5% Annual ART droupout percentage [1]

φ − ln[1− 5%/100%] yr−1 Annual ART dropout rate [1]

τ ∗ [0%, 100%), 30% (baseline)
Annual ART uptake percentage; chosen so

that without PrEP ART coverage was 80% [11]

τ − ln[1− τ ∗/100%] yr−1 Annual ART uptake rate

λ 0.25

Transmission probability per partnership;

chosen so that without PrEP HIV prevalence

was 8% [12]

1− Ω
0.86 (baseline)

PrEP effectiveness [13, 14]
[0.75-0.95] (sensit. analysis)

εP
h1/2 (baseline)

Infectivity of MSM infected on PrEP
[0, h1] (sensit. analysis)

1/Koff
l

5 years (baseline) Average duration of taking PrEP in risk group

l [2][1 yr,5 yrs] (sensit. analysis)

Kon∗
l [0%, 100%) Annual PrEP uptake percentage in risk group l

Kon
l − ln[1−Kon∗

l /100%] yr−1 Annual PrEP uptake rate in risk group l

τP∗l

[30%, 100%) (sensit. analysis) Annual ART uptake percentage for MSM in

risk group l infected on PrEP95% (baseline)

τPl − ln[1− τP∗l /100%] yr−1 Annual ART uptake rate for MSM in risk group

l infected on PrEP
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time-dependent dynamics of HIV prevalence for PrEP uptakes above this threshold, viz

for uptakes of 74%, 84%, 94% and 99%. The results indicate that above the threshold the

higher PrEP uptake is the faster HIV elimination is achieved. If PrEP uptake is below

the threshold, the higher uptake leads to higher reduction in HIV prevalence within a

given time frame.

Figure 3: Impact of PrEP uptake in the highest risk group on the time-dependent dynam-

ics of HIV prevalence for increasing levels of PrEP uptake and baseline ART. PrEP uptake

was defined as the percentage of highest-risk MSM initiating PrEP within one year. The

elimination occurred when PrEP uptake exceeded 64%. The results are extended from

Figure 1 C in the main text to include PrEP uptakes above this threshold, viz for uptakes

of 74%, 84%, 94% and 99%.
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